
Proceedings of the V Ibero-American

Congress
of Smart Cities
ICSC-CITIES 2022

Cuenca, Ecuador, November 28th to 30th
Hosted and sponsored by Universidad de Cuenca

Editors:
Pedro Moreno-Bernal

Luis Hernández-Callejo
Sergio Nesmachnow

Diego Rossit
Danny Ochoa-Correa



Proceedings of the V Ibero-American

Congress
of Smart Cities
ICSC-CITIES 2022
Cuenca, Ecuador, November 28th to 30th

Editors

Pedro Moreno-Bernal
Universidad Autónoma del Estado de Morelos (UAEM), México

Luis Hernández-Callejo
Universidad de Valladolid (UVa), España

Sergio Nesmachnow 
Universidad de la República (UDELAR), Uruguay 

Diego Rossit
DI, INMABB, Universidad Nacional del Sur (UNS)-CONICET, Argentina

Danny Ochoa-Correa
Universidad de Cuenca (UCUENCA), Ecuador

https://orcid.org/0000-0002-2811-5331
https://orcid.org/0000-0002-8146-4012
https://orcid.org/0000-0002-8822-2948
https://orcid.org/0000-0002-8531-445X
https://orcid.org/0000-0001-5633-1480


Elaborated by the Organizing Committee of the V Ibero-American 
Congress of Smart Cities (ICSC-CITIES 2022). 

Disclaimer: The information in this book is true and complete to the best of the 
editor’s knowledge. All recommendations are made without a guarantee on the 
part of the editors. The editors disclaim any liability in connection with the use 
of this information. 

Editors:  Pedro Moreno-Bernal, Luis Hernández-Callejo,
  Sergio Nesmachnow, Diego Rossit and Danny Ochoa-Correa.

How to cite this book: Moreno-Bernal, P., Hernández-Callejo, L., Nesmachnow, 
S., Rossit, D. and Ochoa-Correa, D. (Eds.). (2022). Proceedings of the V 
Ibero-American Congress of Smart Cities. CITIES. 

Cover:  Centro Editorial UCuenca Press / Geovanny Gavilanes Pando

ISBN:   978-9942-44-109-6 

This work is licensed under a Creative Commons Attribution 4.0
International License.



A Smart City is a framework composed mainly of 
Internet of Things systems and Information and 
Communication Technologies (ICT), integrated 
to develop, implement and promote sustainable 
development practices and face the challenges 
of urbanization. The Ibero-American Congress of 
Smart Cities (ICSC-CITIES) is a discussion forum 
that aims to create synergies among di!erent 
research groups to promote the development of 
Smart Cities, and contribute to their knowledge 
and integration in di!erent scenarios. The confe-
rence is held yearly since 2018 and is sponsored 
by the Ibero-American Program of Science and 
Technology for Development (CYTED). The "rst 
and the second editions, i.e., 2018 and 2019, 
were celebrated in Soria, Spain. The third edition 
was celebrated virtually, but hosted by the Costa 
Rica Institute of Technology. The fourth edition 
was hosted by Instituto Politécnico Nacional de 
México (IPN), celebrate in presencial and virtual 
mode in Cancún, México.

The "#h Ibero-American Congress of Smart Ci-
ties (ICSC-CITIES 2022) was held in a hybrid way 
(face-to-face and virtual) from November 28th 
to 30th, 2022, in Cuenca, Ecuador, hosted and 
sponsored by Universidad de Cuenca, Ecuador. 
Eighty "ve technical presentations were given 
by researchers from 24 di!erent countries during 
the ICSC-CITIES 2022. Ten papers were included 
as posters. Papers were divided into four topics, 
i.e., Governance and Citizenship, Mobility and IoT, 
Infrastructures, Energy and the Environment and 
Energy E$ciency. A#er a rigorous peer-review 
process, those contributions were selected from 
a pool of 116 submitted papers, yielding an ac-
ceptance rate of 92%. 

ICSC-CITIES 2022 program also included the par-
ticipation of government representatives from 
several American countries. More speci"cally, 
two panel discussion sessions were held. The 
"rst one was related to Urban Sustainability. In 
this panel participated María Augusta Hermida, 
Rector of the University of Cuenca (Ecuador), 
Representatives of local governments and go-
vernmental entities of Ecuador: Minister of Tele-
communications. Vice-Minister of Electricity, Vi-
ce-Mayor of Cuenca. A second discussion panel 
was held which was related to the “Challenges 
and opportunities of the new urban agenda for 
intermediary cities”, moderated by Prof. Dr. Pe-
dro Martín Cervantes. In this panel participated 
Dr. Roberto Ramírez Basterrechea, PhD in Poli-
tical Administration and Economics, Founder of 
the Startups SmartCitGreen, EcoCitFarmS and 
CivesSolutions, Dr. Ruben Raedo Santos, PhD 
in Economics, Consultant to Local Public Admi-
nistration and Prof. Dr. Pablo de Frutos Madrazo 
of the Department of Applied Economics Faculty 
of Business and Labour Sciences, Promoter and 
"rst Director of the Chair Urban Agenda 2030 
for Local Development University of Valladolid 
(Spain).
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Program
ICSC-CITIES 2022 took place simultaneously in more than 24 countries throughout Latin America, Spain, 
and Portugal. To facilitate the attendance of students, researchers and professionals from these coun-
tries, the event was schedule in such a way that it was in a suitable period of the day for everyone. The 
conference program is shown below at the local time of the hosting institution (UTC-5). 

Monday, November 28th

Hour 
(UTC-5) Activity Speaker

8:30  
a 

9:00
Acto de Inauguración 

Dr. Juan Leonardo Espinoza 
Abad

Vicerrector Académico  
de la Universidad de 
Cuenca

Prof. Dra. Viridiana Aydee León 
Hernández

Decana de la Facultad 
de Ciencias Químicas e 
Ingeniería, Universidad 
Autónoma del Estado de 
Morelos, México

Prof. Dr. Luis Hernández 
Callejo

Profesor e Investigador 
de la Universidad de 
Valladolid (España) y 
Organizador Académico 
ICSC-CITIES

Arq. Pablo Burbano Vicealcalde de Cuenca

Dra. Monserrtah Jerves
Vicerrectora de 
Investigación de la 
Universidad de Cuenca

Ing. Enith Carrión Viceministra de 
Electricidad

Ing. Vianna Maino Ministra de 
Telecomunicaciones

Dra. María Augusta Hermida 
Palacios 

Rectora de la Universidad 
de Cuenca

9:00
 a 

10:00

Panel de discusión: Sostenibilidad Urbana
 

Moderadores: Prof. Dr. Luis Hernández Callejo, 
Universidad de Valladolid (España)

Autoridades de la Universidad de Cuenca: Rectora María 
Augusta Hermida

Representantes de gobiernos locales y entidades 
gubernamentales del Ecuador: Ministra de 
Telecomunicaciones. Viceministra de Electricidad, 
Vicealcalde de Cuenca

10:00 
a 

10:30
Receso para café



10:30 
a 

12:30

1658 - Operational strategies to maximize the use of 
renewable energies in an isolated microgrid: A case study for 
Puertecitos, B.C., Mexico

Edgar González-San Pedro, 
Nicolás Velázquez, Adolfo 
Ruelas, Jesús Armando 
Aguilar-Jiménez and Ricardo 
López-Zavala

S1. Energy &  Energy 
e$ciency and 
sustainability & Smart 
Grid

Track Chair: Prof. Dr. 
Víctor Alonso Gómez

2706 - Wind energy forecasting and power ramp: a review Brian Loza and Ismael 
Minchala

4426 - Sistema de control auto-optimizado para maximizar la 
extracción de potencia y minimizar las cargas en las aspas de 
un aerogenerador

Gilson Daniel Malo Méndez, 
Carlor Eduardo Rivas Vásquez 
and Luis Ismael Minchala 

9575 - Modelamiento numérico de la capacidad de 
transporte de un gasoducto mediante el uso de ecuaciones 
convencionales de flujo

Abelardo Contreras Panibra 
and Jorge Mírez

7720 - Development of Electric Vehicles Charging Corridors for 
Steep Elevation Highways. Case study: Cuenca-Ecuador

Miguel Davila, Marco Toledo, 
Luis Hernández Callejo, Luis 
Gonzalez and Carlos Alvarez 

2936 - Technical, economic and environmental feasibility 
study for the implementation of ecotechnologies in a non-
residential building

Mariana Romero-Aguilar, Jesús 
Martínez-Domínguez, Esteban 
Montiel-Palacios, Roberto 
Alvarado-Juárez and Moisés 
Montiel-González

9253 - PV and Storage System to reduce distribution network 
losses: a case study

Gustavo Adolfo Gomez 
Ramirez, Gonzalo Mora-
Jiménez, Isaac A. Luévano-
Reyes, Luis García-Santander, 
Markel Zubiaga Laskano and 
Carlos Meza

9300 - Technical-Economic Study of the replacement of 
internal combustion motorcycle taxis by electric motor 
motorcycle taxis using RETScreen So#ware in the city of Lima, 
Peru

Estefani Gabriela Mendoza 
Guerra and Guillermo Perez

2380 - MPC for Active and Reactive Power Dispatch in 
Islanded Microgrids

Juan Gabriel Ordoñez Ordoñez, 
John Barco Jiménez, Andres 
Pantoja, Javier Revelo 
Fuelagán and José Aguado

3793 - General economic comparison in heating demand 
supply: geothermal energy Vs natural gas

Natalia Nuño-Villanueva, 
Ignacio Martín Nieto, Cristina 
Sáez Blázquez and Arturo 
Farfán Martín 

710 - Hybrid AC/DC Microgrids. A state of Art

Oscar Izquierdo, Gonzalo 
Manuel Martín Rodríguez, 
Paula Peña-Carro, Inés Fraile 
Martín, Luis Hernández Callejo 
and Angel Zorita Lamadrid 

3845 - Development of a gas-absorption packed column 
simulator for power plants with CO2 capture

Miriam Navarrete, Gustavo 
Urquiza and Laura Castro 

http://ucuenca.edu.ec
http://ucuenca.edu.ec
http://ucuenca.edu.ec
http://ucuenca.edu.ec
http://ucuenca.edu.ec
http://jmirez.wordpress.com
http://jmirez.wordpress.com
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https://www.uaem.mx/
https://www.uaem.mx/
https://www.uaem.mx/
https://www.uaem.mx/
https://www.uaem.mx/
https://www.uaem.mx/
https://www.itsperote.edu.mx/index/
https://www.itsperote.edu.mx/index/
https://www.itsperote.edu.mx/index/
http://www.uaem.mx/
http://www.uaem.mx/
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https://www.tec.ac.cr
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http://www.grupoice.com
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http://www.usal.es
http://www.usal.es
http://www.usal.es
http://www.ceder.es
http://www.ceder.es
http://www.usal.es
http://www.usal.es
http://www.usal.es
http://www.uva.es
http://www.uva.es
http://www.uva.es
http://www.uva.es


12:30 
a 

14:30

1968 - Solar-driven drinking water supply in rural areas under 
di!erent climate scenarios 

Alfonso Garcia Alvaro, María 
Nafría Martín, Víctor Alonso 
Gómez, Raúl Muñoz Torre, 
Daphne Hermosilla Redondo 
and Ignacio de Godos Crespo 

S2. Governance & Smart 
Economy, Development 
and Education & Smart 
Environment & Smart 
Public Services & 
Sustainability

Track Chair: Prof. Dr. Luis 
Manuel Navas

717 - Deep Neural Networks for Global Horizontal Irradiation 
Forecasting: A comparative study 

Cristian Arbeláez-Duque, 
Alejandro Duque-Ciro, Walter 
Villa-Acevedo and Álvaro 
Jaramillo-Duque 

6216 - Sustainable Production Planning Optimization Using 
Integer Programming

Fernando Zanella and Clara 
Bento Vaz 

6394 - Repensando un Sistema Integral de RSU para el Centro 
Histórico de Cuernavaca, Morelos, México

Ivonne Yazmín Arce García, 
María del Carmen Torres 
Salazar, José Gerardo 
Vera Dimas, Hugo Albeiro 
Saldarriaga Noreña, Viridiana 
Aydeé León Hernández, Jesús 
del Carmen Peralta Abarca and 
Pedro Moreno Bernal 

1217 - Study of the greenhouse gas emissions and %el 
consumption e!ect, caused by passive and aggressive 
behavior in driving public service buses in Pasto city

Fredy Dulce, Jackeline Murillo 
and Eduardo Caicedo 

876 - SMART CITY INDEX PROPOSAL FOR LATIN AMERICA 
AND THE CARIBBEAN COUNTRIES

Jorge Najera, Richard Posso, 
Heiner Camacho, Gustavo 
Rivas and Junseok Hwang 

1743 - LA IDEA DE CIUDAD INTELIGENTE EN AMÉRICA 
LATINA: CONCEPTO, EXPERIENCIAS Y RASGOS COMUNES DE 
IMPLEMENTACIÓN

Ryszard Edward Rozga Luter 
and Raúl Hernández Mar 

4341 - Methodology for watermills localization: A case study 
of Soria province (Spain)

Jesus Bachiller Martinez, 
Alberto Redondo, Ana María 
Barrena Medina, Lilian Johanna 
Obregón, Héctor Felipe Mateo 
Romero, Lidia Sanz Molina, 
Susana Gómez Redondo, 
Víctor Alonso Gómez and Luis 
Hernández Callejo

7052 - Clustering Analysis of Solar Photovoltaic Electricity 
Generation at CIC-IPN in North of Mexico City

Ponciano Jorge Escamilla-
Ambrosio, Ricardo Alcaraz-
Fraga, Gilberto Lorenzo 
Martínez-Luna, Maria 
Guadalupe Pulido-Navarro and 
Juan Humberto Sossa-Azuela 

9519 - LEVELS OF SULFUR EMITTED IN THE PORT OF 
GUAYAQUIL AND ITS ATMOSPHERIC CONCENTRATION

Olga Quevedo, Franklin Lopez 
and Sandra Ronquillo 

9461 - Global energy balances for energy analysis in buildings
Carlos Enrique Torres-Aguilar, 
Pedro Moreno-Bernal, Sergio 
Nesmachnow and Luis 
Cisneros-Villalobos

4420 - Smart mobility for public transportation systems: 
Improved bus timetabling for synchronizing transfers

Claudio Risso, Sergio 
Nesmachnow and Diego Rossit

http://www.fing.edu.uy


Tuesday, November 29th

Hour
(UTC-5) Activity Speaker Sesion

08:30 
a 

10:30

4471 - Impact analysis of the implementation of V2G 
technology on electric distribution networks

Erick Delgado, Luis Medina, 
Miguel Davila, Luis Gonzalez, 
Luis Hernández Callejo and 
Juan Espinoza

S3. Energy &  Energy 
e$ciency and 
sustainability & Smart 
Grid

Track Chair: Prof. Dr. 
Carlos Meza Benavides

6282 - PVT systems in high summer temperature cities: 
technical feasibility

Jesús Armando Aguilar-
Jiménez, Luis Hernández-
Callejo, José Alejandro 
Suástegui-Macías and Raúl 
Alberto López-Meraz

6794 - Estimación de la presión de falla en defectos por 
corrosión según ASME B31G para ductos de Transporte de 
Hidrocarburos utilizando Matlab

José Alberto Navarro Campos 
and Jorge Mírez

7226 - Minimización del requerimiento de almacenamiento de 
energía en parques eólicos a través del control del estado de 
carga del banco de baterías

Miguel Mendieta, Wilson 
Pavón and Luis Ismael 
Minchala

407 - Pump as Turbine in Small-Scale Hydro Generation Vicente Leite 
472 - Seguimiento simpli"cado de consumos para reducción 
de gasto eléctrico Jorge Gomez-Sanz

2155 - The Impact of COVID-19 on Solar PV Electricity 
Generation and Consumption Patterns at CIC-IPN

Ponciano Escamilla-Ambrosio 
and Maria Guadalupe Pulido-
Navarro 

3876 - Variable light intensity system for greenhouse 
applications

Halleluyah Kupolati, Víctor 
Alonso Gómez and Luis 
Hernández Callejo

5185 - Biomethane production in isolated farms powered 
by solar energy: Anaerobic digestion/Solar hybridization 
technology

Alfonso García Alvaro, César 
Ruiz Palomar, Luis Hernández-
Callejo, Víctor Alonso Gómez, 
Raúl Muñoz Torre, Daphne 
Hermosilla Redondo and 
Ignacio de Godos Crespo 

1943 - Control Strategies in Microgrid Management: A state 
of Art

Oscar Izquierdo, Paula Peña 
Carro, Inés Fraile Martín, 
Gonzalo Manuel Martín Rojo, 
Ángel Zorita Lamadrid and Luis 
Hernandez Callejo 

893 - IoT platform for monitoring nutritional and weather 
conditions of avocado production

Pedro Moreno-Bernal, 
Paris Arizmendi-Peralta, J. 
Alberto Hernández-Aguilar, 
Sergio Nesmachnow, J. del 
Carmen Peralta-Abarca and J. 
Guadalupe Velásquez-Aguilar 

10:30 
a 

11:00
Receso para café

http://www.ucuenca.edu.ec
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11:00 
a 

12:00

Título de la mesa redonda: RETOS Y OPORTUNIDADES 
DE LA NUEVA AGENDA URBANA PARA LAS CIUDADES 

INTERMEDIAS

Moderador: Prof. Dr. PEDRO MARTÍN CERVANTES
Departamento de Economía Financiera y Contabilidad Facultad 
de Ciencias Empresariales y del Trabajo, Socio de la Cátedra 
Agenda Urbana 2030 para el Desarrollo Local, Universidad de 
Valladolid (España)

Dr. ROBERTO RAMÍREZ 
BASTERRECHEA
Doctor en Administración 
Política y Economía, Fundador 
de las Startup SmartCitGreen, 
EcoCitFarmS y CivesSolutions

SMART CITY GREEN

Dr. RUBEN RAEDO SANTOS
Doctor en Economía, Consultor 
de la Administración Pública 
Local

LA NECESIDAD 
DE CUANTIFICAR 
LOS PROCESOS DE 
IMPLANTACIÓN DE LA 
AGENDA URBANA
El caso de la ciudad de 
Medellín

Prof. Dr. PABLO DE FRUTOS 
MADRAZO
Departamento de Economía 
Aplicada
Facultad de Ciencias 
Empresariales y del Trabajo
Promotor y primer Director 
de la Cátedra Agenda Urbana 
2030 para el Desarrollo Local 
Universidad de Valladolid 
(España)

EL PAPEL DE LA 
ACADEMIA EN LA 
METODOLOGÍA DE 
IMPLANTACIÓN DE LA 
NUEVA AGENDA URBANA
Una visión transversal 
y multidisciplinar del 
proceso

12:00 
a 

14:00

9749 - Sustainable House Manufacturing for Smart Matching 
Cities

Paolo Piantanida, Claudia Pilar, 
Valentina Villa and Antonio 
Vottari

S4. Governance & Smart 
Economy, Development 
and Education & Smart 
Environment & Smart 
Public Services & 
Sustainability

Track Chair: Prof. Dr. 
Jorge Mírez Tarrillo

7676 - Lean O$ce approach for muda identi"cation in the 
admission process of university students

Jesús Del Carmen Peralta-
Abarca, Pedro Moreno-
Bernal, Sergio Nesmachnow 
and Viridiana Aydeé León 
Hernández

2581 - Analyzing the feasibility of the use of computational 
analysis in lighting improvement projects: The case of the 
Aerospace Engineering School of UPM (Spain)

Álvaro Pérez-Rees, Daniel 
Alfonso-Corcuera and Santiago 
Pindado

8969 - Energy e$ciency in buildings: Experimental test about 
the thermal behavior of mortars with di!erent additives 

Jorge López-Rebollo, Natalia 
Nuño Villanueva, Ignacio 
Martín-Nieto, Cristina Sáez 
Blázquez and Susana Del Pozo

7337 - The role of small cities in achieving carbon neutrality 
Co-creating carbon neutral cities: a case study of transition 
management in small European cities

Lola Cadarso, Pablo de Frutos 
and Marcia Eugenio

6448 - E!ect of sustainable Local Energy Communities on low
Samuel Borroy, Daniel 
Marquina, Andrés Llombart 
and Luis Hernández-Callejo

4276 - Energy and economic analysis of renewable energy-
based isolated microgrids: Case study Bigene, Guinea-Bissau

Jesús Armando Aguilar 
Jiménez, Luis Hernández 
Callejo, Víctor Alonso Gómez, 
Alfonso García Álvaro, Lilian 
Johanna Obregón and Raúl 
Maján Navalón
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2576 - Analysis of the Use of Active Technologies to Convert 
Traditional Buildings into Net Zero Energy Buildings Using 
Building Energy Modeling

David Zabala-Pedraza, Ricardo 
Peña-Guzman, Diego Morales-
Polanco, Genesis Sanchez-
Sosa, Arismendy Del Orbe, 
Jose Duran, Nabil Sbriz, Miguel 
Aybar-Mejía and Deyslen 
Mariano-Hernández

6215 - Expanded Realities for Smart Inclusive Education

Andres Adolfo Navarro-
Newball, Martín V. A. Sierra 
G., Juan Carlos Martinez, Juan 
Jose Betancourt, Katherine 
Ramirez, Andres Velasquez, 
Valeria Quinto, Juan Miguel 
Cardona, Andres Enrique 
Calderon, Gerardo Restrepo, 
Andres Dario Castillo, Elizabeth 
Asprilla, Anita Portilla, Laura 
L. Serrano, Frank A. Rodriguez 
and Eliana Peñaloza

2560 - El desarrollo de Ciudades Inteligentes desde la 
mirada de los criterios ASG y el enfoque de Sustentabilidad 
Corporativa en el sector industrial

Angeles Dennis Figueroa-
Negrete, Karen Gallegos-
Hernandez, Viridiana Aydee 
Leon-Hernandez and Maria Del 
Carmen Torres-Salazar

9028 - Key factors influencing urban wind energy: A case 
study from the Dominican Republic

Alexander Vallejo Díaz, 
Idalberto Herrera, Carlos 
Pereyra and Candida Casilla 

2672 - Classi"cation of Polyethylene Terephthalate bottles in 
a recycling plant

Diego Alberto Godoy, Nicolas 
Ibarra, Ricardo Selva, Cesar 
Gallardo and Enrique Marcelo 
Albornoz

4874 - Study of the inactivation of Escherichia coli strain vs. 
native bacteria during UV disinfection treatment with a flow-
trough reactor

Paola Duque-Sarango, 
Leonardo Romero Martinez, 
Verónica Pinos, Esteban 
Sanchez and Esteban 
Samaniego
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Wednesday, November 30th

Hour 
(UTC-5) Activity Speaker Sesion

08:00 
a 

10:00

7767 - Impact of Power Ramps of Photovoltaic Systems on the 
Electricity Grid. Case Study: Girasol Solar Park

Miguel Aybar, Darwin Santos, 
Adellin-Anderson Contreras-
Álvarez, Dinelson Rosario-Weeks, 
Mischael Smith, Elvin Jiménez 
Matos, Deyslen Mariano-
Hernández and Rene Báez-
Santana

S5. Energy &  Energy 
e$ciency and 
sustainability & Smart 
Grid

Track Chair: Prof. Dr. 
Américo Vicente Teixeira 
Leite

2794 - Solar energy integration to achieve the Net-Zero 
Standard in Educational Buildings.

Esteban Zalamea, Alfredo 
Ordoñez, Boris Orellana and Juan 
Hidalgo

7323 - Partial photoluminescence imaging of silicon solar cells
Alberto Redondo Plaza, 
Víctor Alonso Gómez and Luis 
Hernández Callejo

2356 - Analyzing the influence of the building energy demand 
in the "nal design of shallow geothermal systems

Cristina Sáez Blázquez, Ignacio 
Martín Nieto, Natalia Nuño 
Villanueva, Miguel Ángel Maté 
González, Arturo Farfán Martín 
and Diego González Aguilera

3837 - Operation Analysis of the Electrical System in Areas 
with Growth of Tourist Complexes. Case Study: Enriquillo 
Region, Dominican Republic

Miguel Aybar-Mejía, Randy 
Andrés, Alam Cabral-Soto, Carlos 
Montás, Wilmer-Johann Núñez-
García, Elvin Arnaldo Jiménez 
Matos and Deyslen Mariano-
Hernández 

8981 - Harmonic impact of Electric vehicles in Electrical 
Distribution Systems with high photovoltaic penetration

Miguel Davila, Luis Gonzalez, Luis 
Hernández Callejo, Oscar Duque-
Perez, Ángel L Zorita Lamadrid 
and Juan Espinoza 

4169 - Super resolution generative adversarial network for 
velocity "elds in Large Eddy Simulations

Maximiliano Bove, Sergio 
Nesmachnow and Martín Draper

7316 - BB-PLC over LV networks - a step forward towards 
Smart Grid implementation

Jon González-Ramos, Itziar 
Angulo, Amaia Arrinda, Igor 
Fernández, David de la Vega and 
Alexander Gallarreta

7852 - Energy management of the CEDER’s smart microgrid 
with di!erent battery technologies

Oscar Izquierdo-Monge, Paula 
Peña-Carro and Marcos Martínez 
Gurría

6233 - Power quality improvement techniques in SmartGrids
Daniel Alcalá González, M. Isabel 
Más-López, Eva Maria García del 
Toro, Sara Garcia-Salgado and 
Santiago Pindado

1067 - Operation and maintenance of smart microgrids: A case 
study of the CEDER Microgrid

Oscar Izquierdo-Monge, Paula 
Peña-Carro, Alberto Redondo, 
Luis Hernandez Callejo, Gonzalo 
Martin Jimenez and Angel Zorita 
Lamadrid

8308 - Flexibility Management System for Executing Energy 
Program with Distributed Resources

Jose-Fernando Forero-Quintero, 
Roberto Villafa"la Robles, Daniel 
Montesinos-Miracle and Sara 
Barja-Martinez

10:00 
a 

10:30 
Receso para café
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10:30 
a 

12:30

2640 - Synthetic Dataset of Electroluminescence images 
of Photovoltaic cells by Deep Convolutional Generative 
Adversarial Networks

Héctor Felipe Mateo Romero, 
Miguel Angel González Rebollo, 
Valentín Cardeñoso Payo, 
Victor Alonso Gomez, Hugo 
Jose Bello, Alberto Redondo 
Plaza and Luis Hernández 
Callejo

S6. Arti"cial Intelligence 
& Urban Informatics

Track Chair: Prof. Dr. 
Pedro Moreno Bernal

502 - Distribution of Police Patrols as a Covering Problem in 
Smart Cities: Fuengirola Use Case

Jamal Toutouh, Francisco 
Chicano and Rodrigo Gil-
Merino

9704 - Arti"cial intelligence for automatic building extraction 
from urban aerial images

Lucas Gonzalez Petti, Sergio 
Nesmachnow and Jamal 
Toutouh

7484 - Detecting air conditioning usage in households using 
unsupervised machine learning on smart meter data

Rodrigo Porteiro and Sergio 
Nesmachnow

6732 - IDE Y MOVILIDAD SOSTENIBLE: ESTADO DEL ARTE EN 
IBEROAMÉRICA

Maria Teresa Folgôa Batista, 
Carlos Grande, Carmen Luisa 
Vásquez Stanescu, Leonardo 
Suárez Matarrita, Luis Manuel 
Navas, Rodrigo Ramírez-Pisco, 
Renato Andara, Carla Fajardo 
and Rhonmer Pérez

596 - Synthesized data generation for public transportation 
systems

Federico Gómez and Sergio 
Nesmachnow

1815 - Big data analysis for delay estimation of public 
transportation systems

Santiago Olmedo, Santiago 
Guridi and Sergio Nesmachnow

434 - Big Data trends in the analysis of city resources Regina Gubareva and Rui 
Pedro Lopes

427 - Walking Accessibility to the Public Transport Network in 
Montevideo, Uruguay

Sara Perera, Renzo Massobrio 
and Sergio Nesmachnow

7325 - Analysis of public transportation in Montevideo, 
Uruguay during the COVID-19 pandemic

Andrés Collares, Diego Helal, 
Andrei Tchernykh and Sergio 
Nesmachnow

6753 - Sistema de Análisis de la Movilidad Regular (Morebike): 
El Caso del Sistema ECOBICI de la Ciudad de México

Samuel Benitez, Gilberto 
Martinez and Adolfo Guzman
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12:30 
a 

14:30

2947 - Dispositivo IoT para monitorizar aerogeneradores 
Vortex

Enrique González, Susana 
Lagüela, María Sánchez 
Aparicio, Paula de Andrés 
Anaya, Jose Antonio Martín-
Jimenez and Susana del Pozo

S7. IoT & Smart Industry 
& Other Developments

Track Chair: Prof. Dr. 
Ponciano Jorge Escamilla

6034 - Cyber-Physical System through Internet of the Things 
for the Monitoring of Meteorological Conditions

José-Isidro Hernandez-Vega, 
Jonam-Leonel Sanchez-Cuevas, 
Luis-Alejandro Reynoso-
Guajardo, Elda Reyes-Varela, 
Rene Sanjuan-Galindo and 
Lesly-Yamilett Treviño-Reyna

7739 - A new approach to automate the connectivity of 
electronic devices with an IoT Platform

Juan Flores-Sedano, Hugo 
Estrada-Esquivel, Alicia 
Martínez-Rebollar and Jassón 
Flores-Prieto

4773 - An AC/DC hybrid microgrid: a case study at CE.D.E.R.-
CIEMAT

Oscar Izquierdo-Monge and 
Paula Peña-Carro

8283 - SNS-Based Secret Sharing Scheme for Security of 
Smart City Communication Systems

Andrei Gladkov, Egor 
Shiriaev, Andrei Tchernykh, 
Maxim Deryabin, Ekaterina 
Bezuglova, Georgii Valuev, 
Mikhail Babenko and Sergio 
Nesmachnow

5204 - IoT system for thermography analysis of photovoltaic 
installations

Leonardo Cardinale-Villalobos, 
Luis Antonio Solís-García and 
Luis Alonso Araya-Solano

3314 - Método para la transformación digital para espacios de 
salud (CLÍNICAS). Caso de estudio áreas de telemedicina

Fabian Peñaloza and Villie 
Morocho

1239 - Aplicación de tecnologías LPWAN basadas en LoRa en 
el monitoreo de %entes hídricas de los páramos andinos

Luis Eduardo González 
Armijos, Andrés Amauta 
Gonzales Zapata, Santiago 
Renán González Martínez and 
Alonso Cartuche Paqui

4192 - Assessment of a vertical Agrivoltaics installation in the 
area of Chanco, Maule Region in Chile

Roxane Bruhwyler, Hugo 
Sanchez, Carlos Meza, 
Sebastian Dittmann and 
Frederic Lebau

6498 - Preparation of Zinc Oxide from Used Batteries as 
a Catalyst in the Transesteri"cation of Recycled Oil for the 
Production of Biodiesel

Domenica Seminario, Melissa 
Ortega, Andrés Montero, 
Paola Duque, Paúl Álvarez and 
Veronica Pinos

2874 - Identi"cación automática de fases en redes de 
distribución en baja tensión mediante aprendizaje automático

Lluc Crespí-Castañer, Miquel 
Roca, Josep Lluís Rosselló, Lluís 
Juncosa and Vicente Canals

8120 - Análisis sobre la pérdida de las Lomas de Lima Este y 
su Impacto en la Reducción de los Servicios Eco-sistémicos

Flor Karin Sueldo Nieto and 
Jorge Mírez
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Posters
Smart cities and their relationship with ontological 
engineering Cindy Espinoza-Aguirre

Plani"cación óptima de rutas de ambulancias eléctricas en 
situación de pandemia

Luis Santiago Martin Sevilla, Monica Alonso Martinez and 
Hortensia Amaris Duarte 

Reciclado de Álabes de los Parques Eólicos implementados 
en Perú. Análisis y propuestas Alejandro León-Benavides and Jorge Mírez 

Progressive regression model to project the behavior of 
photovoltaic generation in municipalities of Mexico City

Raúl Alberto López Meraz, Yanitzia Reyes Cárcamo and Luis 
Omar Jamed Boza

A Review of Computational and Mathematical Techniques 
for Urban Mobility Data Analysis

Hugo Alatrista-Salas, Erick Cuenca, Rigoberto Fonseca-
Delgado, Aracelis Hernandez, Saba Infante, Raúl Manzanilla, 
Diego Morales-Navarrete, Miguel Nunez-Del-Prado, Israel 
Pineda, Pascal Poncelet and Arnaud Sallaberry

Quanti"cation of Resilience in the electric grid of 
CENTROSUR. A study case

Pablo Arias-Reyes, Antonio Barragán-Escandón, Javier 
González-Redrovan and Sergio Zambrano-Asanza

Energy E$ciency: characteristic that achieves the 
collaborative and sustainable perspective to incorporate 
IoT in a Smart City

Roberto Ferro-Escobar, Harold Vacca-González and Harvey 
Gómez-Castillo

Influencia del Desarrollo de Infraestructura Sostenible en el 
Sector Industria sobre la Vulnerabilidad Socioambiental Ramsés David Villalobos Núñez and Jorge Mírez

EL PATRIMONIO DE LA HUMANIDAD COMO ELEMENTO 
COMPETITIVO Y DIFERENCIADOR PARA CIUDADES EN EL 
DESARROLLO ECONÓMICO DEL TURISMO DE NEGOCIOS

Víctor Hernández Andrés, Pablo de Frutos Madrazo, Pedro 
Antonio Martín Cervantes and Juan Carlos Frechoso Remiro

Herramienta de simulación de plantas de autoconsumo y 
su aplicación a un conjunto turístico

Jacinto Vidal-Noguera, Victor Martínez-Moll, Ivan Alonso de 
Miguel, Andreu Moià- Pol y Vicente Canals 
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Abstract. This paper presents a study of the operation of an isolated microgrid 
in Puertecitos, B.C., Mexico to determine the operational strategies that would 
maximize the renewable energies use, in which it establishes the adequate use of 
fossil fuel and increases the battery bank lifespan. These strategies were obtained 
from the microgrid operational study through a dynamic simulation using 
TRNSYS software, where the operation in winter, equinox, and summer was 
evaluated. The results of the implementation of the generated strategies demon-
strate that the energy dumped in winter was reduced by 1.6% and 1.3% in the 
equinox. Also, the battery lifetime was increased by decreasing the depth of dis-
charge from 80 to 30% when the load is very high during the summer.  On the 
other hand, it was possible to satisfy 12% more load in June and 96% in August, 
through the adequate use of the diesel electric generator. Therefore, new strate-
gies represent a better use of the generation infrastructure with renewable ener-
gies, the minimum cost of operation due to the use of fossil fuel and a method of 
continuous operation by controlling the reduction of load during the summer 
months.  

Keywords: Microgrid; Operational strategies; TRNSYS. 

1 Introduction 

Around the world, more than 1.3 billion people do not have access to electricity; more 
than 84% of this population lives in rural areas[1]. The United Nations proposes a sus-
tainable electrification through electricity generation with renewable energies [2]. In 
Mexico, there are 45,000 communities in rural areas without access to energy [3] in 
which the plans of the Secretary of Energy, with support from the World Bank, are to 
bring rural electrification by installing systems activated with renewable energy, mainly 
with solar photovoltaic (PV)[4]. The electrical generation systems for isolated commu-
nities go from small photovoltaic installations with backup energy in batteries in every 
house up to a microgrid that includes a single generation system that is interconnected 
with the electrical loads of the whole community. The microgrids can work in different 
ways, its operation dynamics depends on its capacity and relationship between genera-
tion and storage, it is also required to establish a limit of energy supply  [5–8] because 
the system cannot provide more energy from other generation systems as the case of 
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grid-connected. Furthermore, community load can vary between seasons due to ex-
treme climates, which makes it difficult to establish criteria that adequately optimal 
microgrid sizing for winter and summer. However, the electrical load of a community 
can have great variations in the different seasons of the year, which makes it difficult 
to establish a sizing criterion that adequately balances the energy supply in winter and 
summer, which can be translated into a waste of renewable energies, when the design 
of the microgrid is under or over-dimensioned [9,10]. The last one being the reason for 
an increase in the initial investment and the time of return of the investment [11]. On 
the other hand, climate forecasts through numerical models allow generation estimates 
to be made by inferring the probabilities of cloud formation and variations in solar ra-
diation, directly affecting PV generation through intermittent intervals of minutes to 
hours or days  [12,13]. The evolution in the ways of renewable energies utilization has 
caused new challenges in designs of equipment, being the main ones the coupling be-
tween the generators (PV, Wind Turbine, Diesel generator) and energy storage in bat-
teries, in such a way that the ranges of work of the different parameters from operation 
make difficult the coupling of technologies  [14–17]. Currently, there is work in stand-
ardization to have general and defined rules for interoperability between generators, 
storage, power converters, and load (energy-consuming equipment) [18,19]. However, 
one of the main challenges is to establish the background for the implementation of an 
energy management system (EMS) [19–23];  microgrids have evolved rapidly, unlike 
low-capacity stand-alone systems (< 100 kW) [24–26] in which it is still required that 
the power converters fluidly communicate with a master system and allow decision 
making in its local control (tertiary control), which helps to mitigate operating problems 
in the local equipment caused by lack of visibility (communication) of the control ac-
tions to other parts of the microgrid, this has had the consequence of reducing the bat-
tery lifetime, inverters and controllers, reaching strong damage in storage systems with 
over-charged and over-discharged battery [27–30], which, in the meantime, causes the 
interruption of the operation. On the other hand, the importance of operating strategies 
that maximize the use of renewable energy is observed, [31] co optimizes the use of 
water-energy by distributing water in the hours of lowest energy cost, it develops a 
dispatch model to minimize the cost of energy while maximizing the generation with 
renewable energy, in [32,33] maximize the use of renewable energy by establishing 
operational strategies that maximize the use of a fuel cell in combination with PV and 
batteries. [34] Optimizes load dispatch by using an operational strategy that promotes 
charging of electric vehicles by shifting the peak load, allowing maximum use of re-
newable energy and reducing 8.97% of daily costs. [35] Using Homer software, a tech-
nical-economic study of a microgrid is carried out, the results show that load follow 
strategy is the best operation option when taking maximum advantage of renewable 
energies, ensuring that 85.6% of energy supply to the population and only 14.4% by 
fossil fuels. Finally, to reduce operating costs and maximize the use of renewable en-
ergies, it is necessary to define operating strategies for diesel-electric generators that 
minimize maintenance and the use of fossil fuels [36-39] , in the particular case of rural 
areas it is much more expensive to supply fuel [40-41]. 
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Therefore, this article presents an operational study of an isolated microgrid and 

establishes the operational strategies that allow the maximum use of renewable ener-
gies, as well as establishing the optimal use of fossil fuel and increasing the battery 
bank life. The definition of the strategies is carried out through a quantitative analysis 
derived from the annual hourly operational study of the microgrid.  This is obtained 
from a dynamic simulation using the TRNSYS simulator. It also takes into considera-
tion a balance point between the battery lifetime and the cost of fossil fuel use. This 
document is organized as follows: Section 2 describes the system; its location, the com-
ponents of the microgrid, and its operation. Section 3 presents in five steps, the meth-
odology to improve the microgrid operation strategies, in addition to the weathering 
profile of Puertecitos, the electric load profile, and the mathematical models represent-
ing the components for the simulation. Section 4 presents a validation of the electricity 
generation with experimental data and simulation results. Section 5 presents the discus-
sion of simulation results where current microgrid operation dynamics (base case sce-
nario) and new operation strategies are shown. Section 6 presents the conclusions. 

2 System description 

The operational strategies are generated and implemented in the Sustainable Electrical 
Generation System (microgrid) of the isolated community of Puertecitos, which has 
been in operation since November 2015. The community is located in Baja California, 
Mexico, east of the Sea of Cortez (30°21′2.37′′ N, 114°38′29.7′ ′ W). Diagram in figure 
1 shows that the microgrid is composed of 54.6 kW of photovoltaic (PV) field, com-
prising 182 panels of 300 W which are connected in 13 arrays of 14 panels connected 
in series (see figure2 (a)). These are connected at two solar charge controllers of 26 kW 
each with a single output on a direct current bus of 348 V nominal, in which a battery 
bank is interconnected (522 kWh storage system, composed of 174 batteries connected 
in series, of 2V @1500 Ah) and a 100 kVA inverter, the installation of these compo-
nents can be seen in Figure 2 (b), after this last one, there is a 480V AC bus, in which 
a 5 kW wind turbine(WT) is interconnected in Figure 2 (a) and a 75 kVA three-phase 
480V diesel generator in Figure 2 (d). The inverter in Figure 2 (b) contains a 40 A DC 
rectifier that allows charge battery from AC power produced by the diesel generator 
and distributed through the distribution network shown in Figure 2 (c). 

 
Fig. 1. Puertecitos microgrid diagram. 
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Fig. 2. Puertecitos, Baja California Power Generation System a),  Inverter and battery bank b) 
Medium voltage power distribution system 13.3 kV c) and diesel electric generator d). 

3 Methodology 

This section presents the methodology to determine the operating strategies that will 
allow for the maximum use of renewable energies, an increase lifespan of equipment, 
and the optimal operation of a diesel-electric generator. To this achievement, the pro-
cedure shown in Figure 3 was established. The first step establishes weather conditions 
and the load profile of the Puertecitos to specify the equipment characteristics previ-
ously shown in section 2. In the second step, the simulation model for the operational 
study of the microgrid is carried out using the TRNSYS environment. In the third step, 
the microgrid operating procedure was established to define the conditions of the base 
case and formulated the cases for the new operational strategies to maximize microgrid 
performance. In the fourth and fifth steps, simulation results were analyzed and dis-
cussed. 

 
Fig. 3. Process of Puertecitos microgrid operational strategies study. 

3.1 Weather data and load profile 

To estimate PV/WT power generation, it is necessary Puertecitos Weather data. Meas-
urements data are from a Delta Ohm weather station model HD52.3D147. Variables 
extracted from measurements are ambient temperature, barometric pressure, relative 
humidity, wind speed and direction, and global radiation (LPPYRA02 pyranometer). 
One second measurement interval and average, maximum, and minimum values were 
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collected at two-second intervals for one year. Data were processed to generate a Puer-
tecitos typical meteorological file in TMY2 format. 

Table 1 shows a summary of representative average weather data for winter, sum-
mer, and equinox. An increase in the availability of solar radiation during the summer 
months is observed, as well as an increase in the ambient temperature. Maximum wind 
speeds increase during winter and equinox. 

Table 1. Average weather data. 

Month Average solar energy 
per day [kWh/m2] 

Average wind 
speed [m/s] 

Minimum and maxi-
mum wind speed [m/s] 

Minimum and maxi-
mum temperature [℃] 

March 6.75 3.17 0-13 15-30 
June 8.49 2.94 0-9 22-41 

August 7.4 3.2 0-10 24-43 
December 3.59 3 0-14 7-26 

 
The annual hourly load profile for 20 homes obtained from consumption data measured 
in a social interest home in Mexicali, B.C. Mexico (maximum expected load), in addi-
tion to the load from the community's public lighting system. The data were averaged 
in 10-minute intervals for the main household appliances: refrigerator, air conditioning, 
electronic equipment, and total consumption. Figure 4 shows that Mexicali and Puer-
tecitos have very similar temperatures because they are in a very close geographic area 
and extreme climates, so the same energy consumption requirements are expected. As 
the ambient temperature increases between 30 and 40 °C, the load also increases due to 
the use of air conditioning for the air conditioning of spaces. 

 
Fig. 4. Load profile and temperature expected in Mexicali and Puertecitos. 

 
Fig. 5. TRNSYS simulation of Puertecitos Microgrid. 
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3.2 Modeling Puertecitos microgrid in TRNSYS environment 
To evaluate the operational microgrid performance, a simulation was developed in a 
quasi-dynamic state, with an interval of 15 minutes, and is composed of interconnected 
types where each one contains a validated mathematical model. [42]. Figure 5 shows 
the microgrid configuration in simulation with Type 109, is a TMY file reader that 
extracts data on horizontal and tilt solar radiation, wind speed and direction, ambient 
temperature and atmospheric pressure. Type 9, CSV file reader where the load profile 
information is located, it moves forward according to each iteration in the simulation 
process within the time interval programmed. Type 94, calculates PV generation and 
takes the output data of type 109, it contains a mathematical model based on finding 4 
parameters  (IL,ref, Io,ref, γ, y Rs ) that are complemented with the technical infor-
mation of the PV panel model to be used,  where the IV curve shown in the equation 
(1) depends directly on the incident radiation and cell temperature. 

! = !! − !"	 $%&'(
)

*+,$
(. + !0%)2 − 34 (1) 

Where  Rs y ! are constants and the IL current shown in equation (2), depends linearly 
on the radiation of incidence on the panel.  

!! =	 !!,'()
6*

6+,'()
 (2) 

Type 90, it represents the wind turbine which power output  (p) is expressed in equa-
tion (3) and comes from the blades area (AR) that receive the kinetic Energy and convert 
into mechanical Energy, in addition, air density ("), wind speed (#) and power coeffi-
cient (Cp) of the wind turbine. These conditions are only met under the wind power 
curve which is obtained from the manufacturer and is input to obtain real results. Type 
47a, represents the battery bank. The input variable to this type is given in Power and 
the outputs are Power, voltage, current, and SoC. Battery voltage model represented in 
equation (4), accuracy increases by adjusting the parameters eq, rq and m depending on 
if it is being charged or discharged. 
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3.3 Microgrid operational study methodology 
The base case scenario was analyzed through a quantitative study according to the sim-
ulation established in 3.1 in two steps (4 and 5). In step 4, a microgrid operation study 
was carried out, where it is analyzed how generation is complemented with renewable 
energies and the energy storage system for the load supply. In this way, operation prob-
lems presented in the different seasons of the year are quantified and identified. For this 
purpose, operation study is considered by representative weeks of winter, equinox, and-
summer, where it is divided into the average load of the season in the month of June 
and the point of maximum ambient temperature and load in August. Therefore, the an-
nual operating performance is obtained. The operating strategy of the base case scenario 
is illustrated in Figure 6, where it can be seen that the continuous operation of the mi-
crogrid depends on the load about generation capacity and available energy storage. 
When the generation power is greater than the load, the remaining energy is stored in 
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battery, as long as they are not fully State of Charge (SoCmax = 100%). Otherwise, the 

PV panels decrease their generation to meet the load by utilizing a solar charger con-

troller. On the other hand, when the load is higher than the generation, energy comes 

from battery, only if there is a SoCmin is higher than 20%, otherwise, as there is not 

enough energy, loads are disconnected from the microgrid and battery are charged with 

the PV until the generation is greater than the load and the consumers can be connected 

again. 

 

Fig. 6. Microgrid base case scenario algorithm. 

Step 5 defines and evaluates operating strategies based on variations in solar PV gen-

eration, WT, diesel generator, battery, and load: 

1. Winter operation. December 19-25 was selected as a representative winter data to 

analyze the surplus energy because of a low load profile compared to generation. 

Also, the maximum autonomy was studied for low generation days that occur more 

frequently in this season of the year. New load profiles were determined to take 

maximum use of the available renewable energy without compromising the battery 

life. Also, the community has a deficit of potable water, it is proposed to integrate a 

reverse osmosis desalination system, where the surplus energy can produce potable 

water considering an average specific energy consumption (SEC) of 3.8 kWh/m3 

([43]), as part of the strategies to maximize the use of renewable energies. 

2. Operation in Equinox. The week of March 14-20 was chosen to analyze the transi-

tion dynamics of the increase of the load in the community according to increases in 

the local temperature. Like in winter, new load profiles are being explored to max-

imize the use of renewable energies. 
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3. Summer operation. The week of June 21-27 was considered representative of the 

summer dynamics. The energy consumption was increased to mitigate the require-

ments of air-conditioned spaces due to the temperature and humidity of Puertecitos 

climate. The Load adjustment to the maximum generation/storage capacity was an-

alyzed. On the other hand, continuous operation of the microgrid was analyzed using 

the diesel generator, to establish an operational strategy that minimizes its use and 

operation cost. 

4 Analysis and discussion of results. 
This section presents the validation of PV power output and the results of the microgrid 

simulations, in which the base case scenario operation (normal operation) was ana-

lyzed, in addition to the performance with the implementation of the proposed operation 

strategies, which allow the management of energy sources to increase their use, longer 

battery life, and the reduction of the operation cost by the diesel generator. Then, the 

algorithms for the new operation strategies are presented and finally, a comparison of 

the microgrid performance between the base case operation and the new proposal. 

4.1 Validation of PV power output. 
The results of PV generation were compared between the experimentally measured data 

of PV generation in the microgrid and the simulations carried out in TRNSYS, with 

climatological measured data (see Figure 7) where an average error of 5% was obtained 

when comparing the representative days of the equinox, summer, and winter. 

4.2 A Base case scenario, microgrid normal operation  
The base case scenario involves the microgrid operation analyzing in the different cli-

mates expected in Puertecitos, according to section 3.1, in which three types of climates 

during the year are explained. Therefore, the microgrid is evaluated in a week repre-

sentative of the winter, equinox, and summer months. 

Winter operation, figure 8(a) shows the generation of renewable energy, the load pro-

file, the State of Charge (SoC) of the battery bank, and the amount of energy dumped. 

It can be seen that during all the days of the week that the generation is greater than the 

load, so there is waste energy that goes from 106 to 140 kWh per day, about the battery 

SoC is maintained between 90 and 100%. This means that the battery are under-utilized  

 

Fig. 7. PV generation comparison between experimental and simulation data. 

by 70% since they can be used with an SoC greater than 20% so as not to damage their 

useful life. Also, the renewable energy generation infrastructure is under-utilized and 

battery capacity is not optimally used. This is because of the very low load profile in 

winter and local weather conditions. However, in summer the load increases due to the 

need for air conditioning. 
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Equinox operation, in March, the load increases by 26% and generation by 43% to 

winter (see Figure 8 b). Energy dumped that goes from 170 to 240 kWh per day. This 

is why at the equinox the battery have a low discharge profile that varies between 10 

and 15% of Depth of Discharge (DoD) for a day of operation. Therefore, in these 

months of the year, there is also a waste of generation and storage infrastructure. 

Summer operation in June, Figure 9(a) shows the generation with renewable ener-

gies, the expected load profile, the load supplied, the battery SoC and the energy 

dumped. The community does not want to use the diesel generator, so it is disconnected 

at night for 2 hours a day. The simulation considers the disconnection of the microgrid 

as can be seen when the load on the dotted lines falls, so it results in a daily supply of 

406 kWh. Moreover, the battery bank is used at 40% of its capacity, with its SoC fluc-

tuating from 60 to 100%. It is also observed that when the battery are fully charged, 

there is a minimum energy waste of 14 kWh per day in the first two days of the week. 

For all the above reasons, it can be seen that the use of the generation and storage ca-

pacity is optimal. In addition, the increase in ambient temperature in summer directly 

influences the increase in the load of the community. 

Summer operation maximum load in August, Figure 9 (b) shows an increase in the 

load profile to 786 kWh per day, also the daily generation is 380 kWh, which is not 

enough to meet the load profile. This is why the energy supply is interrupted for 10 

hours a day, without considering the diesel generator use. Therefore the load supplied 

is 369 kWh per day, which allows the battery bank to be used in an optimal range of 

charge and discharge cycles in a range of 50 to 98% SoC. 

a) b)  

Fig. 8. One week Winter operation a) and one week Equinox operation b). 

a) b)  

Fig. 9. Summer operation at June a) and Summer operation at load peak on August b). 

4.2 Operational strategies to maximize the microgrid performance.  
 Winter operation strategies 
The operation of the base case scenario allowed the establishment of new operating 

strategies that aim to achieve maximum energy efficiency in winter. For this purpose, 
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a schedule was established where load is increased with non-priority equipment without 
compromising the battery lifetime. Also, the operation was determined under the worst 
winter generation conditions due to the low or non-availability of renewable resources.  
Case A, maximizing renewable Energy performance in winter. From an exploratory 
analysis of the data obtained from the simulation in TRNSYS, a new load profile was 
determined which allows for maximizing the use of generation with renewable energies 
during winter. Figure 10 (a) shows a 20 kW load increase from 10:00 to 16:00 hours to 
coincide with the hours of the generation with PV panels and thus avoid greater use of 
the storage subsystem. The surplus energy can be used by non-priority or secondary 
systems for commercial or community purposes, such as producing 32 m3/d of desali-
nated water, considering 121.6 kWh daily surplus. For its implementation, it is pro-
posed to identify the users of the commercial sector who wish to consume a part of this 
energy and in which schedules to define a scheme of programmed loads that allows 
satisfying the non-priority commercial loads, water production, and domestic load. In 
this way, the microgrid delivers energy to the community and at 10 AM, the pro-
grammed non-priority loads are enabled, and at 4 PM all non-priority loads must be 
deactivated, keeping only the homes and public lighting connected. Therefore, an op-
eration strategy is obtained which takes maximum advantage of renewable energies 
without reducing the battery lifespan. Case B, operation strategy for maximum auton-
omy in winter. Figure 10 (b) shows after one day of normal operation, renewable energy 
generation is interrupted for 3 days and battery SoC reaches 50% before restarting to 
store energy on the 4th day of operation. This operation strategy supports autonomy in 
the case of cloudy days or when maintenance or disconnection is required in the gener-
ation systems. Therefore, is determined that when having cloudy days, the system can 
operate without any problem under the normal profile established for winter, up to three 
days, then three days of operation are required with normal generation for the battery 
bank to reach 100% SoC, this is very important because the battery have a longer life 
when they are in charge and discharge cycles close to 100% SoC. 

a) b)  

Fig. 10. Maximum use of renewable energies strategy a) and One week Winter simulation with 
3 days of non-generation with renewable energy. 

Operational strategies on equinox 
Case C, maximum utilization of renewable energies, figure 11 (a) shows the generation 
with renewable energies, battery SoC, load, and dumped energy. An increase of 200 
kWh in the load profile is observed compared to the operation of the base case at equi-
nox. This corresponds to an extra load of 40 kW from 9:00 to 14:00 hours that can be 
used by non-priority or secondary electricity consumer systems, without compromising 
the use of stored energy, because it is only used when renewable energies are available. 
On the other hand, at this time of the year, 64 m3/d of desalinated water can be produced 
daily, which can be used for daily community consumption or stored for later use. As 
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11 
in the operation in winter, it is required to implement a scheme of connection and dis-
connection of electrical loads from the commercial sector and the water desalination 
system.  Case D, maximum autonomy of operation without generation, figure 
11 (b) shows that after the first day of operation, the storage system has 100% SoC and 
the next three days there is no generation, reaching 28% SoC in battery. In the fifth 
operation, there is a generation with renewable energy, so the load is satisfied and there 
is enough energy to charge battery at 100% SoC in 2 days, considering the load profile 
of the base case scenario operation. Therefore, a scenario was established to determine 
the maximum capacities of the microgrid when a maintenance disconnection is required 
or there is no renewable resource available, considering the battery bank lifespan will 
not be damaged. 

a)  b)  

Fig. 11. Maximum utilization in equinox a) and b) Maximum autonomy for 3 days without generation. 
Operational strategies in summer 
In summer it is required a continuous operation (24/7) that allows having thermal com-
fort in air-conditioned spaces due to the high temperatures of the environment, so we 
propose operation strategies that enable the diesel-electric generator use to the mini-
mum required and a load control strategy.  Case E, Load control on June. Figure 12 

(a) shows that the microgrid can satisfy the load if the daily profile is reduced 

by 14%. This improves the life of the battery bank since the SoC oscillates at 

higher levels (60-94%). Moreover, the objective of the uninterrupted operation 

is achieved. On the other hand, to carry out this strategy, the load shifting tech-

nique was used [44], by readjusting the "strategic conservation" type of load 

profile that allows for a readjustment of the electrical loads around the day. A 

more detailed analysis is shown in Figure 12 (b), where the total daily load pro-

file within the houses where higher energy consumption is observed due to the 

use of air conditioning equipment to obtain thermal comfort. On the other 

hand, the participation of the residents is extremely important for the imple-

mentation of this type of strategy [45], where the first step is the manually con-

nections and disconnections, so the results depend on the users and an infor-

mation campaign must be carried out for the community to explain the limits 

of their consumption according to the electrical appliances they use and the 

schedule they can use. In a second step, it is required to implement automation 

through a direct load control that allows a load disconnection/connection based 

on each user's priorities, under the consideration that all houses have the same 

priority of use, so they have the same energy assigned. Case F, Continuous 
operation with use of diesel electric generator. Figure 13 shows the generation 
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12 
with renewable energies, diesel generator, supplied load, expected load, bat-
tery bank state of charge, and Energy dumped. It can be seen that on the morn-
ing of June 26, the storage system was at 31% SoC and during the night, when 
there is no generation with PV panels, the diesel generator was turned on until 
sunrise. Therefore, on June 27, the battery bank was 100% charged and was able 
to satisfy the load of the community along with the generation until the early 
morning of June 28, when the SoC was close to the minimum (20%). Therefore, 
the generator is turned on again all night, this achieves to complement the 
charge of the battery to reach 100% with renewable energy in the afternoon. 
Hence, the diesel generator operation is optimal because no energy is wasted. 
On the other hand, the switching on and off of the diesel generator is carried 
out manually with the support of the microgrid operator. In a second step, an 
automatic generator starter (AGS) system will be used to program the genera-
tor's start and stop. Therefore, it is determined that the diesel generator should 
be used as long as the battery have reached an SoC close to 30% before having 
generation with solar energy. The diesel generator must be turned on when 
there is no more solar resource available. 

a) b)  

Fig. 12. Load adjust on summer week and Load profile adjust on summer (b). 

 
Figure 13. 24/7 operation with electric diesel generator. 

5    Conclusions 
In this work, which is a study of the operation, implementation, simulation through 
TRNSYS, it was obtained the behavior of the microgrid in different modes of operation 
in extreme climates, this determined operational strategies to maximize the use of re-
newable energies, establish the optimal use of the diesel-electric generator and extend 
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the life of the battery bank for the Puertecitos microgrid. Therefore, they reached the 
following conclusions: The strategies of operation in winter (case A) and equinox (case 
C), where the load is increased in hours that match the generation with renewable en-
ergies, demonstrated that it is possible to reduce the waste of energy that reached 63% 
to a maximum waste of 1.6%. Therefore, it is concluded that these strategies maximize 
the use of renewable energies without compromising the battery lifetime and it is valid 
to use them in isolated microgrids. The simulation model used to calculate the energy 
and operation dynamics during winter (case B) and equinox (case D), reduces the un-
certainty of shutdowns in the microgrid when operating without generation, and also 
protects the life of the storage system as it determines an operation time without over-
discharging. Therefore, it is a good option to schedule maintenance actions and avoid 
blackouts. Having a load profile that varies in the different seasons of the year, it was 
observed that there was a 63% waste of generation with renewable energies in the win-
ter months. So with the proposed strategies, it is possible to satisfy the load, with opti-
mal use of the generation and storage infrastructure throughout the year. The opera-
tional strategy of load control and the use of the diesel generator, increased the SoC 
levels to 95% and decreased the DoD 30%, so it is concluded that any strategy that 
reduces the work cycles during the high demands of use of the battery bank will help 
prevent damage from over-discharge and increase its life. In the region where Puerteci-
tos microgrid has been installed, there are other locations with the same energy supply 
needs for people without access to energy, so the results of this work can be used for 
the implementation of other isolated microgrids on the same region. 
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Resumen. Esta investigación presenta un método de diseño y prueba
del esquema de control auto-optimizado (Self-Optimizing Control) para
maximizar la potencia de salida de un sistema de conversión de energía
eólica (Wind Energy Conversion System) mientras se reduce la tensión
mecánica o estrés en las aspas del aerogenerador (Wind Turbine). El
esquema abordado implica el planteamiento y optimización de una fun-
ción de costo multiobjetivo que relaciona la potencia de salida y el factor
de estrés, en presencia de incertidumbre o perturbación, que se asume
como la variación de la velocidad del viento. Para el cálculo de la fun-
ción de costo y la simulación del algoritmo de control auto-optimizado se
utilizó MATLAB/Simulink, partiendo de un modelo de mecánica com-
putacional combinado de la teoría del momento elemental del aspa (Blade
Element Momentum) y la teoría de vigas de pared delgada (Thin-Walled
Beams). Los resultados de la simulación indican la viabilidad del contro-
lador propuesto para la operación eficiente del aerogenerador, ya que
presenta un bajo coste computacional debido a la reducción del espacio
de optimización mediante una proyección matricial. Finalmente, en tér-
minos de maximización de la potencia extraída y reducción de estrés,
existe una mejora en el rendimiento del sistema de conversión de en-
ergía eólica cuando opera con el esquema de control auto-optimizado en
comparación con el esquema de control clásico de línea base (Base-line
Control System).

Keywords: Aerogenerador, Auto-Optimización, Aerodinámico, Máxima
Extracción de Potencia, Reducción de Estrés Mecánico, Sistema de Con-
versión de Energía Eólica.

1 Introducción

Las políticas públicas para mitigar el cambio climático han favorecido el incre-
mento de los sistemas de energía renovable, entre ellos, la producción energética
eólica. A través de innovaciones tecnológicas y economías de escala, el mercado
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mundial de energía eólica ha tenido un incremento durante la última década y
se ha establecido como una de las fuentes de energía renovable más eficientes
y rentables del mundo. La capacidad global instalada de energía eólica alcanzó
837 GW al final del 2021 y esto ha ocasionado el aumento en la oferta comercial
de aerogeneradores de todo tamaño [1].

Los sistemas de conversión de energía eólica (Wind Energy Conversion Sys-
tems (WECS)) transforman la energía cinética del viento en energía eléctrica
mediante una combinación de aerogeneradores (Wind Turbines (WT)) y gener-
adores eléctricos [2–4]. Si bien es cierto de que existen diferencias y variaciones
en el tamaño, todos los aerogeneradores, desde el más pequeño (Small Wind Tur-
bine (SWT)) hasta el más grande (Large Wind Turbine (LWT)) trabajan de la
misma manera [5–7]. Existen varias configuraciones posibles de aerogeneradores
y generadores eléctricos, las cuales permiten diferentes enfoques basados en el
control clásico y en el control moderno [8, 9] con el único objetivo de mejorar
la captación de energía y mejorar el rendimiento de los WECS. Las técnicas de
control [2, 8, 9], clásicamente aplicadas en aerogeneradores son: stall1 activo y
pasivo, y control por pitch2. En cualquiera de estos casos pueden aplicarse técni-
cas de control moderno como [10–13]: el esquema de modelo predictivo no lineal
(Nonlinear Model Predictive Control (NMPC)), adaptativo predictivo (Adaptive
Predictive Control), el esquema proporcional-integral-derivativo basado en una
red neuronal (Neural Network Proportional–Integral–Derivative (NN-PID)), etc.

Sin embargo, la mayoría de esquemas de control, se enfocan principalmente
en el seguimiento del punto de máxima potencia (Maximum Power Point Track-
ing (MPPT)) [14, 15], dejando, en la mayoría de los casos, desatendidas otras
variables de funcionamiento importantes, como el estrés o esfuerzo mecánico
producido en los componentes estructurales del aerogenerador, principalmente
en las aspas. Así, el diseño y evaluación de sistemas de control enfocados a la
operación confiable y que atiendan variables típicamente no abordadas en los
sistemas de control tradicionales para aerogeneradores, es importante, pues per-
mite generar valor agregado a todo el sistema de conversión de energía eólica sin
incurrir en costos adicionales [3, 16, 17].

1.1 Trabajos relacionados

En [10] se presenta dos esquemas de control: el APC y el control PID. Los resul-
tados obtenidos muestran que el esquema de control APC logra una reducción
de la tensión promedio que se genera por el estrés en las aspas para un nivel
de potencia de salida dado, de esta manera, se obtiene un aumento en la po-
tencia de salida en función del nivel de estrés. Por otro lado, en [11] se aplica
el modelo NMPC al control supervisado de un aerogenerador, que integra en su
base de procesamiento un modelo combinado de la teoría del momento elemen-
tal del aspa (Blade Element Momentum (BEM)) [18–20] y la teoría de vigas de
pared delgada (Thin-Walled Beams (TWB)) [21]. El esquema NMPC gestiona
1 Control por régimen o pérdida de sustentación de las aspas del aerogenerador.
2 Control del ángulo de paso, ataque, de inclinación, cabeceo o elevación de las aspas.
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simultáneamente el ángulo pitch de las aspas y el par eléctrico (torque) para la
región II y III de funcionamiento del aerogenerador. Así también, NMPC realiza
la maximización de la producción de energía y el alivio de estrés, los autores
muestran que para el esquema propuesto se consigue una reducción instantánea
del factor de estrés de hasta un 19% con una reducción de potencia variable de
0.5% al 12%.

El estudio realizado en [22] investiga el efecto del sistema de control de línea
base (Base-line Control System (BCS)) en las características aerodinámicas y
de fatiga en los aerogeneradores modernos. El modelo BCS, permite controlar la
potencia de salida regulando el ángulo pitch y el torque del generador. Se utiliza
el software FAST/NREL para simular un aerogenerador de 5 MW sometido
a un conjunto de cargas de viento con velocidades entre 3 a 25 m/s. En el
análisis de resultados se simulan dos casos diferentes, con BCS y sin BCS. En el
primer caso, el ángulo pitch y la velocidad del rotor se regulan en función de las
variables del controlador. En el segundo caso, el ángulo pitch y la velocidad del
rotor son 0◦ y 12.1 rpm, respectivamente. Los valores medios y máximos de las
respuestas dinámicas estructurales en el primer caso tienen una gran reducción
con la velocidad del viento que excede la velocidad nominal en comparación con
el segundo escenario. Así, el BCS tiene un gran efecto sobre los valores medios
de las respuestas dinámicas estructurales en los aerogeneradores modernos.

En [23] se presenta al esquema de control auto-optimizado (SOC) como una
estrategia de control generalizado (generalized Self-Optimizing Control (gSOC))
aplicado a un aerogenerador marino (Offshore Wind Turbine (OWT)) de 5 MW,
con la finalidad de maximizar la extracción de potencia. El esquema propuesto se
basa completamente en las mediciones de los datos operativos de la planta, siendo
estos, la potencia de salida (P ), el ángulo pitch (β), la velocidad angular y torque
del rotor (ωG y Γ , respectivamente), y la eficiencia del generador (η). El objetivo
es determinar la ley de control óptima aplicando el esquema gSOC, considerando:
β y ωG, como las variables manipuladas, la velocidad del viento (v) como la
perturbación, y la función objetivo J , a ser maximizada, como la potencia de
salida (P = Γ ·ωG ·η). Así, mediante regresión y combinación lineal se encuentran
los valores de las variables controladas que se aproximan a las condiciones de
optimización. Los resultados muestran que el esquema gSOC maximiza con éxito
J en la región II de operación del aerogenerador, sin ningún conocimiento de la
dinámica de este sistema relativamente complejo, sino únicamente con base en los
datos operativos proporcionados. Además, los autores mencionan que el esquema
gSOC para entregar la máxima potencia intenta alcanzar siempre el máximo
coeficiente de potencia (Cp), y esto puede hacerse manteniendo β constante y
variando Γ de tal manera que la relación de velocidad-punta (Tip-Speed Ratio
(TSR)) se mantenga constante en su valor óptimo. De esta manera, se logra
obtener mayor extracción de potencia promedio para diferentes velocidades de
viento.
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1.2 Alcance y contribución

En esta investigación se implementará el esquema de control auto-optimizado
(SOC) [24–27], con la finalidad de conciliar los objetivos de minimizar el es-
trés mecánico (fatiga) en las aspas del aerogenerador y maximizar la extrac-
ción de potencia. El modelo de sistema de conversión de energía eólica (WECS)
utilizado corresponde al de un modelo de tipo fasorial [28, 29] desarrollado en
MATLAB/Simulink, y está conformado por un aerogenerador de eje horizontal
(Horizontal-Axis Wind Turbine (HAWT)) de 3 aspas y cuya potencia nominal
es de 1.5 MW, un generador síncrono de imanes permanentes (Permanent Mag-
net Synchronous Generator (PMSG)), el control del ángulo pitch y el sistema de
conversión de potencia en configuración back-to-back3. Además, considerando los
resultados obtenidos en [11, 13], se integra un modelo aeroelástico que emplea las
teorías BEM y TWB, a manera de visualizar el comportamiento aerodinámico de
las aspas del aerogenerador frente al factor de estrés producido por fuertes car-
gas de viento. La implementación del esquema SOC no requiere el conocimiento
de un modelo analítico de la planta, pues como su teoría lo indica, las variables
controladas (c) requeridas en el esquema se obtienen a partir de las señales de
interés obtenidas en las mediciones (y) a la salida de la planta simulada. Los val-
ores para los datos correspondientes a la velocidad del viento fueron generados a
partir de la herramienta TurbSim de NREL. Finalmente, se propone comparar
los resultados obtenidos al aplicar el esquema SOC con el esquema de control
clásico de línea base (BCS).

2 Metodología

El esquema de control SOC se implementa en un modelo simulado de tipo fasorial
de un aerogenerador. A partir de los parámetros de la función de costo y la
combinación lineal de mediciones se calcula el valor de la variable controlada,
ωref , que cuando se mantiene constante el sistema se mantiene cerca del punto
óptimo de operación. El valor óptimo consiste en minimizar la función de costo
con el objetivo de extraer la máxima potencia y reducir el estrés mecánico en
las aspas del aerogenerador. El valor del estrés normalizado se calcula a partir
del modelo integrado de las teorías BEM/TWB.

2.1 Modelo integrado BEM/TWM

En [11, 30] se presenta la formulación del modelo BEM/TWB que genera un perfil
aerodinámico del aspa de un aerogenerador mediante mecánica computacional.
La ventaja de utilizar un modelo TWB es que se puede reducir la información
geométrica del material, así como la anisotropía, la deformación y tensión en
cada punto de la superficie del aspa. Los detalles de la geometría externa del
3 Convertidores de potencia espalda con espalda. Hace referencia al control por stall

electrónico
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aspa, la distribución de la disposición y las propiedades de los materiales se
pueden encontrar en [31].

Las deformaciones axiales y cortantes se pueden escribir de la siguiente man-
era:

εzz = ε0zz +[y(s)−n cosα(s)]κx+[x(s)+n sinα(s)]κy +[ω(s)−nq(s)]κw (1)

γsz = γsz + 2nκxy (2)
donde, εzz es la deformación axial en la superficie a lo largo del eje (z), γsz es
la deformación cortante en el plano del material del aspa (s, z); las coordenadas
cartesianas (x, y, z) se encuentran alineadas con los movimientos flapwise, edge-
wise y axial, respectivamente; n, s corresponde a un sistema de coordenadas
normales y tangenciales de un punto arbitrario ubicado en la superficie y con el
origen ubicado en la mitad de la sección transversal del aspa; κx, κy, κxy, κω

son las curvaturas de la superficie en las direcciones xz, yz, tasa de torsión y
curvatura de torsión, respectivamente; ε0zz es la tensión axial de primer orden en
la línea axial. γsz contiene términos de acoplamiento entre la deformación axial
y la deformación cortante.

Las aspas de un aerogenerador se fabrican con capas de material que tienen
características como: grosor específico, propiedades elásticas y diferentes orienta-
ciones (direccional y bidireccional). Con (1) y (2) se puede determinar el esfuerzo
axial (σzz) y cortante (σsz) en la capa k en cualquier posición del aspa utilizando
una ley constitutiva ortogonal de tensión plana, así:

[
σzz

σsz

]

k

=

[
Q11 Q12

Q12 Q66

]

k

[
εzz
γzz

]
(3)

donde Qij son los coeficientes de rigidez del material en el sistema de coordenadas
globales, que se reducen a través de una ley ortotrópica a condiciones de tensión
planas.

Los esfuerzos de (3) son transformados al sistema de coordenadas del material
utilizando la matriz de rotación [R] como sigue:




σ11

σ22

σ12





k

= [R]k

[
εzz
γsz

]

k

(4)

El modelo TWB calcula el valor de estrés en cada punto de la superficie de
la capa del material, el factor de estrés en el aspa corresponde al valor máximo
de estrés en cada punto de la superficie. El factor de estrés normalizado (ξ) se
define como la razón entre el esfuerzo en la capa del material debido a las cargas
aerodinámicas, y la resistencia del material (Si,j) en la dirección especificada por
(i, j).

ξi,j =
σi,j

Si,j
(5)

en este sentido, (1, 1) a lo largo de la fibra del material, (2, 2) perpendicular a
la fibra del material y (1, 2) en sentido de corte.
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(a) Nivel de estrés medio con ángulo pitch
fijo.

(b) Nivel de estrés bajo debido a la
variación del ángulo pitch.

Fig. 1. Cálculo del estrés (ξ) utilizando el modelo BEM/TWB.

La Figura 1 presenta el perfil aerodinámico del aspa con un nivel bajo y medio
de estrés que se calcula a través del modelo integrado BEM/TWB implementado
en MATLAB [11]. La Figura 1(a) muestra que las zonas de color amarillo (con
niveles altos de estrés) se ubican cerca de la raíz y el borde de salida del aspa.
Las fallas en el borde de salida son causadas principalmente por los momentos de
torsión y aleteo (flapwise). Uno de los factores que aumenta el estrés en la raíz del
aspa es su tamaño, cuando este aumenta existen mayores fuerzas gravitatorias,
lo que provoca que la frecuencia de torsión sea más baja, permitiendo que se
acople a modos de flexión más bajos, lo que puede provocar inestabilidad y
posteriormente la ruptura general del aspa [32]. La Figura 1(b) corresponde al
resultado de variar la velocidad angular de la turbina a partir de manipular el
ángulo pitch, β, con lo cual, se obtiene un nivel bajo de estrés.

2.2 Diseño del esquema de control auto-optimizado

El objetivo es maximizar la extracción de potencia, mientras se minimiza el estrés
sobre las aspas del aerogenerador. Por lo que, la función de costo considera estas
dos variables, tal como:

J = α (Pnom − Pcal)
2 + θξ2 (6)

donde, Pnom es la potencia nominal, Pcal es la potencia calculada, ξ es el estrés
máximo de (5) calculado a lo largo del aspa, α y θ son parámetros de optimización
cuyo valor se calcula según las restricciones operativas del sistema.

La variable manipulada (u), mediciones (y) y la perturbación (d) del control
auto-optimizado se definen como:

u = [ωr]
T , y = [ωr,β, Isq, Igq, Pg, ξ]

T , d = [vw]
T (7)

donde, ωr es la velocidad angular del generador, β es el ángulo pitch cuyo valor
máximo es de 25 grados, Isq es la corriente en cuadratura de generador, Igq es
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la corriente en cuadratura en la red, Pg es la potencia activa en la red y ξ es
el estrés normalizado calculado por el modelo BEM/TWB. Las perturbaciones
están relacionadas directamente con la función de costo definida por (6), por lo
que, la optimización se realiza para cada valor de la serie de viento utilizadas en
este estudio.

Para encontrar las variables controladas (c) utilizando (8), además de conocer
las mediciones (y) a la salida del sistema, se requiere determinar la matriz de
combinaciones, H [25], utilizando (9).

c = Hy (8)

H =
(
F̃F̃T

)−1
Gy

(
GyT

(
F̃F̃T

)−1
Gy

)−1

J1/2
uu (9)

donde, F es la matriz de sensibilidad óptima definida por (10), Gd
y es la matriz

de ganancias correspondientes a y frente a d, y Gy es la matriz de ganancias
correspondiente a y frente a u.

F = Gd
y −GyJ−1

uuJud (10)

F̃ ∼= [FWd We] (11)

La matriz diagonal del valor esperado de la perturbación, Wd, y la matriz di-
agonal de los errores de implementación, We; se eligen después de realizar varios
experimentos en los cuales se verifica que se cumpla los objetivos individuales y
restricciones de la función de costo (6). Los mejores resultados se consigue con:

Wd = diag(1.2) (12)

y el error de implementación para ωr es de 4.5%; β, 14%; Isq, Igq y Pg, 9.5% y
ξ, 3.7%. Así,

We = diag(0.045, 3.5, 0.095, 0.095, 0.095, 0.037) (13)

La matriz de ganancias, Gy, se obtiene al evaluar la variable manipulada
(ω) alrededor del punto de operación nominalmente óptimo. Con el uso de difer-
encias finitas se obtiene el valor de la ganancia para cada medición individual
y perturbaciones. Los resultados obtenidos en [11] cuyo estudio se basa en un
optimizador, son de utilidad para calcular la matriz de ganancias evaluando la
variable manipulada cerca del valor nominal que corresponde a la región donde
el generador se mantiene en velocidad constante. La matriz de ganancia frente
a las mediciones es:

Gy =
∂y

∂u

Gy = [1, 27.556, 0.219, 0.033,−0.876, 0.753]T (14)

mientras que la matriz de ganancia frente a la perturbación es:

Gd
y =

∂y

∂d
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Gd
y = [0.097, 34.701, 0.151, 0.014, 0.253, 0.868]T (15)

Al igual que las matrices de ganancia (Gd
y y Gy), la matriz Hessiana repre-

sentada en (16) se obtiene al rededor del punto nominalmente óptimo.

HJ(u,d) =

[
Juu Jud

Jdu Jdd

]
(16)

Utilizando las herramientas simbólicas de MATLAB se calcula (16) como: (hessian(J,
[w, v])), donde: J es la función de costo en función de las variables simbóli-
cas, w, y v, que representan la variable controlada (u = ωr) y la perturbación
(d = vw), respectivamente.

Los parámetros α y θ de la función de costo (6) se calculan utilizando la
teoría de Pareto, con la precaución de no violar las restricciones en la dinámica
del sistema.

La Figura 2 muestra la estructura del esquema de control auto-optimizado
(SOC). Este esquema de control opera como supervisor sobre el modelo sim-
ulado de tipo fasorial del aerogenerador. En este estudio se elige el grado de

Fig. 2. Arquitectura del esquema de control SOC.

libertad, β∗, ya que es posible manipular la velocidad de rotación del aerogen-
erador variando correctamente esta variable. La Figura 3 muestra el sistema de
control para manipular el ángulo pitch, la referencia es la velocidad normalizada
en pu (por unidad) del generador. Este controlador se activa con velocidades de
viento mayores a la nominal (vw > 10m/s). Por el contrario, para velocidades
por debajo de la nominal, β∗ = 0.

El coeficiente de potencia (Cp) está en función de la relación de velocidad-
punta λ (TSR) y el ángulo pitch. En [33, 34] se define una relación del coeficiente

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 38

pmoreno
ISBN 978-9942-44-109-6



Esquema de control auto-optimizado aplicado a un aerogenerador 9

Fig. 3. Control del ángulo pitch.

de potencia como:

Cp (λ,β) = c1 (c2/λi − c3β − c4) e
−c5/λi + c6λ (17)

1

λi
=

1

λ+ 0.08β
− 0.035

β3 + 1
(18)

las constantes de (17) se toman de [35], esto es: c1 = 0.5176, c2 = 116, c3 = 0.4,
c4 = 5, c5 = 21, c6 = 0.0068.

3 Resultados

El esquema de control auto-optimizado lleva a cabo el control de potencia en la
tercera zona de operación del aerogenerador. Los controladores del convertidor
del lado del estator (Stator Side Converter (SSC)) y del convertidor del lado de la
red (Grid Side Converter (GSC)) regulan la velocidad de la turbina a través del
torque del generador para maximizar la extracción de energía en velocidades de
viento menores al valor nominal; ωref se calcula para maximizar la relación in-
versa entre la potencia extraída y el factor de estrés. El rendimiento del aerogen-
erador que se consigue aplicando el esquema de control auto-optimizado (SOC)
para diferentes condiciones de funcionamiento, es comparado con el esquema de
control referente de línea base (BCS).

La serie de viento empleada en la simulación se presenta en la Figura 4, la
línea de color rojo indica el valor nominal de la velocidad de viento (10 m/s).
Los datos de la serie de viento han sido generados utilizando la herramienta
TurbSim de NREL. Al variar el valor del ángulo pitch (β∗) se consigue regular
la velocidad angular del rotor. Además se observa que cuando la velocidad de
viento supera el valor nominal, el valor de β∗ presenta variaciones a lo largo del
tiempo, por otro lado, cuando se mantiene velocidades de viento por debajo del
valor nominal el ángulo de paso se mantiene en cero. Esto cumple con el objetivo
de llevar y mantener la velocidad angular del rotor cerca del valor nominalmente
óptimo.
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Fig. 4. Velocidad de viento (arriba) y comportamiento del ángulo pitch (abajo) para
los esquemas de control SOC y BCS.

La Figura 5 muestra la gráfica de la velocidad del viento y la velocidad
angular para el esquema de control diseñado en este estudio y el esquema de
referencia. El valor promedio (µSOC y µBCS) y varianza (σSOC y σBCS) del
control auto-optimizable y de línea base se incluye en esta figura. Para la serie de
viento, el control auto-optimizable disminuye la velocidad angular de la turbina,
cuando la velocidad del viento supera el valor nominal, en comparación con el
control de línea base.

La aplicación de densidad espectral de potencia (Power Spectral Density
(PSD)) normalizada a cada uno de los esquemas de control se muestra en la
Figura 6. Los resultados obtenidos tanto de la potencia extraída como del factor
de estrés en el aspa del aerogenerador muestran que la implementación del control
auto-optimizado logra una leve ampliación en las fluctuaciones de la potencia, así
como una reducción considerable de la mayoría de los componentes espectrales
del factor de estrés.

La Tabla 1 muestra el resumen de los resultados del rendimiento para difer-
entes velocidades de viento e intensidades de turbulencia. Las series de viento
empleadas en este estudio tienen una duración de 605 segundos. Las simulaciones
se llevan a cabo en computador personal con procesador Intel(R) Core(TM) i7-
7700HQ CPU @2.80GHz y 16 GB de memoria RAM. Con el esquema de control
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Fig. 5. Velocidad de viento (arriba izquierda), Velocidad angular en el tiempo (arriba
derecha) y diagrama estadístico para la velocidad angular (abajo); para esquemas de
control SOC y BCS.

SOC, la mayor reducción (cerca del 18%) del factor de estrés se tiene para la
serie de viento de 10.434 m/s. Este resultado corresponde con la reducción de
potencia alrededor del 11.5%.

Tabla 1. Resumen de resultados de operación para los diferentes esquemas de control.

Velocidad
del viento

% de
turbulencia

% de reducción del
factor de estrés (ξ)

% de reducción
de potencia

8.59 m/s 27.56 % 9.1601 % 6.274 %
9.21 m/s 15.00 % 9.863 % 5.938 %
10.434 m/s 21.51 % 17.982 % 11.523 %

4 Conclusiones

El funcionamiento y desempeño adecuado del aerogenerador en la producción de
energía eólica se puede asegurar mediante el análisis dinámico de los componentes
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Fig. 6. Comparación de la respuesta en frecuencia de potencia (arriba) y el factor de
estrés (abajo) para los controladores utilizando la PSD.

estructurales, especialmente de las aspas frente a esfuerzos mecánicos y esfuerzos
adicionales que producen valores de fatiga o estrés elevados, ocasionando el de-
terioro y la posible destrucción del aerogenerador. La finalidad de todo análisis
dinámico en un sistema de conversión de energía eólica, principalmente, en el
aerogenerador, es aprovechar el máximo rendimiento del mismo, considerando
extraer la máxima potencia disponible frente a variables típicas y de tratamiento
crítico, como es el caso del estrés mecánico. Adicionalmente, los enfoques de con-
trol clásico y control moderno, aplicados a un aerogenerador, tienen el propósito
de garantizar el desempeño eficiente, seguro y confiable de todo el sistema. Así,
en este trabajo se investigó e implementó el esquema de control auto-optimizado
(SOC), y se analizó su respuesta frente a los objetivos de maximización de la
extracción de potencia y minimización de la fatiga en las aspas de un aerogen-
erador. De esta manera, es concluyente mencionar que el esquema de control
abordado en esta investigación, no es invasivo y concilia los objetivos plantea-
dos mediante la optimización de variables de forma automática. Los resultados
obtenidos mostraron que al variar el ángulo de paso y la velocidad angular del
rotor, permite maximizar la extracción de potencia y reducir el factor de estrés
en las aspas, contribuyendo así en la seguridad de la estructura del aerogener-
ador, frente a las respuestas dinámicas inducidas por las condiciones del viento.
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La ventaja que presenta el esquema de control SOC frente a otros esquemas,
es que, se reduce el tiempo de cálculo de los puntos de ajuste óptimos para la
variable controlada, ya que el esquema propuesto se basa en la proyección de la
matriz H óptima aplicada a un vector de mediciones, reduciendo así el tiempo
de procesamiento computacional. Finalmente, la aplicación del esquema SOC
puede ser extendida, desempeñando el rol de un control supervisor y optimizar
el rendimiento de todo un sistema de conversión de energía eólica, implementado
restricciones de operación específicas sobre las variables de interés.
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Abstract. Los gasoductos forman parte de uno de los activos más importantes 
de la industria Oil&Gas y por ello es importante conocer la información técnica 
que nos permita conocer el comportamiento de estos sistemas en base a la lite-
ratura técnica así como a las herramientas informáticas, siendo el transporte de 
gas natural en uno de los pilares energéticos de las ciudades inteligentes. Es por 
ello que el presente trabajo tiene por objetivo desarrollar el uso de las diferentes 
ecuaciones convencionales de flujo, las cuales podrían ser utilizadas para esti-
mar la capacidad de un gasoducto, así como una comparativa entre las mismas 
de manera que se pueda evidenciar aquella o aquellas que generen una mayor 
predictibilidad en el sistema de transporte elegido. Para ello, se presenta los 
modelos matemáticos, los resultados de las simulaciones numéricas y su com-
paración entre modelos usando software de alto nivel, considerando como caso 
de estudio, el principal gaseoducto del Perú de ��´�GH�GLiPHWUR�\�����NP�GH�Hx-
tensión. 

Keywords: Gaseoducto, Ecuaciones de flujo, Gas Natural, Simulación. 

1 Introducción 

Los sistemas de transporte por tuberías consisten en un gran número de instalaciones 
que se utilizan para el transporte de diversos fluidos, siendo uno de sus usos principa-
les el transporte de hidrocarburos líquidos y gaseosos. Por lo general, son la forma 
más segura, eficiente y económica de transporte [1].  

Desde los grandes descubrimientos de gas natural en Egipto en la década de 1990, 
el gas natural aumentó su importancia como fuente de energía, incrementando su 
preponderancia en la matriz energética de diversos países a nivel mundial, siendo 
Perú uno de los países que ha adquirido relevancia debido a los diversos proyectos 
relacionados al transporte como distribución de gas natural. En ese sentido, dentro del 
desarrollo de las diferentes disciplinas técnicas asociadas a los mencionados proyec-
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tos se encuentra el modelamiento numérico de estos sistemas de gasoductos de mane-
ra que sea posible estimar parámetros operativos de relevancia como son, la capacidad 
de transporte del sistema y los perfiles hidráulico y térmicos. 

Con la finalidad de cubrir esta necesidad técnica, el presente trabajo tiene por obje-
tivo desarrollar el uso de las diferentes ecuaciones convencionales de flujo las cuales 
podrían ser utilizadas para estimar la capacidad de un gasoducto, así como una com-
parativa entre las mismas de manera que se pueda evidenciar aquella o aquellas que 
generen una mayor predictibilidad en el sistema de transporte elegido como ejemplifi-
cación. Para la consecución del objetivo mencionado se empleó como herramienta de 
modelamiento el software Matlab R2015a la cual permitió registrar las rutinas y gene-
ral los resultados numéricos, así como las gráficas correspondientes al caso elegido. 

2 Fundamentos teóricos para la estimación de capacidad de un 
gasoducto 

Menon [2] establece que la resistencia de la tubería, también denominada capacidad 
máxima de flujo en una tubería depende en gran medida de las propiedades físicas de 
las tuberías y de la composición del gas. Se han propuesto varias ecuaciones durante 
el siglo pasado para simular flujos de gas comprimible en tuberías largas, incluida la 
ecuación de Weymouth (desarrollada en 1912), la ecuación Panhandle A (desarrollada 
en 1940) y la ecuación Panhandle B (desarrollada en 1956). Estas ecuaciones se desa-
rrollan a partir de la ecuación general de flujos para fluidos compresibles, sin embar-
go, cada una tiene una representación especial del factor de fricción para permitir que 
las ecuaciones se resuelvan analíticamente. Además, se diferencian entre sí por el 
método utilizado para crearlos y la cantidad de parámetros utilizados para definirlos.  

 
2.1 Ecuaciones asociadas al flujo de gas por tuberías 

Ecuaciones de gobierno. Entre las ecuaciones que gobiernan el comportamiento 
del gas natural tenemos: la ecuación de continuidad, la ecuación de cantidad de mo-
vimiento, la ecuación de energía y la ecuación de Bernoulli. 

Supuestos para calcular la presión y el caudal. La ecuación general se puede de-
rivar del balance total de cantidad de movimiento alrededor de un elemento de fluidos 
a través de un diferencial de longitud de tubería bajo los siguientes supuestos: 

a) Es un flujo isotérmico 
b) Es un flujo en estado estacionario 
c) Es un flujo monofásico 
d) No se presenta transferencia de calor del gas hacia el entorno. 
e) No se realiza ningún trabajo mecánico por o hacia el fluido. 
f) Se considera un fluido newtoniano. 

Ecuaciones de flujo. Existen varias ecuaciones disponibles que relacionan el 
transporte de gas natural con las propiedades del gas, diámetro de la tubería, longitud 
y presiones aguas arriba y aguas abajo. Estas ecuaciones son [2]: 

a) Ecuación general de flujo 
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b) Ecuación de Colebrook-White 
c) Ecuación de Colebrook-White modificado 
d) Ecuación AGA 
e) Ecuación de Weymouth 
f) Ecuación de Panhandle A 
g) Ecuación de Panhandle B 
h) Ecuación IGT 
i) Ecuación de Spitzglass 
j) Ecuación de Mueller 
k) Ecuación de Fritzsche 

De acuerdo con el GPSA [3], las ecuaciones de Weymouth, Panhandle A y Pan-
handle B se desarrollaron para simular el flujo de gas compresible en tuberías de gran 
extensión. En tal sentido la presente publicación tomará como caso de estudio la 
ecuación general de flujo y las ecuaciones anteriormente mencionadas con el fin de 
evaluarlas numéricamente y así realizar un análisis comparativo para el caso específi-
FR�GH�XQD�WXEHUtD�GH���´�GH�GLiPHWUR�\���� km de extensión ubicado en la Sierra del 
Perú. A continuación, describiremos cada una de las propiedades de estas tres ecua-
ciones: 
 
2.2 Ecuaciones convencionales de flujo de gas para tuberías de gran 

extensión. 

Ecuación general. La ecuación general es la ecuación básica que relaciona el caudal 
con la caída de presión. También se le llama ecuación de flujo fundamental para el 
flujo isotérmico en estado estacionario en gasoductos. Esta ecuación se aplica en to-
dos los rangos de presión y es la base de muchas de las ecuaciones de flujo utilizadas 
en el análisis de redes de transporte y distribución de gas, asimismo la forma estándar 
que incluye los cambios de elevación a lo largo de la traza se describe en la Ec. (1), 
donde: ܳ es flujo de gas, medido a condiciones estándar, ݂ݐଷȀ݀Àܽ (SCFD); ܨ es un 
factor de transmisión, equivalente a ʹ݂ଵȀଶ, adimensional; ܲ es la presión a condicio-
nes base, psia; ܶes la temperatura a condiciones base, °R (460+°F); ଵܲes la presión 
aguas arriba, psia; ଶܲ es la presión aguas abajo, psia; ܩ es la gravedad específica 
(air=1.00); ܶes la temperatura promedio de gas, °R (460+°F); ܮ es la longitud del 
segmento de tubería, mi; ܼ es el factor de compresibilidad a la temperatura de flujo, 
adimensional, y; ܦ es el diámetro interno de tubería, in. 

 ܳ ൌ ͵ͺǤܨ ቀ்್
್
ቁ ൬భ

మିೞమమ

ீ்
൰
Ǥହ

 ଶǤହ�[UCSC units] (1)ܦ

El factor de fricción se puede estimar por medio de la ecuación de Colebrook-
White según Ec. (2) donde ܴ݁ es el número de Reynolds y Rr es la rugosidad relativa 
definidos según Ec. (3) y (4). 

 ଵ
ඥ

ൌ െʹ݈݃ଵ ൬


ଷǤ
 ଶǤହଵ

ோඥ
൰ Ǣ ܴ݁  ͶͲͲͲ (2) 
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 ܴ݁ ൌ ͲǤͲͲͲͶͺቀ್
்್
ቁ ቀீொ

ఓ
ቁ (3) 

ݎܴ  ൌ � 


 (4) 

Respecto a los parámetros operativos, Pavg es la presión promedio y Z es el factor 
de compresibilidad se calculan según las Ec. (5) y (6). 

 ܲ௩ ൌ
ଶ
ଷ
ቀ ଵܲ  ଶܲ െ

భమ
భାమ

ቁ (5) 

 ܼ ൌ ଵ

ଵା൭
ುೌೡ�యరరǡరబబ�ሺభబሻభǤళఴఱಸ


యǤఴమఱ ൱൩

 (6) 

Asimismo, ܮ es la longitud equivalente del sistema analizado, estimado según Ec. 
(7). 

ܮ  ൌ ݆ଵܮଵ  ݆ଶܮଶ݁௦ଵ  ݆ଷܮଷ݁௦ଶ   (7) ڮ

Para el cálculo de la longitud equivalente Le, se considera L1, L2, L3« Ln como las 
longitudes discretizadas del sistema las cuales se encuentran asociadas a los cambios 
de elevación. Asimismo ³j´ corresponde a un parámetro calculado para cada cambio 
GH�SHQGLHQWH�HQ�HO� VHJPHQWR�VHJ~Q�(F�� ����GRQGH� ³s´�HV�HO�SDUiPHWUR�GH�DMXVWH�SRU�
elevación, calculado como la relación entre las elevaciones del segmento discretizado 
de tubería, la gravedad específica, la temperatura promedio y el factor de compresibi-
lidad calculado según Ec. (9). 

 ݆ ൌ ೞିଵ
௦

 (8) 

ݏ  ൌ ͲǤͲ͵ͷܩ ൬ுమିுభ
்

൰ (9) 

Ecuación de Weymouth. La ecuación de Weymouth es apropiada para diámetros 
menores a 15 pulgadas, segmentos de tubería menores a 20 millas y presiones de entre 
100 a 1000 psia [4]. Esta fórmula calcula directamente el caudal a través de una tube-
ría para valores dados de gravedad del gas, compresibilidad, presiones de entrada y 
salida, diámetro y longitud de la tubería. En unidades USCS, la ecuación de Wey-
mouth se establece según la Ec. (10). 

 ܳ ൌ Ͷ͵͵Ǥͷܧ ቀ்್
್
ቁ ൬భ

మିೞమమ

ீ்
൰
Ǥହ
 ଶǤହ (10)ܦ

Ecuación de Panhandle A. La Ecuación Panhandle A es apropiada para diámetros 
entre 12 a 60 pulgadas, sistemas de gran extensión, flujos de gas moderado y presio-
nes entre 800 a 1500 psia [4]. Se desarrolló para su uso en gasoductos de gas natural 
incorporando un factor de eficiencia para los números de Reynolds en el rango de 5 a 
11 millones. En esta ecuación no se utiliza la rugosidad de la tubería. La forma gene-
ral de la ecuación Panhandle A se expresa en unidades USCS según Ec. (11). 
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 ܳ ൌ Ͷ͵͵Ǥͷܧ ቀ்್
್
ቁ
ଵǤ଼଼

൬ భమିೞమమ

ீబǤఴఱయవ்
൰
Ǥହଷଽସ

 ଶǤଵ଼ଶ (11)ܦ

Ecuación de Panhandle B. La ecuación Panhandle B es apropiada para diámetros 
de 36 pulgadas en adelante, flujos de gas alto y presiones por encima de los 1000 psia 
[4]. También es conocida como la ecuación Panhandle revisada y en flujo completa-
mente turbulento, se encuentra que es preciso para valores del número de Reynolds en 
el rango de 4 a 40 millones. Esta ecuación en unidades USCS es la Ec. (12). 

 ܳ ൌ ͵ܧ ቀ்್
್
ቁ
ଵǤଶ

൬ భమିೞమమ

ீబǤవలభ்
൰
Ǥହଵ

 ଶǤହଷ (12)ܦ

La descripción de las variables, sistema de unidades, así como parámetros asocia-
dos a los cambios de elevación para las ecuaciones de Weymouth, Panhandle A y B 
son los mismos que los descritos en la ecuación general. 

3 Metodología 

Para someter la evaluación de las tres ecuaciones convencionales de flujo se conside-
Uy�OD�FRQILJXUDFLyQ�GH�XQ�JDVRGXFWR�GH���´�GH�GLiPHWUR�\���� km de extensión ubica-
do en la Sierra del Perú [5]. Las características técnicas y operativas del mismo se 
describen en la Tabla 1. 

Tabla 1. Características técnicas y operativas del gasoducto evaluado 

Parámetro Valor Unidades 
Gravedad específica 0.612 adimensional 
Temperatura inicial 549.27 °R 
Temperatura final 528.39 °R 
Temperatura promedio 538.83 °R 
Viscosidad 0.0000101 lb/ft.s 
Rugosidad 0.0004 in 
Diámetro externo 34.00 in 
Espesor 0.75 in 
Diámetro interno 32.50 in 
Presión inicial 1751.48 psia 
Presión final 1388.01 psia 

 
Asimismo, se relevó la información relacionada al perfil de elevación en las cuales se 
identifica la progresiva, los segmentos discretizados, así como la altura identificada en 
cada cota del ducto. Estos parámetros se encuentran almacenados en el archivo Pipe-
line Elevation Profile.xlsx. A continuación, se elaboraron las rutinas de Matlab con la 
finalidad de vincular los parámetros indicados en la Tabla 1 con las diferentes ecua-
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ciones convencionales de flujo: Ecuación general, ecuación de Weymouth, Panhandle 
A y B, obteniéndose los siguientes archivos indicados en la Tabla 2. 

Tabla 2. Archivos generados en Matlab para el modelamiento del gasoducto 

Nombre  Tipo Descripción 
Ecuacionbasicageneral.m función Cálculo de factor de fricción y caudal Eq.General 
EcuacionPanhandleA.m función Cálculo de caudal por medio de Panhandle A 
EcuacionPanhandleB.m función Cálculo de caudal por medio de Panhandle B 
EcuacionWeymouth.m función Cálculo de caudal por medio de Weymouth 
Suelo.m función Gráfica del perfil de elevación en  f(L,H) 
Caudal.m script Script que consolida las rutinas y graficas  

 
En base a los archivos señalados se obtuvieron los resultados comparativos. 

4 Resultados 

Las rutinas elaboradas en Matlab nos dan como resultado la gráfica del perfil de ele-
vación del gasoducto descrito en la sección anterior (ver Fig. 1) así como los resulta-
dos de capacidad estimada para cada una de las ecuaciones en consideración: General, 
Weymouth, Panhandle A y Panhandle B y adicionalmente la presión inicial y final en 
el gasoducto (ver Fig. 2). 

 

 
Fig. 1. Perfil de elevación generado en Matlab con la información de longitudes de 

tubería discretizada y altura de cotas. Ver archivo función suelo.m 
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Fig. 2. Comparativa de estimaciones de flujo generado en Matlab para cada una de 

las ecuaciones convencionales. Ver script caudal.m 

Por medio del software Matlab se obtuvieron las siguientes estimaciones de caudal, 
así como las respectivas desviaciones respecto de la ecuación general, que se mues-
tran en la Tabla 2. 

Tabla 2. Características técnicas y operativas del gasoducto evaluado 

Ecuación Caudal (MMSCFD) Desviación respecto de 
la Ecuación General 

General 934.75 - 
Weymouth 873.49 - 61.26 

Panhandle A 1076.66 141.91 
Panhandle B 1013.46 78.71 

 
5D]yQ�SRU�OD�FXDO�VH�GHWHUPLQD�TXH�SDUD�HO�JDVRGXFWR�PRGHOR�GH���´�GH�GLiPHWUR�\�

408 km de extensión ubicado en la Sierra del Perú, la ecuación de Panhandle B pre-
senta la menor desviación respecto de la Ecuación General, siendo en consecuencia la 
que contiene una mejor aproximación numérica. 

5 Conclusiones 

a. 3DUD�HO�FDVR�GH�XQ�JDVRGXFWR�GH���´�GH�GLiPHWUR����� km de extensión, flu-
jos de gas alto y presiones por encima de los 1000 psia, la ecuación Panhand-
le B sostiene mayor aproximación respecto de la ecuación general, compro-
bando su utilidad de manera coincidente con la literatura referenciada. 

b. Es posible reflejar las distintas ecuaciones relacionadas a la hidráulica por 
tuberías en la herramienta de modelamiento numérica Matlab, con resultados 
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de alta precisión y generación de gráficos que refuercen las prestaciones y 
utilidad de la herramienta. 

c. Matlab permite conectar el suministro de data de entrada a través de la he-
rramienta Excel, permitiendo, para el caso de gasoductos de gran extensión, 
vincular extensa información topográfica que nos permita resultados con una 
exactitud similar a los simuladores hidráulicos de la industria del Oil&Gas. 

d. Es posible construir modelos de mayor complejidad y procesamiento de da-
tos debido a las prestaciones de la herramienta. 

6 Referencias 
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7 Anexos 

Función: Ecuacionbasicageneral.m 
function [qf1] = Ecuacionbasicageneral(G,D,e,P1,P2,Tf,L,H,Mu) 
Pb = 14.7; % psia 
Tb = 519.7; % °R 
Qi = 10000000; %SCFD 
Pavg = 2/3*(P1+P2-(P1*P2/(P1+P2)))-14.7; %psia 
z1 = 1/(1+(Pavg*344400*(10^(1.785*G))/(Tf^3.825))); 
n = length(L); 
s = zeros(n,1); 
j = zeros(n,1); 
for I = 1:n 
    s(i) = 0.0375*G.*(H(i+1)-H(i))/(Tf*z1); 
    if s(i) == 0 
      j(i) = 1; 
    else 

    j(i) = (exp(s(i))-1)./s(i); 
    end 
end 
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S = 0.0375*G*(H(n+1)-H(1))/(Tf*z1); 
l = j(1).*L(1); 
for I = 2:n 
   Le = l +j(i).*L(i).*exp(s(i-1)); 
   l = Le; 
end 
f1 = 0.01; 
Re = 0.0004778*(Pb/Tb)*(G*Qi/(Mu*D)); 
error = 1; 
emin = 0.00000001; 
while error > emin 
  f = 1/(-2*log10(e/(3.7*D) + 2.51/(Re*sqrt(f1))))^2; 
  F = 2/sqrt(f);   
  qf1 = 38.77*F*(Tb/Pb)*((P1^2-P2^2*exp(S))/(G*Tf*Le*z1))^0.5*D^2.5; %SCFD 
  Re1 = 0.0004778*(Pb/Tb)*(G*qf1/(Mu*D)); 
  error = abs(qf1-Qi); 
  Re = Re1; 
  Qi = qf1; 
  f1 = f; 
end 
fprintf('Pipeline Capacity estimated with General equation(MMSCFD): Qf = %g\n', 
qf1/1000000); 
 
Función: EcuacionWeymouth.m 
function [qf2] = EcuacionWeymouth(G,D,P1,P2,Tf,L,H) 
Pb = 14.7; % psia 
Tb = 519.7; % °R 
Pavg = 2/3*(P1+P2-(P1*P2/(P1+P2)))-14.7; %psia 
z1 = 1/(1+(Pavg*344400*(10^(1.785*G))/(Tf^3.825))); 
n = length(L); 
s = zeros(n,1); 
j = zeros(n,1); 
for i = 1:n 
    s(i) = 0.0375*G.*(H(i+1)-H(i))/(Tf*z1); 
    if s(i) == 0 
    j(i) = 1; 
    else 
    j(i) = (exp(s(i))-1)./s(i); 
    end 
end 
S = 0.0375*G*(H(n+1)-H(1))/(Tf*z1); 
l = j(1).*L(1); 
for i = 2:n 
   Le = l +j(i).*L(i).*exp(s(i-1)); 
   l = Le; 
end 
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qf2 = 433.5*(Tb/Pb)*((((P1^2)-exp(S)*(P2^2))/(G*Tf*Le*z1))^0.5)*(D^2.667); 
%SCFD 
fprintf('Pipeline Capacity estimated with Weymouth equation(MMSCFD): Qf = 
%g\n', qf2/1e+6); 
end 
 
Función: EcuacionPanhandleA.m 
function [qf3] = EcuacionPanhandleA(G,D,P1,P2,Tf,L,H) 
Pb = 14.7; % psia 
Tb = 519.7; % °R 
Pavg = 2/3*(P1+P2-(P1*P2/(P1+P2)))-14.7; %psia 
z1 = 1/(1+(Pavg*344400*(10^(1.785*G))/(Tf^3.825))); 
n = length(L); 
s = zeros(n,1); 
j = zeros(n,1); 
for i = 1:n 
    s(i) = 0.0375*G.*(H(i+1)-H(i))/(Tf*z1); 
    if s(i) == 0 
    j(i) = 1; 
    else 
    j(i) = (exp(s(i))-1)./s(i); 
    end 
end 
S = 0.0375*G*(H(n+1)-H(1))/(Tf*z1); 
l = j(1).*L(1); 
for I = 2:n 
   Le = l +j(i).*L(i).*exp(s(i-1)); 
   l = Le; 
end 
qf3 = 435.87*((Tb/Pb)^1.0788)*((((P1^2)-
exp(S)*(P2^2))/((G^0.8539)*Tf*Le*z1))^0.5394)*(D^2.6182); %%SCFD 
fprintf('Pipeline Capacity estimated with Panhandle A equation(MMSCFD): Qf = 
%g\n', qf3/1e+6); 
end 
 
Función: EcuacionPanhandleB.m 
function [qf4] = EcuacionPanhandleB(G,D,P1,P2,Tf,L,H) 
Pb = 14.7; % psia 
Tb = 519.7; % °R 
Pavg = 2/3*(P1+P2-(P1*P2/(P1+P2)))-14.7; %psia 
z1 = 1/(1+(Pavg*344400*(10^(1.785*G))/(Tf^3.825))); 
n = length(L); 
s = zeros(n,1); 
j = zeros(n,1); 
for i = 1:n 
    s(i) = 0.0375*G.*(H(i+1)-H(i))/(Tf*z1); 
    if s(i) == 0 
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    j(i) = 1; 
    else 
    j(i) = (exp(s(i))-1)./s(i); 
    end 
end 
S = 0.0375*G*(H(n+1)-H(1))/(Tf*z1); 
l = j(1).*L(1); 
for i = 2:n 
   Le = l +j(i).*L(i).*exp(s(i-1)); 
   l = Le; 
end 
qf4 = 737*((Tb/Pb)^1.02)*((((P1^2)-
exp(S)*(P2^2))/((G^0.961)*Tf*Le*z1))^0.51)*(D^2.53); %SCFD 
fprintf('Pipeline Capacity estimated with Panhandle B equation(MMSCFD): Qf = 
%g\n', qf4/1e+6); 
end 
 
Función: suelo.m 
function [M] = suelo(L,H) 
n = length(L); 
M = zeros(n+1,1); 
M(1) = 0; 
for i = 2:n+1 
    M(i) = ((L(i-1)*5280)^2-((H(i)-H(i-1))^2))^(1/2)+M(i-1); 
end 
end 
 
Script: Caudal.m 
L = xlsread('Pipeline Elevation Profile.xlsx','USCS','G5:G1706'); 
H = xlsread('Pipeline Elevation Profile.xlsx','USCS','H5:H1707'); 
G = 0.612; 
D = 32.5; %in 
e = 0.0004; %in 
P1 = 1751.48; %psia 
P2 = 1388.01; %psia 
Tf = 538.83; %°R 
Mu = 0.0000101; %lb/ft-s 
[qf1] = Ecuacionbasicageneral(G,D,e,P1,P2,Tf,L,H,Mu); 
[qf2] = EcuacionWeymouth(G,D,P1,P2,Tf,L,H); 
[qf3] = EcuacionPanhandleA(G,D,P1,P2,Tf,L,H); 
[qf4] = EcuacionPanhandleB(G,D,P1,P2,Tf,L,H); 
[M] = suelo(L,H); 
P = [P1;P2]; %psia 
N = [0;1]; 
Q1 = [qf1;qf1]/1e+6; %MMSCFD 
Q2 = [qf2;qf2]/1e+6; %MMSCFD 
Q3 = [qf3;qf3]/1e+6; %MMSCFD 
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Q4 = [qf4;qf4]/1e+6; %MMSCFD 
fprintf('Estimated Flow (MMSCFD) \n'); 
fprintf('Q(G.Eq.)   Qf(W.Eq)   Qf(PA.Eq)   Qf(PB.Eq)\n'); 
fprintf('%9.6f  %9.6f  %9.6f  %9.6f\n',qf1/1e+6,qf2/1e+6,qf3/1e+6,qf4/1e+6); 
figure; 
plot(M,H,'b'); %recorrido del ducto Vs altura del ducto 
xlabel('Distance (ft)'); 
ylabel('Elevation (ft)'); 
title('Pipeline Elevation Profile') 
figure; 
plot(N,P,'k',N,Q1,'b',N,Q2,'g',N,Q3,'y',N,Q4,'m'); % Presión y Caudales 
legend('Pressure(psia)','Flow(MMSCFD)General Eq.','Flow(MMSCFD)Weymouth 
Eq.','Flow(MMSCFD)Panhandle A Eq.','Flow(MMSCFD)Panhandle B Eq.'); 
title('Pressure and Flow') 
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Abstract. This research aims to study mobility behavior patterns, location of 
charging stations, autonomy, distances, and topology, to build the first electric 
corridor in topologically irregular intermediate cities. The city's mobility plan, 
battery discharge simulations, altitude monitoring through GPS, and surveys are 
used to estimate the use and levels of acceptance of this technology. The meth-
odology for locating electric vehicle charging stations in mountainous terrain is 
studied. 

Keywords: Electric Vehicle, Elevation effects, Electric Vehicle Autonomy, 
Electric Vehicle charging, Electric Vehicle charging corridor. 

1 Introduction 

Technological advances in the field of electric vehicles (EVs) have allowed devel-
oping countries to modify their mobility plans through projects in public and private 
transport. The transport sector consumes around 49.7 % of petroleum products and is 
responsible for 24 % of CO2 emissions worldwide [1]. In Ecuador, population growth 
in the last decade was 1.4 % per year [2], and the city of Cuenca uses 62% of fossil 
fuels for transportation and is responsible for 58.4 % of total CO2 emissions [3]. Con-
ventional vehicles with internal combustion engines (ICE) emit between 400 and 450 
gCO2-eq/mile, therefore, a conventional vehicle in intermediate cities emits between 9 
and 10 kg CO2/day, on an average daily trip of 36 km/day [4]. 

In Latin America, the population growth rate was 1.05 % per year [5] between 2010 
and 2015, while the rate of new vehicles in the same period was on average 10.6 
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vehicles per thousand inhabitants. Today, EVs are accepted as an alternative to replac-
ing ICE vehicles, some manufacturers offer energy autonomy in the range of 120 km 
and 500 km, with exceptional cases, such as Tesla, which according to [6, 7, 8], its 
latest model can reach up to 900km, based on this premise the electricity demand will 
increase considerably. 

One of the main barriers to the adoption of EVs on a large scale is the existence of a 
charging infrastructure that allows users to feel comfortable using an EV both for short 
trips within a city and for long trips in the city. Highway. For this reason, the optimal 
location of the charging stations in both cases is a requirement that must be developed 
based on the intrinsic characteristics of the implementation area of a vehicle charging 
network that meets the needs of the user. 
 In Ecuador, an additional consideration in the implementation of charging stations 
on highways is the variation in altitude, which affects the contribution of the regenera-
tive brake [12]. Also, on the highways of mountainous areas in Ecuador, there are nor-
mally no tourist places where charging stations can be located to provide the user with 
entertainment during the recharging time of an EV.  
 Within the National Electromobility Strategy for Ecuador [9], it was established that 
Ecuador has a goal of 10,000 EVs by the year 2025, 100,000 EVs by the year 2030, 
and 750,000 EVs by the year 2040. To supply the charging needs of EVs, it is necessary 
to have a network of public charging stations that allow the development of this sector, 
considering the safety aspects for the user and technical aspects of the distribution net-
work where these stations will be connected. 

The installation of public charging stations in Ecuador are initiatives that arise from 
the government sector due to the cost of implementation and required studies, for which 
WKH�HOHFWULFDO�GLVWULEXWLRQ�FRPSDQ\�³(PSUHVD�(OpFWULFD�5HJLRQDO�&HQWUR�6XU�&�$´� Ex-
ecuted the implementation of the first charging corridor that interconnects the city of 
Cuenca with the canton of  La Troncal, two of the main urban areas within its conces-
sion area to promote the technological development required for the adoption of EVs. 

Electromobility in the city of Cuenca is a process that is under development due to 
the short time that technology has evolved in the region and the country. This reality 
can be classified as a research opportunity for both academia and public companies to 
obtain information on mobilization issues in EVs and their impact on society, on the 
electrical and telecommunications infrastructure. 

The present work constitutes the review of the methodology considered to imple-
ment the first highway charging corridor for EVs in Ecuador, which was carried out by 
the authors, and the joint work between the University of Cuenca and Empresa Eléctrica 
Regional Centro Sur C.A.  

2 Problem definition 

The location of stations in freight corridors has been the subject of analysis in some 
studies in recent years. The freight corridor concept is based on the activity of carrying 
out several loads in a route from a point of origin to a specific destination. In the existing 
literature, two methodologies have been determined in the selection of the location of 
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charging stations, the first based on nodes and the second based on flows [13]. The node 
model is based on the location of N charging stations minimizing the distance between 
nodes and applies to any type of vehicle energy storage technology [13], [14]. However, 
for the specific cases of alternative energies, due to the limitations of the range of travel 
that the batteries can give, these vehicles must have several recharging stations along a 
road [15] for which the authors use the flow model of charging based on capturing the 
nearby charging demand of users who use a particular road and considers the range of 
the vehicle; However, the model is limited to short trips. 

Studies of the location of charging stations for long trips through corridors base the 
selection of charging points based on cost [16] or the division of the journey into N 
parts according to the average range of vehicles [17]. 

The recharging of vehicles on long trips along mountainous roads that present con-
siderable elevation variations has been shallow studied, having only the general models 
for the location of stations, and in the case of Latin American countries crossed by the 
Andes Mountains, has specific studies. 

Specifically for the city of Cuenca, one of the most used highways is the one that 
connects with the city of Guayaquil. The route crosses the Andes mountains to the 
equatorial coast in a 196 km route (see Fig. 1a) from an elevation of 2500 m to 61 m 
with a maximum of 4157 m (see Fig. 1b) in a trip of approximately 3 hours duration in 
a light vehicle, with road grades up to 38 degrees. 
 

 
(a) 

&8(1&$

*8$<$48,/
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(b) 

Fig. 1. Cuenca-Guayaquil Route (a) Route (b) Elevation. 

We can see that the route from Cuenca to Guayaquil has the first section until reaching 
the highest point known as Tres Cruces de El Cajas, from which the route is downhill 
which would allow the EVs to recharge their battery due to the action of the regenera-
tive braking, however, the return path has a section with a minimum elevation and then 
begins an approximately 80 km drive uphill which considerably decreases the range of 
the EV. 

Another inconvenience that this route has, which is caused exclusively by an opera-
tional limitation, is that the Empresa Eléctrica Regional Centro Sur C.A. does not have 
facilities in the city of Guayaquil, having offices up to the La Troncal canton located 
79 km away. from Guayaquil and 152 km from Cuenca. For this reason, only the 
Cuenca - La Troncal route was considered, which likewise crosses the Andes mountains 
in a common section with the Cuenca-Guayaquil road (see Fig. 2). 
  
 

 
(a) 

*8$<$48,/
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(b) 

Fig. 2. Cuenca-La Troncal Route (a) Route (b) Elevation. 

3 Charging stations location 

The location of La Troncal was considered as the first alternative for the location of an 
EV charging station due to its proximity to the city of Guayaquil and because of Em-
presa Eléctrica Regional Centro Sur C.A it has its own infrastructure (office and elec-
trical) in La Troncal to supply the electrical energy required by the station. The second 
charging station was located in the central offices located in the city of Cuenca in the 
urban part of the city and has the company's parking lot. The intermediate station loca-
tion problem was carried out considering the following aspects: 
 

x Perception analysis of EVs 
x Average range of existing EVs 
x Nearby tourist infrastructure 
x Effect of elevation on EV range 

3.1 Perception analysis of Electric Vehicles  

In the first instance, an analysis of the perception of electromobility in the city was 
carried out to determine if the stations are going to have a real use. The technical ana-
lyzes used to estimate the degree of penetration that EVs will have in the selected route 
are carried out through a general survey carried out for electromobility in the city, there-
fore, based on 545 samples, distributed in three different areas of the city of Cuenca 
(the main source of traffic through the selected route). The questions asked have the 
objective of knowing the use of the vehicle in citizenship and the charging preferences 
in the case of having an EV. From the question What type of transport do you use 
daily?, it was obtained that 66 % use their car and 20% use public transport, these data 
show that the car continues to be the most used means of transport in Cuenca. Fig. 3 
shows the distribution of the most used means of transport. 
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Fig. 3. Most used means of transport in Cuenca. 

Regarding the question What is the average distance traveled in a day?, it was found 
that 10 % of citizens travel less than 3 km, 43 % travel between 3 km and 10 km, 42% 
travel more than 10km, and the people who did not respond are 5 %. In another question 
related to the frequency of car use per week (see Fig. 4), it was stated that 69 % use 
their car daily. Likewise, to the question Would you be willing to buy an electric vehi-
cle?, 75 % answered YES, 21% said NO, and 4% did not answer. Finally, for the ques-
tion What would be the preferred place to charge EVs?, 71.38% of the surveyed popu-
lation preferred their home as a place to charge EVs and the rest preferred their place 
of work, the results are summarized in figure 5. 
 

 
Fig. 4. Frequency of vehicle use in Cuenca  

 
Fig. 5. The place chosen to recharge EVs 

Car
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Bus
20%
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4%
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3.2 The average range of existing electric vehicles in the Ecuadorian market 

In Ecuador the adoption of EVs is a process that is beginning, having until August 2022 
a total of 1170 EVs registered of a total of 2,361,175 motorized vehicles in the country 
(4.95 %) [18] which have been registered by independent magazines since there are no 
official statistics that determine it, however, they coincide with the predictions of the 
country's electromobility plan. Table 1 shows the autonomy of the best-selling EVs in 
Ecuador, having an average autonomy of 225.33 km. The autonomy showed is what 
the manufacturer reports, however, there is no information on this value in mountainous 
areas or with considerable variations in altitude. 

 

Table 1. Autonomy of the best-selling electric vehicles in Ecuador. 

Brand Model Range [km] 
Dayang Chock G2 100 

KIA Soul 276 
BYD E5 300 

Mean 225.33 

3.3 Nearby tourist infrastructure  

The Cuenca-La Troncal route crosses El Cajas National Park, an area known for its 
tourist attractions for mountain activities, walks, visits to lagoons, and observation of 
wild flora and fauna. Although the route has several restaurants and rest areas that are 
potential locations for the location of charging stations (see Fig. 6) as a government 
company, additional parameters had to be considered such as security of the facilities, 
ease of access both for the user and for maintenance personnel and above all the will-
ingness of the owners of the premises to house an EV charging station. 
 

 
Fig. 6. Existing restaurants and rest areas on the Cuenca-La Troncal route. Source: Google Maps. 
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3.4 Effect of Elevation Variation on EV Range 

With the above parameters, a simulation of the effect of the variation of the elevation 
of the Cuenca-La Troncal route in the EV range was carried out to properly choose the 
location of the intermediate charging stations. Thus, a simulation was carried out in 
Matlab using the basic model of an EV (see Fig. 7a) with a battery controller, driving 
cycle, and environmental conditions [19] to which the elevation of the analyzed road 
was added and used a WLTP class 2 driving cycle (see Fig. 7b) because the maximum 
speed of the route is 90 km/h. 
 

 
(a) 

 
(b) 

Fig. 7. Simulation in Matlab-Simulink (a) Electric vehicle model considering road elevation (b) 
Driving cycle. 

4 Results 

Simulations were carried out in Matlab in two cases, the first in the Cuenca-La Troncal 
path and the second in the La Troncal-Cuenca path, in both cases an initial state of 
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charge (SOC) of 80 % is assumed. Speed, engine revolutions, engine torque, battery 
state of charge (SOC), battery current, and elevation are analyzed (see Fig. 8). 

 

 
Fig. 8. Results obtained from the Simulation in Matlab-Simulink  

In the first case, it is observed that on the first uphill path the EV reaches a SOC=60 %, 
while with the use of the regenerative brake it recovers up to 9 % at its destination (see 
Fig. 9). 
 

 
Fig. 9. SOC and elevation of the Cuenca-La Troncal route  
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In the second case, for the La Troncal-Cuenca route, it is observed that the SOC reaches 
a minimum value of 3.8 %, which can cause damage to the battery and increase the 
driver's charge anxiety (see Fig. 10). 

 

 
Fig. 10. SOC and elevation of the La Troncal-Cuenca route  

Although the vehicle would arrive at its destination with a SOC=8.8 %, this scenario 
depends on the driving cycle and external parameters such as rain, traffic, etc. For this 
reason, the need for an intermediate charging station is determined, which must be se-
lected based on the parameters described in the previous subsections. 

Among the places of interest to locate charging stations on the highway, which are 
at an elevation at which there is a soc between 20 and 40 %, El Mestizo restaurant 
stands out, located at 3383m altitude and 68 km from Cuenca and 84km from La Tron-
cal, where there would be a SOC=34 %. The location was also selected for having 
facilities for the construction of the infrastructure required for the charging station, for 
presenting rest activities for users, and for its proximity to the electrical distribution 
network (see Fig. 11). The installed station is a 50 kW direct current fast charge station. 
This type of direct current charging station offers advantages such as a reduction in 
charging time and results in a balance between installation costs and the impact on the 
electrical network. 
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Fig. 11. Charging station - Installation  

5 Conclusions 

This case study presents the basic methodology used to select the location of EV 
charging stations on the Cuenca-La Troncal highway, characterized by mostly moun-
tainous routes. The charging stations installed on the Cuenca-La Troncal route consti-
tute the first EV charging corridor in Ecuador and have been operating since August 
2022. The location of this station allows even EVs with less autonomy such as the 
Chock G2 to charge. However, in the case of vehicles with low autonomy, a full charge 
is required, which can take between 1 to 2 hours in fast charge and up to 6 hours in slow 
charge according to the common profiles in this type of vehicle. For this, the user has 
nearby leisure activities such as observation of flora in the area and walks, however 
these activities are limited, which constitutes an opportunity for the public company 
and the authorities to improve the offer of these activities and promote tourism around 
the area of charging corridors. 

 When determining the perception of citizens regarding electromobility, it was ob-
served that 66 % of citizens use their private vehicles with routes between 3 km and 10 
km, the survey found that only 19 % of respondents are willing to purchase an EV, 
while the rest are reluctant due to lack of knowledge of the technology associated 
mainly with maintenance and customer service issues. 

At an altitude of 2,250 and 4,100 meters above sea level, an average autonomy of 
225 km was obtained based on market data since Ecuador does not have official elec-
tromobility statistics. According to the routes surveyed, the EVs in Cuenca, in the least 
favorable scenario, will receive 10 monthly recharges, using 257 kWh/month. 
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Future Work 

The Cuenca-La Troncal corridor is the first cargo corridor in Ecuador, however, the 
interconnection of Cuenca with other cities such as Cañar and Loja are required. In 
addition, the study of short-distance urban charging corridors is required for the loca-
tion of stations that cover the future demand for electromobility in the city. 
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Abstract 

Nowadays, the intensive consumption of fossil fuels has led to an increase in greenhouse gases, which 
has induced the acceleration of climate change. Therefore, this research focuses on a technical, eco-
nomic, and environmental feasibility study for the implementation of ecotechnologies in a non-
residential building, considering as a case study a supermarket in Jojutla Morelos, Mexico. An earth-
air heat exchanger was designed for the air conditioning of the building and a solar photovoltaic sys-
tem interconnected to the grid for electricity supply, which satisfies the needs of thermal comfort and 
electricity demand. The earth-air heat exchanger was technically and economically feasible due to the 
availability of affordable space and materials and a payback time of less than 2 years. The photovolta-
ic system with 400 W panels was technically and economically feasible because the proposed ar-
rangement has a payback time of less than 3 years. Furthermore, if both systems are implemented, 
108.18 tCO2eq would be avoided annually and 15,037.02 hectares of lowland rainforest are required to 
absorb the concentration of CO2eq emissions. 

Keywords: Earth-air heat exchanger, Photovoltaic system, Avoided CO2 emissions. 

1 Introduction 

Human development is historically related to the production and consumption of energy. The availability 
of energy represents a key factor for the economic growth of any country and an improvement in the 
quality of life of its inhabitants [1]. Primary energy sources are classified as renewable and non-
renewable. Renewable energy sources are defined as the energy available from permanent and natural 
processes and that are replenished faster than they can be consumed [2]. Among the main renewable 
sources are solar energy, wind energy, geothermal energy, hydroelectric energy, ocean energy and bioen-
ergy [2, 3]. The national energy consumption represents the availability of energy in the territory of a 
country, which can be used for transformation processes, distribution, and final consumption. Final con-
sumption is made up of energy and raw material that are destined for use by the different sectors of the 
economy. This item covers the use of primary and secondary fuels to meet the energy needs of the resi-
dential, commercial, and public, transportation, agricultural and industrial sectors, as well as the use of 
raw materials to produce non-energy goods [4]. 
 
Energy consumption is increasing rapidly around the world due to population growth. In 2019, world 
energy consumption by type of energy was oil products (40.43%), electricity (19.68%), natural gas 
(16.37%), renewables (14.01%) and coal and its derivatives (9.52%). The industrial sector reflected high-
er consumption worldwide (28.94%), followed by the transportation sector (28.94%). In Mexico, in the 
year 2020, the final energy consumption of the different sectors was: transportation (38.87%), industrial 
(32.35%), residential, commercial, and public (24.54%) and agricultural (4.24%) [4]. Moreover, the pro-
duction of primary energy was obtained through oil (56.32%), natural gas and condensates (27.75%), 
renewable energies (11.25%), coal (2.83 %) and nuclear power (1.85%). Accordingly, 87 percent of the 
Mexican economy is based on the production of energy from fossil fuels, mainly oil and natural gas. The 
problem is that fossil fuels are expensive to extract and pollute the air, water, and soil [5, 6]. According to 
Mexico's national inventory, 33.7% of greenhouse gas emissions come from the energy sector [7]. It is 
therefore important to consider energy generation from renewable sources to reduce Mexico's dependence 
on fossil fuels and to introduce "clean" technology [8] that reduces environmental pollution and lead to 
sustainable development because of fossil fuel reserves are limited and will not be enough to cater to 
future global energy demands [9]. 
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The building sector (residential and non-residential) is one of the major sectors that consume energy and 
heating, ventilation, and air conditioning (HVAC) systems are responsible for more than 40% of a build-
ing's total energy consumption [10, 11]. Besides, there are several problems associated with the use of 
conventional HVAC systems: its energy consumption is high, its use increases the peak load, it is harmful 
to the environment and reduces indoor air quality. Therefore, all these issues with conventional HVAC 
system led to the exploration of energy efficient and environment friendly systems for heating/cooling of 
buildings [9]. For this reason, in recent years models, methodologies and strategies have been developed 
to replace conventional technologies with innovative ecotechnologies that operate with clean energy. In 
this sense, this paper focuses on how to achieve energetically sustainable non-residential buildings, con-
sidering as a case study a supermarket. 
 
Supermarkets during their operation consume electrical energy due to air conditioning systems and the 
refrigeration of food and other products that require it. Considering this, it is necessary to implement ac-
tions that allow supermarkets to reduce their energy consumption coming from fossil fuels. For this pur-
pose, a technical, economic, and environmental feasibility study was conducted in a supermarket located 
in Jojutla, which is a municipality located in the south of the state of Morelos, Mexico, with a sub-humid 
climate and summer rainfall, registering average temperatures of 28°C [12]. This municipality has a solar 
radiation greater than 5 kWh/m2 throughout the year, so supermarkets located in the southern part of the 
state of Morelos have a high demand for air conditioning, especially in summer. 

 
The implementation of ecotechnologies, such as photovoltaic systems and Earth-air heat exchangers 
(EAHE), will reduce the demand and consumption of electrical energy in the supermarket under study. 
³(FRWHFKQRORJLHV�DUH�KXPDQ�LQWHUYHQWLRQV�LQ�VRFLDO�HFRORJLFDO�V\VWHPV�LQ�WKH�IRUP�RI�ELRORJLFDO��SK\VLFDO�
and chemical practices and/or processes designed to minimize damage to the environment and provide 
ser-YLFHV�RI�YDOXH� WR�VRFLHW\´�>�3]. Photovoltaic technology makes it possible to convert solar radiation 
into electricity, without emitting greenhouse gases. This technology uses solar cells, which through the 
photovoltaic effect, allow the transformation of solar energy into electrical energy. The potential for elec-
tricity generation using photovoltaic solar energy depends on the availability of solar radiation at the re-
quired location [5]. Mexico has an average annual solar radiation of 5 kWh/m2/day, enough energy to 
supply the energy demand of a house inhabited by five people. 

 
Commonly, stand-alone photovoltaic (SAPV) systems have been employed in places where power supply 
may not be readily accessible. In modern cities, most of the buildings are high-rise and the roof area is 
very limited for the installation of a SAPV system. Building-integrated photovoltaic (BIPV) systems, in 
which part of the external vertical walls are replaced with photovoltaic modules, are an appropriate alter-
native for these structures [5]. Photovoltaic panels decrease their efficiency as their temperature increases 
and to prevent this inconvenience, they can be cooled using fluids such as air or water (the heated fluid 
can be used for different purposes). The system that incorporates a fluid to cool the photovoltaic panels is 
known as a photovoltaic-thermal (PVT) unit [6]. Hybrid photovoltaic-thermal solar systems have been 
used to increase solar utilization and re-duce the relative cost per installation area [14]. PVT systems have 
been integrated into buildings to produce heat and electricity. The use of this system would reduce energy 
consumption [15]. 

 
On the other hand, HVAC systems based on geothermal energy have received significant attention during 
the last decades. Geothermal energy stored under the earth's surface can be effectively used for cool-
ing/heating buildings. More than a meter depth, below the ground surface, the ground temperature re-
mains almost constant throughout the year and is equal to the mean annual ambient temperature at that 
location. The Earth-air heat exchanger (EAHE) system is a green and energy efficient technology for 
heating and cooling applications in buildings [6, 11, 16, 17]. 

 
Many studies have been carried out and the influence of different factors on the performance of EAHE 
has been analyzed. Installation depth, pipe length, pipe diameter, air velocity of the pipe [16], climatic 
conditions, physical properties of the soil around the pipe and the operation mode have a great influence 
on the performance of EAHE [11, 18]. The application of different BIPVT-EAHE hybrid systems has 
been reported to preheat and precool outdoor air in winter and summer, respectively, and to generate elec-
tricity [6]. Yildiz et al. implemented a solar photovoltaic system (PV) assisted earth-to-air heat exchanger 
(underground air tunnel) for greenhouse cooling [19]. Chel and Tiwari studied photovoltaic energy inte-
grated EAHE system to analyze its potential to mitigate CO2 emissions compared to a coal-fired power 
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plant. They determined that the total amount of CO2 emissions mitigated due to the energy supply during 
the useful life of the SAPV system is considerably higher than those produced by this system [5]. Nayak 
and Tiwari combined a EAHE with a photovoltaic cell and used it for heating and cooling a greenhouse 
[17]. They concluded that the general temperature of the air inside the greenhouse increases between 7 
and 8 °C than that of the ambient air, when operating with photovoltaic energy (PVT) during the day and 
with an EAHE during the night, which is considered suitable for plant growth during the winter period. 
Argiriou et al. designed and installed a combined system, consisting of an EAHE and a photovoltaic pan-
el, for the purpose of cooling a building [16]. 

 
This research seeks to address the problem caused by excessive energy consumption, proposing alterna-
tives to mitigate the energy and environmental impact generated by a non-residential building. The main 
objective of the study is to evaluate the technical, economic, and environmental feasibility by analyzing 
real data on the energy consumption of a supermarket in the southern part of the state of Morelos, Mexi-
co, with the aim of proposing the implementation of EAHEs as an air conditioning system and a photo-
voltaic system interconnected to the electricity grid to generate and supply the electricity required by the 
establishment. Thus, contributing to energy savings in the supermarket and diminishing the emission of 
CO2 into the environment. 

 
2 Materials and Methods 
2.1. Study area 

Jojutla is in Morelos, Mexico. Between latitudes 18° 31' - 18° 41' N, longitudes 99° 09' - 99° 18' E and 
altitude 882 meters above sea level, with a total area of 153.942 km2. It has a warm sub-humid climate 
with summer rains that range between 800-1000 mm per year. The average temperature is 28°C, with 
maximum of 39°C (in May) and minimum of 4.5°C (in November). 

2.2 General Description of the Building  

Beside the factors to analyze for the installation of an energy saving system, there are characteristics of 
the building needed to be aware of, such as size, occupant load and passive ventilation. 

As a case study, a supermarket located in Jojutla is proposed. The building structure is an irregular poly-
gon, with a total construction area of 6,882 m2, and height of 5 m. The occupant load is 2,500 people per 
day. The hours of operation are 10:00 am to 10:00 pm. The building has small sources of passive ventila-
tion, which are in the entrances that are oriented east-west. 

Identification and diagnosis of energy consumption 

From route of the building facilities, the main areas of higher energy consumption in the building were 
identified, which are:  lights, air conditioning system and food refrigeration. The installed unit power and 
the total energy consumed were estimates, from of the quantification of the hours of operation, unit pow-
er, installed power and energy per day. The monthly and annual expense was calculated from the electric-
ity rate (expense/kWh) and the electricity consumption of each area. 

 

2.3 Ecotechnology 1: Earth-air heat exchanger (EAHE) 

The air conditioning volume of the building was calculated using Equation (1): 

                                          ሶܸௗ௧ ൌ
்௧�௨

ு௨௦��௧
                                                             (1) 

With relative humidity and wind speed data in Jojutla (from NASA's data) [19] the fluid flow required 
for the thermal comfort of the building was determined. Then, the air flow rate through the EAHE is a 
function of duct area ሺܣௗሻ�and wind speed ሺݒሻ and is calculated by equation 2: 

 

                                                                ሶܸ ൌ ௗܣ כ  (2)                                                                       ݒ

In this equation, ሶܸ  air conditioning volume per hour (m3/h) 
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With these flow rates, the number of ducts necessary to provide thermal comfort to the interior of the 
building is calculated by equation (3). 

                                                              ܰ ൌ
ሶ ೌೌ×

ሶಲೝ
                                                                   (3) 

To determine the average temperature of the internal air of the duct, equation 4 was used: 

                                                        ܶ ൌ ்ା ೞ்
ଶ

                                                                                       (4) 

 Where:  

Tm: average temperature of the internal air of the duct (°C)  

Te: Input temperature to the duct (°C) (room temperature) 

Ts: outlet temperature (°C) 

The exchange of heat between the soil and the air that circulates inside the duct must be evaluated, for 
this, the total thermal resistance of the duct is calculated, which is the sum of the convection resistance 
and conduction resistance. 

To determine the conduction resistance, the thickness of the duct and its thermal conductivity are 
needed. Equation 6 is used with these values: 

                                                   ܴௗ ൌ
ʲ

                                                                                             (5) 

Where:  

ܴௗ: conduction resistance (m2 /W) 

ʲ:  duct wall thickness (m) 

k: Duct thermal conductivity (W m2/K) 

The convection resistance is calculated with equation 7: 

                                                   ܴ௩ ൌ
ଵ

ହǤହହכሺ௩బǤఴሻ
                                                                                 (6) 

With equation 8, the average heat flow per unit area was determined 

ݍ                                                    ൌ ்ೞೠି ்
ோ

                                                                                     (7) 

 

To determine the amount of energy to be removed from the internal air of the duct, data of relative 
humidity, input and outlet temperature of the piping system are needed. The enthalpy value of dry air and 
the volume of air are obtained by the psychometric chart (equation 8): 

ோܧ                                  ൌ
ೞ

ሺೞሻ௨௧
െ 

ሺೞሻ
                                                                                               (8) 

In equation 8: 

 ோ: Energy to be removed from the internal air of the duct (kJ/m3)ܧ

݄: enthalpy of dry air (kJ/kg) 

௦ܸ: Specific volume of air (m3/kg) 

 

The determination of the total exchange area (m2), is calculated with the equation (9): 

ூܣ                                                            ൌ
ாכሶ ೌೌ×


                                                                  (9) 
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5 
For the determination of the length of the ducts that will be three meters deep in the soil, the value of S 

and the diameter of the ducts (D) are used (eq. 10) 

ܮ                                                         ൌ 
గ�

                                                                                          (10) 

2.4 Feasibility of implementation of an EAHE 

The main factors to consider are the following [20]: 

x Type of soil determines if its conditions are optimal to function as a heat exchanger. 

x Sufficient space for installation: the existence of space within the area, which serves as an envi-
ronment for eco-technologies 

x Thermal balance: it determines the number and diameter of the ducts, since the size of the fluid 
flow will depend on this to provide thermal comfort to the building. 

3. Ecotechnology 2: Grid-connected photovoltaic system 

To determine if the use of photovoltaic solar systems is viable for the supermarket, the following fac-
tors were investigated and considered: 

x Number of cloudy days 
x Average annual rainfall 
x Daily consumption (W) 
x Solar resource (kWh/m2) 
x Maximum temperature 
x Optimum inclination 
x Total peak power of the photovoltaic design (Pp) 
x Number of photovoltaic panels 
x Selection of the right inverter 
x Number of panels connected in series and parallel 

3.1 Optimum inclination 

An adequate inclination of the photovoltaic panels will guarantee a maximum efficiency in the conver-
sion of sunlight into electrical energy, this inclination is based on the latitude of the selected region and is 
given by Equation (11). 

Ⱦ��� ൌ ͵Ǥ  ͲǤͻȁȁ                                                    (11) 

Where: 

 .Optimum inclination angle (sexagesimal degrees) :ݐߚ

 Latitude (sexagesimal degrees) :||

 

3.2 Eficiency 

An efficiency of the selected inverter of 95% and 97% efficiency of the wiring for a voltage drop of 
3% are considered. The total efficiency is then calculated. 

 

Photovoltaic panels are designed to provide maximum efficiency at standard temperature. However, 
the temperature fluctuates depending on the study area. For this, the maximum temperature reached in 
Jojutla, Morelos, must be known, data that will be obtained from the NASA page. To determine the ther-
mal performance [19], equation 12 will be used. 

�� ൌ �����  �ͳ כ 
                                                    (12) 

Where:  

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 75

pmoreno
ISBN 978-9942-44-109-6



Tc: Panel temperature 

T amb.: Maximum temperature of Jojutla, Morelos 

C1: nominal temperature of the cell when subjected to radiation of 800 ܹ/݉2 spectral distribution of 
 .(ܥ°45 = ܰܥܱܶ) ,ݏ/݉ ambiental temperature of 20 °C and wind velocity of 1 ,1.5 ܯܣ

G: measured radiation, which depends on the period in which it is (G = 1000 ܹ/m2). 

For the calculation of C1, equation 13 is used. 

�ͳ ൌ ସହିଶ
଼

ൌ ͲǤͲ͵ͳʹͷ                                                          (13) 

The determination of the temperature loss was calculated with equation 14. 

 

                                ο� ൌ ሺͲǤͶ�ΨȀι��ሻ כ ሺο�ሻ                                                     (14) 

Where:  

ǻ7��WHPSHUDWXUH�GLIIHUHQFH���&� 

To obtain the temperature differential, Equation 16 must be applied 

ȟ� ൌ �� െ ���                                                              (15) 

Donde:  

Tce: Temperature at standard condition (°C) 

Equation (16) allows the calculation of the maximum power supplied by the panels. 

������������� ൌ ሺ���Ǥ �����ሻ െ ሺȟ�ሻ                                (16) 

To obtain the thermal performance, which will be given by the calculated maximum power divided by 
the nominal power of the panel (Equation 17). 

RT= ୟ୶୧୫୳୫�୮୭୵ୣ୰
୭୫୧୬ୟ୪�୮୭୵ୣ୰�

                                                         (17) 

Finally, to determine the peak power in kWh to be supplied, the daily consumption, the thermal effi-
ciency and the total efficiency need to be known: 

ܲ ൌ
ாೃ

ோೄכோכఎ
                                                            (18) 

Where: 

Pp: Peak power 

Ec: Daily consumed energy  

Rs: Solar resource 

3.3 Inverter selection 

The inverter is based on the maximum power to be installed. The selection criteria are that the maxi-
mum input power is equal to or greater than the maximum power generated by the photovoltaic panels. 
Several small inverters will be chosen so that together they cover the required demand even if the maxi-
mum power is large [21]. 

3.4. Serial and parallel connections 

In the parallel connection, all the positive poles are connected and all the negative poles separately, 
therefore, the voltages accumulate while the currents are maintained. While for series connections, a posi-
tive pole of a negative module is connected to the positive of the next one, so that the current is increased, 
the initial voltage is maintained [22]. 
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4. Results and discussion 

4.1 Balance of thermal and electrical loads 

Based on observations and frequent visits made in 2021 to the supermarket it was identified that: 

x This has 144 skylights located on the roof of the building, so it has sufficient natural lighting. 

x The air-conditioning system is used even in winter. 

To determine the energy consumed for lighting, air conditioning and food refrigeration, an inventory of 
the devices that demand electrical energy was made. Accordingly, Table 1 shows the energy consumption 
and operational functions of the devices installed in the supermarket. 

Table 1. Energy consumption and operational functions of the devices 

Consumer  
device 

Quantity of  
devices 

Operating 
hours (h) 

Unit po-
wer (W) 

Installed 
power per 
device (W) 

Energy con-
sumed per day 

(kWh) 
Luminaries 261 6 40 10,440 62.640 

 
Air 

conditioning 
system 

 
 

30 

 
 

10 

 
 

1,500 

 
 

45,000 

 
 

450 

 
 
 
 

Food  
refrigeration 

 
10 cooling walls 

 
13  

 
330 

 
3,330 

 
43.29 

36 coolers 24  70  2,520 60.48 

3 ice preservers 24  220.375 661.125 15.867 

3 cold chambers 24  640 1,920 46.08 
6 refrigerated cabi-

nets 
13 164.12 984.72 12.801 

4 ice-cream freezers 24 100 400 9.6 
Total energy 
consumption 

     700.758 
kWh/day 

 

Although the building has natural lighting, it is important to consider the hours of operation of the lu-
minaires (6:30 am - 7:30 am and 7:00 pm - 00:00 am) during the summer, because in this season there are 
days with up to 12 hours of sunshine, so it is recommended that the luminaires be turned on at 7:30 pm, in 
which case the lighting consumption would be 57,420 kWh/day and a saving of 4,820 kWh/day, which 
translates into an annual saving of 1,759.3 kWh. 

 

Based on the data shown in Table 1 and the consumption fee, the average monthly and annual energy 
consumption for each of the areas was estimated. The monthly consumption and cost are shown in Table 
2. 
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Table 2. Energy consumption and estimated monthly cost 

Table 3 shows the estimated monthly and annual expense for energy consumption of the building. 

Table 3. Estimated monthly cost of each energy consumption sector 

 

Month Days Total consumption 
(kWh) 

Monthly cost  

($) 

January 31 21,723.49 106,010.14 

February 28 19,621.22 95,751.55 

March 31 21,723.49 106,010.14 

April 30 21,022.74 102,590.97 

May 31 21,723.49 106,010.14 

June 30 21,022.74 102,590.97 

July 31 21,723.49 106,010.14 

August 31 21,723.49 106,010.14 

September 30 21,022.74 102,590.97 

October 31 21,723.49 106,010.14 

November 30 21,022.74 102,590.97 

December 31 21,723.49 106,010.14 

  255,776.61 1,248,186.41 

Month Air conditioning Lighting Food  

refrigeration 

January $68,076.00 $9,476.18 $28,458.49 

February $61,488.00 $8,559.13 $25,704.44 

March $68,076.00 $9,476.18 $28,458.49 

April $65,880.00 $9170.50 $27,540.47 

May $68,076.00 $9,476.18 $28,458.49 

June $65,880.00 $9170.50 $27,540.47 

July $68,076.00 $9,476.18 $28,458.49 

August $68,076.00 $9,476.18 $28,458.49 

September $65,880.00 $9170.50 $27,540.47 

October $68,076.00 $9,476.18 $28,458.49 

November $65,880.00 $9170.50 $27,540.47 

December $68,076.00 $9,476.18 $28,458.49 

 $801,540.00 $111,572.39 $335,051.15 
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Based on the results gathered tables 2 and 3, the energy consumption for air conditioning is higher than 
the sum of the consumption for lighting and food refrigeration, being 13,950 kWh/month and 7,773.49 
kWh/month, respectively, this is the estimated consumption in a monthly period of 31 days. 

The results obtained are like those obtained by Morillón et al. [23], who determined the percentages for 
final energy use in different types of buildings and climates in Mexico. Among their findings they found 
that, for commercial buildings in hot sub-humid climates, the highest consumption is allocated in the 
following order: air conditioning, lighting, and refrigeration, while for hot dry climates they obtained the 
same order in terms of consumption, but in different proportions. 

4.2 Design and proposal of an EAHE 

Due to the higher energy consumption for air-conditioning, it is possible to design and propose an earth-
air heat exchanger (EAHE), which would meet the objective of reducing energy consumption. The pa-
rameters and factors considered for the design of the EAHE are: 

� The building has a total construction of 6,882 m2 by 5 m high. 

� The supermarket operational hours are 10:00 a.m. to 10:00 p.m., so it is open 12 hours at day, 7 
days at week. 

� The air conditioning systems operate 10 hours at day. 

� Three typical relative humidities for Jojutla, Morelos were considered: 59%, 49% and 63%. 

� Three temperatures were analyzed, an average temperature of 28 °C, the maximum of 39 °C re-
corded in the month of May and the minimum of 4.51 °C reported for the month of November. 

� Three wind speeds were evaluated: 5.8 m/s, 4.49 m/s and 4.28 m/s. 

� Five duct diameters were analyzed. 

All the climatological values were taken from the NASA database, 2021 [19]. This is done with the objec-
tive of proposing several different arrangements to select the most viable and feasible one. The results are 
shown in table 4. 

Table 4. Results for wind speed, relative humidity and temperature analyzed in the present study 

Geometric 
parameter 

Wind speed 5.8 m/s, rel-
ative humidity 59 % and 

temperature 28 °C 

Wind speed 4. 49 m/s, rela-
tive humidity 49% and tem-

perature 32 °C 

Wind speed 4.28 m/s, 
relative humidity 63% and 

temperature 4.51 °C 

Duct 

Diameter 

(inches) 

ND 
Length   
(m) ND Length 

(m) ND Length 
(m) 

6 10 92.5 8 80.18 11 90.14 

8 6 131.16 5 114.46 6 127.65 

10 4 183.18 3 161.7 4 177.9 

12 3 219.96 2 194.16 3 213.62 

14 2 256.74 2 226.63 2 249.34 

 

The proposed space for the implementation of the EAHEs is located on the west side of the building, due 
to the prevailing winds in this direction, this space has the following dimensions: 42.8 m long and 31.5 m 
wide, so the total area is 1,348.20 m2.  Once the results were obtained, the best design for the EAHEs was 
chosen and proposed, which consists of a duct system with a total length of 183.18 m and a diameter of 
10 inches, distributed in a serpentine arrangement as shown in Figure 1. 
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Fig. 1. Design of the EAHEs 

Table 9 shows the components and costs for the implementation of EAHEs. 

Table 5. Total investment for the implementation of an EAHE 

 

The total cost of the air conditioning system is $1,021,950.00, while the annual cost of the air condition-
ing system is $801,540.00, which gives a payback time of 1.27 years. Therefore, the payback time of the 
investment is approximately 15 months and 24 days, so the economic investment of the EAHE is viable 
and feasible for the supermarket. 

4.3 Design and proposal of a grid-connected photovoltaic system 

The study area has an average solar radiation of 6.69 kWh/m2 with a maximum value of 8.15 kWh/m2 in 
March, while the minimum value was in August with 5.01 kWh/m2. Moreover, during the months of 
June, July, and September there was a similar value. Therefore, these months are considered as a critical 
season with respect to solar radiation. The solar resource in the municipality of Jojutla is viable for the 
implementation and use of solar photovoltaic energy. 

Description Amount Unit price Total price 

Ducts 122 sections of 6.10 m $2,699 $329,278 

Elbows 120 $480 $57,600 

Couplings 240 of 10 inches $129 $30,960 

Air filters 3 $1,100 $3,300 

Thermal insulation 2 rolls of 10.7 m  $4,406 $8,812 

Excavation 735 m2 $240,000 $592,000 

                                                                                                                                             $1,021,950.00 
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Considering that the EAHE can replace the air-conditioning system of the supermarket, then the PV sys-
tem is designed only to satisfy the energy demand for lighting and cooling of food and products, which 
was 250,758 kWh/day. Based on equation (18), it is obtained that the PV design should cover a total de-
mand of 55 kWh per day, with this value the appropriate inverter was selected. Table 6 shows the number 
of panels required per array, total power, and associated costs with each proposed PV system. In all pro-
posed arrays, 9 Epcom EPIG7K type inverters will be used. 

Table 6. Total investment for the PV system 

Panel 
(W) 

 Unit 
price Amount Total price Unit price 

of inverter 
 Total price 
of inverter Total Cost  

330 $3,336 180 $600,480 $22,679.7 $204,117.7 $804,597.3 

400 $4,044 144 $582,236 $22,679.7 $204,117.7 $786,353.7 

500 $9,009.7 118 $1,063,146.9 $22,679.7 $204,117.7 $1,267,264.6 

 

Table 6 shows that the lowest investment would be made with the 400 W PV panel array, followed by the 
330 W panel type and the highest initial investment despite the minimum number of panels is obtained 
with the 500 W panels. Table 7 shows the total investment costs for each of the designs analyzed and 
proposed in this work. 

Table 7. Total amount of investment. 

Panel type 
Cost of  

structures 
Cost of PV panels Inverters costs Total cost 

330 W $210,130 $600,480 $204,117.7 $1,014,727.7 

400 W $193,743.9 $582,236 $204,117.7 $980,096.7 

500 W $146,298.6 $1,063,146.9 $204,117.7 $1,413,563.2 

 

The 500 W design presents some technical difficulties, since, as it is a series-connected array, electrical 
failures can occur in all the modules if any of the panels have problems, which is why it is considered 
technically unfeasible, as well as being the one that requires the greatest initial investment. On the other 
hand, the 330 W design has the highest energy surplus. It is also observed that the design that requires the 
least investment is the 400 W photovoltaic system, which is also the most efficient. Therefore, this is the 
technically and economically feasible option. 

Table 8 presents the time to return on investment for each proposed design, which was obtained with 
equation (19).  

ܫܴܶ ൌ � ்௧�௩௦௧
௨�௬�௦௧

                                                            (19) 

Table 8. Time to return on investment 

Panel type Monthly 
consumption 

Annual ener-
gy cost without 

PV panels 

Total invest-
ment 

Payback 
time 

   (years) 

330 W  

250.758 
kWh 

 

$446,327.53 

$1,014,727.7 2.27 

400 W $980,096.73 2.19 

500 W $1,413,563.29     3.16 
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As shown in Table 8, the shortest period to return on investment was obtained with the 400 W panels, 
while the design with 500 W panels represents the highest payback time, even though the total number of 
panels was lower than the other two proposed designs. 

According to the results obtained in this research, when compared to those obtained by Molina and 
Muñoz [24] for 20 PYMES, the payback time was similar. 

4.4 Environmental feasibility study 

For the environmental feasibility study, we first calculate the emissions avoided using conventional air 
conditioning systems, which represent a daily consumption of 450 kWh. 

The annual carbon equivalent (CO2e) emissions for lighting and food refrigeration were then calculated, 
this energy consumption resulted in 250,758 kWh/day. Equation (20) is used for this purpose: 

ܥܪ ൌ ሺܥாሻሺܥܨሻሺܧܨሻ                                                           (20) 

Where:  

CE=Electricity consumption (kWh) 

FE=Emission factor 

FC=Conversion factor 

HC=Carbon footprint 

 The emission factor of the National Electricity System is the one indicated by the Energy Regulato-
ry Commission (CRE) for the calculation of indirect greenhouse gas emissions from electricity consump-
tion for the year 2021 [25]: ܧܨ ൌ ͲǤͶʹ͵ܱܥݐ�ଶ݁ݍȀ݄ܹܯ 

On the other hand, the figure 2 shows the generation of CO2eq by the consumption of electrical energy 
(kWh for diary and MWh per year). It be clearly appreciated, that the largest energy consumption is from 
the air conditioning, therefore, it presents the highest carbon footprint production. According to the 
INECC, 139,139 hectares of lowland forest (vegetation in Jojutla) are required to absorb one ton of CO2eq, 
therefore, 15,037.02 ha are required to absorb the concentration of CO2eq generated. 

 
Fig. 1. Carbon footprint for electricity consumption 
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5. Conclusions and future work 

From the technical, economic, and environmental feasibility study of the EAHE and the grid-
connected photovoltaic system proposed in this work, the following conclusions can be drawn: 

1. The EAHE was technically and economically feasible due to the availability of space for the pro-
posed design, as well as materials, components, and the payback time. 

2. The photovoltaic system with 400 W panels was technically and economically feasible with respect 
to the other proposed arrays. 

3. The EAHE and the photovoltaic system were environmentally feasible because 108.18 tCO2eq would 
be avoided annually. 

4. The air conditioning presents the highest energy and economic consumption of the building, there-
fore, the implementation of ecotechnologies such as EAHE and photovoltaic systems would meet the 
needs of reducing the cost/ payment of the commercial establishment, as well as reducing its carbon foot-
print and reducing its economic expenditure in the short and medium term. 

The main lines of future work are related to the following perspectives: 

Elaborate a strategy for the private sector to have a broader perspective and thus actively collaborate in 
the design and implementation of eco-technologies. 

Develop further technical, economic, and environmental feasibility studies for other buildings, consid-
ering different climatic conditions. 
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Abstract. Low- and middle-income countries struggled to develop a
reliable power system while investing in non-traditional renewable en-
ergy sources. Also, developing remote regions requires energy, especially
in high-energy activities such as mining. Robust and high-quality power
transmission and distribution infrastructure will, in many cases, help the
reliability of a power system. Nevertheless, investing in power infrastruc-
ture might be too costly for some nations. In this paper, we analysed the
case of a high-energy intensive power load located in an unreliable power
distribution section of the Honduran power system. The power transmis-
sion losses and the voltage instability have produced several outages in
this section. Using an electrical power system analysis software (ETAP),
we simulated this section of the distribution system. The simulation re-
sults demonstrate that a PV plant and storage unit can reduce power
transmission losses by up to 63 %. Moreover, with the addition of a ca-
pacitor compensationbank, the voltage levels achieve values above 0.98
pu.

Keywords: Load Management · Solar Energy · Storage · Power Gener-
ation · Power System Planning.
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1 Introduction

Power grids are inherently heterogeneous and, if not developed in a planned man-
ner, can lead to significant power imbalances that can affect their performance.
This is even more severe in power grids with high impedance and low inertia
generation power plants. Photovoltaic (PV) based distributed power generation
can make imbalance problems more severe due to its intrinsic variability.

Use of technologies such as PV and wind in combination with storage (espe-
cially electro-chemical) have displaced non-renewable resource options in Trans-
mission and Distribution grids (T&D). Variability of PV and wind resources
must be compensated with the use of storage to guarantee the reliability and
continuous operation.

Storage can provide ancillary services, congestion relief of the T&D, voltage
regulation, and allow grid investment deferral [1-3]. Ancillary services, congestion
relief of the T&D, and voltage regulation are problems that storage can solve in
times of economic crisis. Also, instability problems can be resolved using storage
if used strategically. Therefore, considering it as a power reserve is a reason-
able option. Due to this, strategic planning can take into account distributed or
concentrated options.

Storage use with distributed generation is an option to mitigate the ef-
fects previously mentioned and thus improve stability, reliability, and loadability,
among others. In addition, works such as [4-8] have shown that distributed gen-
eration and storage can also help stability in power grids by improving system
demand, increasing available power capacity, reserve, frequency regulation, en-
ergy availability in black starts, and load management.

However, it should be taken into account the costs and benefits towards
the grid power. Furthermore, integrating distributed storage can bring envi-
ronmental benefits, mainly because it can remove non-renewable generation (of
transmission) and replace it with PV and wind generation if it is managed with
storage.

Storage distributed penetration could increase the distribution generation if
used with PV generation [7], [8]. In future, there will be a transition from a
concentrated generation to a distributed generation supported by storage. This
option may benefit the distribution system by improving power demand, increas-
ing available power capacity, reserve, frequency regulation, energy availability in
black starts, and load management. Benefits in power transmission comprise
load management, line congestion and investment deferral (planning), voltage
stability and regulation, and power quality.

The size of the storage system [7], [9], [10], so the costs and benefits will be a
problem to be solved. Therefore, economic evaluation analysis methods should
consider the benefits of storage, energy flows, battery degradation, and ancillary
services, such as frequency regulation, seasonal storage, and power reserves [11-
13] for sizing.

Strategies formulation to minimise the costs of acquiring electricity from
storage have been proposed by researchers [14]. Nowadays, interconnection con-
tracts are established for the power system taking into account storage and daily
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energy management. Furthermore, second-life use (from electric vehicle batter-
ies) can be greatly beneficial if used [15] as a complementary subsystem to PV
generation, reducing the cost of storage.

Therefore, distributed storage combined with PV generation is a potential
solution to take advantage of the benefits of distributed generation by improving
and relieving the T&D system [16][17]. Furthermore, PV generation can increase
its penetration if strategic storage is integrated to mitigate generation intermit-
tency. Storage and PV generation can substitute traditional non-renewable gen-
eration, as reported in [18], for the microgrid in Sein Island (French Brittany).

Regarding Central American, Gomez et. al in [19] have identified the potential
in the Central American region to use PV and wind generation with storage.
In the same way, Honduras and El Salvador have been studied in [20] and [21],
where storage is used to manage the power system’s demand and improve voltage
regulation. Such analysis requires considering power flows, battery degradation
and the ancillary services, such as frequency regulation, seasonal storage, and
power reserves [18-21].

The present article evaluates and identifies the benefits of using storage and
distributed generation to reduce losses in weak power networks. The case anal-
ysed is taken from a current situation occurring in the Honduran network. The
rest of the paper is structured as follows: Section 2 describes the study case,
Section 3 presents the methodology. The results and discussions are presented
in section 4 and the conclusions are shown in section 5.

Fig. 1: Actual Power System
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2 Study case

This article analyses the case of a constant power consumption point located
in a section of a distribution network with high losses. The case is taken from
an actual situation in the Honduras distribution network, as illustrated in Fig.
1. The power load is a mining facility that requires 15 MVA of power virtually
24/7 due to water pumping, illumination and the power of the other equipment
needed to extract minerals.

Due to the nature of the mining facility, it is located relatively far from
power generation sources. The two power distribution lines, labelled Line254
and Line256, that power the load are 34.5 kV and at 17 km and are located at
42 km distance from the power sources, as shown in Fig. 1 and 2.

Due to the relative distribution lines length and the losses of the Honduran
power system, several inconveniences have been reported, such as power out-
ages and high distribution losses. Additionally, there is a fossil-fuel-based power
generator to maintain the operation during a power outage.

Fig. 2: Electrical diagram of Power System using ETAP
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3 Methodology

We develop a model of the section of the distribution line for the system under
study. The model was constructed based on the information provided by one of
the regional power companies, which also provided the values of the parameters
of the transmission lines, transformers, power generators and other power grid
elements. To evaluate a critical scenario, we use the maximum power demand
curve for the Honduran power system for 2021. Fig. 2 shows the single-line
diagram of the system under study.

Table 1: Power System Characteristics
Element Description Requirements
Power System

30-Bus No
25 T&D lines No
5 Generator No
10 Loads No
2 Capacitor of 3 MVAR No

PV Generation
Irradiance: 811 W/m2 Power Transformer
Inverter: 480V/15.1 MW 12/15 MVA
Capacity: 10.4 MW 0.48/34.5 kV

Storage System
Inverter: 7.5 MW/480V Power Transformer
Rated Voc: 947.2V 12/15 MVA
Capacity: 4MW/36.4 MW h 0.48/34.5 kV

The distribution power system was modelled and analysed using the Elec-
trical Transient Analyser Program (ETAP). ETAP is an engineering design and
analysis program for power systems that have been used extensively for power
generators [22], microgrids [23] and renewable energy [24]. A second model of
the system was developed. In this case, a hypothetical 10 MW of PV plant with
a 4 MW/36.4 MW h storage unit is added, as indicated in Fig. 3.

Table 1 shows the characteristics of the modelled power system and the
requirements as indicated in Fig. 3. It is proposed to use two banks of 3 MVAR
capacitors to have more reactive power from the storage system. The detected
problem is low voltage due to the lack of MVAR support from power grid.

Hourly irradiation and simulation data was used to estimate the power gen-
eration profile of the PV system. The irradiance and temperature data from
a typical meteorological day in Honduras were used using meteorological data
from the National Solar Radiation Database (NSRDB) of the National Renew-
able Energy Laboratory.

The storage unit was programmed to supply reactive power and maintain
voltage profiles at current operation values. Also, this unit constantly delivers
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Fig. 3: Power System Proposed

power to the system (self-managed) when there is no solar generation to reduce
the power transferred in the distribution lines. The PV plant delivers power to
the grid and the storage unit. The storage unit and PV plant have been sized to
reduce losses in the distribution lines.

4 Results

Fig. 4, 5, 6, and 7 present the comparison of the simulation results between the
actual situation and the hypothetical case with PV generation and storage. The
PV generation profile is shown in the yellow curve in Fig. 4, where the power flow
to the storage unit is shown in green. When the power is negative it means that
the storage unit is delivering power. Notice that in high irradiance conditions
the PV plant delivers power both to the grid and the storage unit.

The green area in Fig. 5 represents the power loss reduction in distribution
lines 254-sC and 256-sC that is achieved when the storage and PV plant are
included due to the no-Compensation sC with proposed of storage. Notice that
in this specific case, a maximal loss reduction of 66.4% is obtained (11 am) and
the reduction are always greater than 30%. This figure also shows the current
reduction obtained in both distribution lines (Line 254 and Line 256). On the
other hand, the improvement of the performance in the curves 254-cC and 256-
cC are observed. In this case, the system is compensated (cC) with proposed of
section 3.
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Fig. 4: Storage and PV Generation Management

Fig. 5: Power loss reduction in the distribution lines. Current in the distribution
lines in the actual situation (Line 254-sC, Line 256-sC) and including PV gen-
eration and storage (Line 254-cC, Line 256-cC)
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Fig. 6: Dynamic behaviour of the voltage on the bus that power the load. VsC

represents the voltage in the actual situation, VcC the voltage with the storage
unit and the PV plant and VcCCap the voltage with a storage unit, a PV plant
and a capacitor bank).

Fig. 7: Power Storage Management + Capacitor in 34.5 kV circuit
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Fig. 6 depicts the voltage dynamics in the bus that power the load under
study. For the actual case, a low voltage is observed (< 0.97 pu) in 24 hours
(black line). When a storage unit and a PV plant is added the voltage dynamics
improves. In this case, the voltage is always greater than 0.97. It is important to
mention that the inverter was adjusted to deliverer reactive power to improve
the voltage profiles.

To obtain more stable voltage values a static compensation was added. The
voltage was compensated with a 3 MVAR and the inverter was allowed to supply
the reactive power difference to maintain the voltage profiles near to 1 pu.

The results are shown in Fig. 6 with a light blue curve (V cC-Cap pu). In
this case the voltage was always greater than 0.99 pu. The power flow dynam-
ics, both active and reactive, of this case is shown in Fig. 7. This figure shows
the active and reactive power behaviour during 24 hour profiles of the storage
system. The system supply the demand and maintain the voltage over 0.99 pu.

As can be seen in Fig. 1, the current mining industry owns a fossil fuel-based
power plant to provide electricity during power outages. In this regard, we have
calculated the savings this industry may incur if they implement the proposed
PV plant and storage unit.

Table 2: Non Renewable Generation Equivalent Cost
Substitution Per Day (MW h) Per Year (MW h) Cost/Year (USD)
Power from PV 65.06 23421.60 2.34M
Power from storage 51.30 18460.00 1.84M
Avoid technical losses 0.18 1555.2 0.15M
Total 101.72 43436.8 4.34M

Table 2 shows the costs of generating energy with a fossil fuel-based power
plant, i.e., 4.34M USD per year. This cost was calculated taking into account
the energy generated by the storage and PV system, i.e., 101.72 MWh, losses
was also considered. The price of electricity was taken from the projected value
of the Network Operator (100 USD/MWh), [25].

5 Conclusion and future work

A section of the Honduran distribution system that presented voltage instabili-
ties and high losses due to a relative electrical load was analysed by employing
numerical simulations. This work demonstrated that including a photovoltaic
system together with storage can significantly reduce the losses in the distribu-
tion line. For the case investigated the losses were reduced by more than 30%
which represented 4.34M USD of cost-savings compared to the case in which this
energy will have to be produced using fossil-fuel based generation.

Likewise, high-quality voltage levels can be obtained if a capacitor compen-
sation bank is included. In future work, a procedure for the location and sizing of
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storage in weak distribution grid will be determined. Also its economical benefits
will be further analysed. Furthermore, a comparative techno-economic analysis
of other options for solving the problem will also be carried out.

A distribution power grid presents excellent opportunities to use storage to
improve system performance, reduce losses, and increase voltage profiles. The
proposal in this article can contribute to relief T&D, giving planners time to pre-
pare the grid for medium and long-term investments. PV Generation + storage
offers opportunities in power systems to decarbonise power generation, especially
when there is a significant dependence on non-renewable generation. PV genera-
tion and storage technologies can provide more advantages than fossil-fuel-based
power generation.

It may consider the costs and benefits of penetration into the power grid.
The self-sufficient power generation can be an opportunity to reduce the cen-
tralised generation so that, focusing on the load, the possibilities for improving
performance are highest and unlimited.
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Abstract: This work reports a proposal for the implementation of motorcycle 
taxis with electric motor in the city of Lima, Peru with the purpose of replacing 
motorcycle taxis with internal combustion engine. To this end, a compilation of 
information has been made from cities of interest that have committed 
themselves and have taken steps to improve the quality of life and preserve the 
environment by reducing CO2 emissions. It is necessary to determine the amount 
of motor vehicles (mototaxis in Lima), characteristics and/or differences 
between mototaxis with electric motors and internal combustion mototaxis, 
calculation of greenhouse gas emissions. The implementation is carried out 
through simulation with the RetScreen Expert software, the number of mototaxis 
units in the city of Lima is entered, and the technical parameters of mototaxis 
with internal combustion (base case) and mototaxis with motor electrical 
(proposal case) with the purpose of doing a feasibility study, both technical and 
economic. 

Keywords: Mototaxi, electric motor, internal combustion engine, emissions, 
RetScreen Expert, simulation. 

 

1. Introduction 
 
Our country has not been oblivious to the phenomenon of electromobility. In recent years, some 
incipient advances have been developed that include, among others, the approval of tax reductions 
to the selective consumption tax (ISC), the presentation of commercial and mining bus drivers, 
and the pilot electrification of motorcycle taxis in Pucallpa [1] . 
 
However, due to the increase in population and the concentration of inhabitants in the capital 
(Lima) according to the National Institute of Statistics and Informatics (INEI), according to 
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population estimates and projections as of June 30 of this year, the population of the province of 
Lima, that is, the 43 districts that comprise it, reaches 10 million 4 thousand 141 inhabitants, which 
represent 29.9% of the projected population of Peru (33 million 396 thousand 698 habitants)[2], 
therefore, Lima is more vulnerable to the consequences of poor management of public transport 
(traffic), environmental pollution, lack of parking and high passages. 
 
In the year 2022 the most congested country in the world was Peru, with the capital Lima being 
particularly known for its traffic problems. The country scored low across the board, but 
particularly when it came to the average congestion level of 42%, meaning a trip here would take 
42% longer than it would without traffic [3]. 

Table 1: Ranking of the slowest countries in the word [3] 

N Country Averege 
congestion 
level  

Average 
days with 
low 
traffic 

Highest 
speed 
limit 
(km/h) 

Road 
quality 
score/7 

Numbeo 
traffic 
Index 
score  

Overall 
traffic 
score /10 

1 Perú 42.0% 144.0 100 3.2 216.4 2.28 
2 Colombia  53.0% 116.0 100 3.4 198.2 2.40 
3 Filipinas  53.0% 128.0 100 3.7 192.9 2.48 
4 Indonesia 36.0% 141.0 100 4.2 195.5 3.35 
5 India 48.3% 124.5 120 4.5 205.2 3.46 
6 Brasil 27.7% 102.1 110 3.0 175.6 3.99 
7 México 36.0% 139.0 120 4.5 176.1 4.20 
8 Argentina  24.0% 153.0 130 3.6 169.8 4.43 

9 Rumania 42.0% 66.0 130 3.0 125.8 4.76 
10 Tailandia 44.0% 44.0 120 4.4 178.8 4.79 

 
In Table 1 the Numbeo traffic index score is a score that takes into account time spent in traffic, 
dissatisfaction with time spent, CO2 consumed in traffic, and general inefficiencies in the traffic 
system. , according to Numbeo , with a lower score being better [3]. 
 
At least 600 thousand motorcycle taxis circulate without control in the capital, of this total 40% 
do so informally; this was determined by a study by the NGO Luz Ambar with data from the 
National Federation of Motorcycle Taxi Drivers [4]. So much informality in this type of public 
transport is due to the fact that the municipalities do not control this service [4]. A fleet of 
motorcycle taxis with an electric motor, in addition to reducing the emission of greenhouse gases 
(GHG), can also be considered a start of order and registration of the units, in order to offer a clean 
and formal transport service. 
 
Considering that motorcycle taxis are used in other countries such as: Cuba with the name of 
cocotaxis [5]; El Salvador, Honduras and Guatemala known as Tuc tuc [6]. 
 
On the other hand, in Peru, three-wheel tricycles contributed 36.7% of sales of minor vehicles in 
January, although they fell 10.4% compared to January 2018. The top 10 of this segment used 
mainly for the transport of passengers and merchandise ( mototaxis) was made up of Bajaj, 
Motokar/Honda, Zongshen, TVS, Wanxing, GM23/TTGM23, ZEUZ2211, Katsumoto, Raudo and 
Lifan [7] . 
 
Carbon dioxide (CO2) is the main greenhouse gas emitted as a result of human activities. The main 
human activity that emits CO2 is the combustion of fossil fuels (coal, natural gas and oil) to 
generate energy and for transportation purposes, although certain industrial processes and changes 
in land use also emit CO2 [8]. 
In Figure 1 it can be seen that the GHG emission by the transport sector is 14% [9]. 
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Figure 1: Global GHG emissions by economic sector, year 2014[9] 

 
 
Figure 2 provides information on annual energy-related CO2 emissions by sector and region for 
the reference case and the REmap case per year.[10], the transport sector for the year 2050 it is 
appreciated that for the energy scenario there will be an emission of 9633 Mt/yr compared to the 
energy transformation scenario of the same year with 2410 Mt/yr and the 1.5 C scenario that 
indicates 372 Mt/yr of CO2 emission. 
 

 

Figure 2 : REmap Emisiones relacionadas con la energía [10]. 

 
By promoting electromobility, by replacing units with internal combustion engines, we are directly 
participating in the reduction of CO2 emissions, which is why it is important to involve everyone 
through talks, training, conferences, etc. This paper wants to simulate through the RETScreen 
Expert software the implementation of electric motorcycles by combustion engine motorcycles, in 
order to determine if it is technically and economically viable. 
 
 

2. Theoretical Framework 
 
2.1. Classification of electric vehicles [11]: 

x BEV are battery electric vehicles 
x PHEV are plug-in hybrid electric vehicles. 
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x FCEV are fuel cell electric vehicles. 
 
2.2. Internal combustion engine: 
Internal combustion engines are thermal fluid-mechanical machines in which, through the 
combustion of a mixture of fuel and air, mechanical energy is generated. All work processes take 
place in one work area, in the work cylinder. Table 2 compares the engines: 2-stroke gasoline, 4-
stroke gasoline and 4-stroke diesel [12]. 

Table 2: Engine comparison: 2-stroke gasoline, 4-stroke gasoline and 4-stroke diesel [12]. 

 2-stroke gasoline 
engine 

4-stroke gasoline 
engine 

4-stroke diesel 
engine 

Charge air fuel mixture air fuel mixture fresh air 
Fuel supply carburetor carburetor injection nozzle 
Switched on spark spark compression 
Compression ratio 5...8 5...12 14...21 
Air-fuel ratio 0.8...1.2 0,.8...1.2 1.5...10 
Fuel  gasoline gasoline diesel 

 
 
2.3. Technical characteristics of mototaxi models: 

 
Technical characteristics in [13]  , according to mototaxis model: 
 
According to the Ministry of Transportation and Communications of Peru, the physical 
characteristics of the units are as follows: they measure an average of 2 meters long by 1.8 meters 
wide and 1.70 meters high, with a net weight of 250 kg and a load capacity of 350 Kg. The 
maximum speed it can reach is approximately 50 Km/h [14]. 
 

Table 3: Characteristics of mototaxi models [13] 

 TORITO CROM UG GLP TORITO 2T UG GSL TORITO 2T UG-GLP 
Power 9.32 Hp a 5000 RPM 8.44 Hp a 4000 RPM 8.58 Hp a 5000 RPM 
Torque  16 NM a 3500 RPM 17 NM a 3000 RPM 15 NM a 3300 RPM  
Engine  198.88 cc/DTS-i 145.45 cc 145.55 cc 

 
For comparative purposes, a Mijie brand mototaxi of Chinese origin is considered, more detail in 
the Table 4. 
 

Table 4: Detail of Tuk Tuk with 72V 3kW three wheel electric mototaxi [15] 

Tuk Tuk with 72V 3kW three wheel electric mototaxi [15] 
Factory Measures Battery 
Use for: Passenger 
Driving type: Electric 
Body Type: Closed 
Power:> 800W 
Voltage: 72V 
Brand:Mijie 
Place of Origin: Fujian, 
China 
Model: MJ168 

Dimensions:3060*1500*1710mm 
Net weight: 600KGS 
Loading weight: 400KGS 
Speed: 55-60KM 
Maximum capacity: 30% 
Driver and passengers: 3-4 
Power Type: Brushless Differential DC Motor 
Brake: Hydraulic Disc 
Parking Brake: Rear Mechanical Parking Brake Cable 
Gearbox: Automatic 
Transmission: Automatic 
Tires: 145-70R-12/155-65R-13 

Operatin
g voltage 
72 V 
Capacity 
(80AH/1
00AH/12
0AH) 
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2.4. RETScreen Expert 

The RETScreen Clean Energy Management Software platform enables low-carbon planning, 
implementation, monitoring and reporting [16]. 

Fuel Calorific Value: The calorific value is the energy contained in the fuel per unit mass or 
volume. It is necessary to know 100% of the energy contained in the fuel, how much is transformed 
into mechanical energy or torque and revolutions per minute. 

For the modeling, the heating value of gasoline equivalent to 43.3 MJ/kg is considered, which a 
value that the software delivers directly is. The reference values of the calorific value for gasoline 
in Peru are 42.8 MJ/kg[21]   

Internal combustion vehicle performance indicator: This value depends on environmental 
conditions, type of road, acceleration, number of passengers and distance travelled. For this reason, 
it is necessary to know how many liters of gasoline it consumes per 100 km of travel (L/100 km). 

Electric vehicle performance indicator: The performance of an electric vehicle will depend on 
the electrical power of the motor and the time it will take to travel 100 km. In this way, the electrical 
kWh consumed to travel the 100 km (kWh/100 km) is considered [21]  . 

 
2.5. Fuel price and electricity rate 

 
To run the simulation in the RETScreen Expert software, the data of the Torito CROM UG GLP 
motorcycle taxi with combustion engine and the MIJIE model MJ168 motorcycle taxi with electric 
motor were entered, since they have speed, size, number of passengers; except that the mototaxi 
with electric motor bears more net weight and cargo weight. The simulation will allow to 
determine if there is a saving in energy consumption and if the project is technically, 
environmentally and economically viable. 
 
The prices are shown from 13-Jun-2022 to 19-Sep-2022The mean value during this period was 
6.05 (Peruvian New Sol) with a minimum of 5.26 (Peruvian New Sol) to 12-Sep-2022 and a 
maximum of 6.63 (Peruvian New Sol) to 27-jun-2022. For comparison, the average price of 
gasoline in the world for this period is 7.66 (Peruvian New Sol) and the values in USD as of 19-
Sep-2022 per liter is 1.356 USD and per gallon is 5.133 USD [17]  . 
 
The tariff schedule considered for residential North Lima corresponds to 0.6481 Soles per kWh, 
which is equivalent to 0.16 USD [18]. 
 
Under certain operating conditions, a motorcycle can have an approximate performance of up to 
35 km per liter of gasoline (if it is for passengers), while a car can travel approximately 10 to 24 
km per liter [19]. It is necessary to note that if we compare with the electric motorcycle taxi [20] 
"Elfi Motors TA-3" with a 2.5 Kw AC motor, a range of 120 to 150 km is obtained with a battery 
charging time between 6-8 hours, however, due to price issues, the model in Table 4 is selected. 
 
 
 
 

3. Simulations  
 

The modeling of the technical, economic and environmental feasibility is carried out with the help 
of the RETScreen Expert version 8.1.2 software considering the following parameters: 

3.1. Technical analysis  

The comparison of two vehicles with the same characteristics and capacity with different energy 
source and to supply the same travel distance is made. For the base case, a vehicle with an internal 
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combustion engine is considered, and in the proposed case, a vehicle with an electric motor, its 
energy demand is calculated in each case [22]. 
The calculation of the energy demand in the vehicle consider the following variables: 
9 Type of vehicle 
9 Average anual travel distance (Xp) 
9 Number of vehicles(Nº) 
9 Type of fuel 
9 Lower heating value (PCI) 
9 Vehicle performance with internal combustion engine (RCI) 

x Per vehicle (L/100 km) 
x Per passenger (L/ Nº*100 km) 
x Per weight or freight (L/kg*100 km) 

9 Vehicle performance with electric motor (RME) 
x Per vehicle (kWh/100 km) 
x Per passenger (kWh/ Nº*100 km) 
x Per weight or freight (kWh/kg*100 km) 

9 Average annual fuel consumption (Dc) 
9 Annual energy demand (DEvehículo) 
9 Energy saving (kWh) 
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3.2. Environmental analysis 

The model proposes the calculation of the reduction of greenhouse gases (GHG) by replacing 
gasoline consumption with electricity from power generation plants. For the estimation of 
greenhouse gases, the following elements are considered: 

9 Combustion produces not only carbon dioxide, but also methane and nitrous oxide, however, 
a total equivalent value is presented in only carbon dioxide according to its "global warming 
potential" (GWP). 
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9 The model considers the values of the Intergovernmental Panel on Climate Change (IPCC) 
differentiated by country and type of fuel: gasoline and electric. 

9 Losses due to transmission and distribution (T&D) of electrical energy are considered, from 
the generation plant to the point of supply to the electric vehicle. 

 

GHG emission reduction: Gasoline to electricity 

The model calculates the greenhouse gases of each case and the difference is considered as the 
GHG avoided to the atmosphere. 

The amount of GHG will depend on the total energy demand and its emission factor based on the 
type of fuel consumed. 

In the case of electrical energy consumption, transmission and distribution losses are considered 
up to the final point of consumption of the electric vehicle [22]. 

 

ࢋ࢙ࢇࢍࡵࡱࡳ ൌ ሺࢋ࢙ࢇ࢈ࢋሻࢋ࢙ࢇࢍࡱࡰ 

ࢉ࢚࢘ࢉࢋࢋࡵࡱࡳ ൌ ൫࢘ࢋ൯ࢉ࢚࢘ࢉࢋࢋࡱࡰ൫ െ  ൯࢘ࣅ

οࡵࡱࡳൌ ሺࢋ࢙ࢇࢍࡵࡱࡳ െ ሻሺࢉ࢚࢘ࢉࢋࢋࡵࡱࡳ െ  �ሻ࢘ࢉࢋ

Where: 

݁௦, gasoline emission factor (ton CO2/kWh thermal) 

݁, electric energy emission factor (ton CO2/kWh electric) 

 ௦, energy demand through gasoline consumption (kWh thermal)ܧܦ

 ௧, demand for electrical energy (kWh electric)ܧܦ

 (%) , losses due to transmission and distribution of electrical energyߣ

݁, rate or benefit for GHG emission reduction (%) 

οீுீ, reduction to the environment (ton CO2) 

 

3.3. Economic and financial analysis 

To carry out the economic-financial analysis, the unit cost of each energy source and the total 
energy demand of the internal combustion vehicle and the vehicle with an electric motor are 
considered. The model obtains the economic-financial profitability of the proposal by replacing 
the gasoline vehicle with a vehicle with an electric motor. 

To calculate profitability, the following premises are considered: 

9 The initial investment year is year 0 
9 Costs and credits are given in terms of year 0, so the inflation rate applies from year 1 onwards 
9 Synchronization of cash flows occurs at the end of the year 

The following Table 5 summarizes the calculation of the necessary components to evaluate the 
profitability of a project: 
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Table 5: Equations for economic analysis [22] 

Name Equation Nomenclature 
 
 
Debt payment 

 

ܦ ൌ ܥ ௗ݂
݅ௗ

ͳ െ ͳ
ሺͳ  ݅ௗሻே

� 

 total initial cost of the project ,ܥ
ௗ݂, debt ratio 
݅ௗ, bank interest rate 
ܰ, duration of debt 
 debt payment ,ܦ

 
 
Asset depreciation 

 
ܣܥܥ ൌ ሺͳܥ െ ߲ሻ 

 

߲, depreciation tax base used to specify how much 
of the initial costs are capitalized and can be 
depreciated for tax purposes. The portion that is 
not depreciated is considered fully spent during the 
year of construction (year 0). 
ௗܰ, depreciation period 

 total inversion ,ܥ
 , zero year depreciationܣܥܥ
 , depreciation in subsequent yearsܣܥܥ

 

ܣܥܥ ൌ
߲ܥ
ௗܰ

 

Internal rate of 
return (IRR) Ͳ ൌ 

ܥ
ሺͳ  ሻܴܴܫ

ே

ୀ

 
 , cash flow for year nܥ
ܰ, project life in years 
 internal rate of return ,ܴܴܫ

Simple recovery 
period ± PayBack 
(PB) 

 

ܤܲ ൌ
ܥ െ ܩܫ
ܥ

 

 incentives and subsidies ,ܩܫ
 total inversion ,ܥ
 , cash flow for year nܥ
 Simple PayBack ,ܤܲ

Net Present Value 
(NPV) ܸܰܲ ൌ 

ܥ
ሺͳ  ሻݎ

ே

ୀ

 
 discount rate ,ݎ
ܰ, project life in years 
 , cash flow for year nܥ
ܸܰܲ, Net present value 

Annual Life Cycle 
Savings (ACV) ܸܥܣ ൌ

ܸܰܲ
ͳ
ݎ ൬ͳ െ

ͳ
ሺͳ  ሻே൰ݎ

 discount rate ,ݎ 
ܰ, project life in years 
ܸܰܲ, Net present value 
 annual life cycle savings ,ܸܥܣ

Cost benefit 
relation 

 

ܥȀܤ ൌ
ܸܰܲ  ሺͳ െ ௗ݂ሻܥ

ሺͳ െ ௗ݂ሻܥ
 

ௗ݂, debt ratio 
 total inversion ,ܥ
ܸܰܲ, Net present value 
 cost benefit relation ,ܥȀܤ

GHG emission 
reduction cost 

 

ுீீܧܩ ൌ െ
ܸܥܣ
οீுீ

 

 

 annual life cycle savings ,ܸܥܣ
οீாூ, reduction of GHG to the environment (ton 
CO2) 
ுீீܧܩ , GHG reduction cost 

 

4. Results 
 
4.1. Location:  

For this simulation, 100 000 internal combustion mototaxis units located in Lima Peru are 
considered. 

 
4.2. The yields considered for modeling are the following: 

9 Motorcycle with internal combustion engine: 2.86 l/100 km 
9 Motorcycle with electric motor: 4.1 kWh/100 km 

The modeling considers an annual average route for each case equal to 12 000 km per year, in 
addition, the proposal to replace 100 000 internal combustion motorcycles with electric motors is 
considered. 
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4.3. Technical analysis  

Once the corresponding values have been entered, a current energy demand of 304 755 MWh/year 
is obtained, or what is equivalent to the consumption of 9 066 385 gal/year. For the proposed case, 
when making the change for equipment that has higher energy efficiency, a new energy demand 
equal to 49 200 MWh/year is proposed. This proposal allows us a significant energy saving that 
represents 83.9% see Figure 3 and Table 6 

 
Figure 3: Summary of fuels [22] 

Table 5 shows the summary of energy savings in kWh when comparing the base case (internal 
combustion mototaxis) and the proposed case (electric motor mototaxis). 

Table 6: Energy savings in kWh [22] 

 

 
 
4.4. Environmental analysis 

Figure 4 shows the emission of greenhouse gases, obtaining a gross annual reduction of 85.5%, 
considering that the base case emits 72 621.4 tCO2 and with the proposed case 10 544.9 tCO2, the 
emission is avoided. of 62 076.5 tCO2, which represents 5 709 Ha of forest absorbing carbon. 
Therefore, the software allows us to affirm that it is an environmentally attractive project and very 
viable if the importance of reducing greenhouse gases is considered. 
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Figure 4: GHG emissions [22] 

 
4.5. The economic and financial analysis  

Considers an initial investment required of USD 250 000 000 for the acquisition of 100 000 electric 
motorcycle taxis, which represents a unit cost per electric motorcycle taxi equal to USD 2 500. 

This modeling considers an economic saving due to the difference in maintenance costs between 
the internal combustion motorcycle and an electric motorcycle equivalent to 18 000 000 USD per 
year for 100 000 motorcycles. In addition, the economic savings due to the decrease in energy 
demand are considered, considering the following unit costs in the city of Lima-Peru: 

Gasoline cost: 5.13 USD/gal = 0.15 USD/kWh 

Electricity cost: 0.16 USD/kWh 

As can be seen, the unit cost of electricity is greater than the unit cost of gasoline, however, as 
there is significant energy savings, it generates economic savings. 

This analysis considers the financing option of 60% of the total investment through the acquisition 
of a bank loan with an interest rate of 12% for 10 years. 

In addition, a fuel escalation rate of 0.5% per year is considered, with a local inflation rate of 7%, 
with a referential discount rate of 20%, during the 10-year life of the project. 

An important variable to consider is the depreciation of the motorcycles, for this reason, a linear 
depreciation of 100% of the capital during the 10 years is considered, see Table 7. 
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Table 7: Financial parameters [22] 

  
Figure 5 shows a return on investment from year 3, for which the support of the government is 
essential and thus provide an attractive offer to motorcycle taxi drivers in order to commit to caring 
for the environment using motorcycle taxis with electric motors.  

  
Figure 5: Cumulative Cash Flow [22] 
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5. Discussion  
 
 
Obtaining a gross annual reduction of 85.5%, through simulation in the RetScreen Expert software, 
considering that the base case (internal combustion motorcycle taxi) emits 72 621.4 tCO2 and with 
the proposed case (electric motorcycle taxi) the emission of 10 544.9 tCO2. the emission of 62 
076.5 tCO2 is avoided, which represents 5 709 Ha of forest absorbing carbon, it is concluded that 
it is environmentally viable. 
 
The return on investment is in the time of 4.4 years, likewise if a green bond is obtained, the time 
of return on investment can be reduced, it is very important that the government promote 
incentives and investment in motorcycle taxis with electric motors to reduce the emission of 
greenhouse gases. 

The government could choose to reduce the price of the kWh required by electric motorcycle taxis, 
not charge taxes if an electric motorcycle taxi is purchased, or finance the purchase of electric 
motorcycle taxis at 70%, in order to promote the use of electric motorcycle taxis. 
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Abstract. The optimal power dispatch of a microgrid is a challeng-
ing problem that must be addressed to achieve technical and economic
objectives. Besides, the power balance generation-demand must be satis-
fied considering that the renewable generators and loads have an intrinsic
stochastic behavior. In this sense, this paper proposes an approach based
on model predictive control (MPC) for the optimal dispatch of active
and reactive power in isolated microgrids. Two optimization problems
are formulated (for active and reactive power dispatches), where power
flows are considered within the constraints of the controller, so that the
solutions guarantee the convergence. The proposed algorithm solves the
problems in sequence, optimizing operating costs, improving voltage pro-
files, reducing losses, and diminishing unsupplied demand. The validation
is performed in a co-simulation scheme on a modified version of the IEEE
13-bus test Feeder.

Keywords: Active power dispatch · Microgrid · Model predictive con-
trol · Reactive power dispatch.

1 Introduction

Microgrids are small-scale distribution systems, mainly composed of distributed
generators (DGs), energy storage units (SUs), and interconnected loads, which
can operate connected or isolated from the main grid [10]. Therefore, micro-
grids are an efficient option to integrate renewable generation sources with con-
ventional ones, reduce greenhouse gas emissions, and provide power to remote

! This work has been supported in part by project, BPIN 2020000100041, SGR,
Colombia.
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populations far from the main grid [12]. However, for a microgrid to provide
optimal and reliable power, it is necessary to perform power management that
faces several technical and economic complexities [11].

Optimal power dispatch is among the critical and challenging problems that
must be addressed to ensure efficient and low-cost operation [2]. As a solution to
this problem, different optimization problems have been formulated and several
solution methods have been proposed. Heuristic methods have been widely used
due to the nonlinearity of dispatch problems. In [18] and [14], economic dispatch
is performed using genetic algorithms and in [1,21,22] the problem is solved using
particle swarm optimization (PSO). These methods do not require simplifications
in the optimization problems, but they do not guarantee convergence to global
optima and convergence times are high for real-time applications [6].

Other studies have proposed novel methods for the solution of dispatch prob-
lems. In [7], a distributed strategy based on the replicator dynamics method is
proposed, and in [17], a recently developed linearization based on the Wirtinger
calculus is used to guarantee the convergence of the interior point method. These
methods present shorter convergence times and are applicable to large power
systems, however, they do not consider a forecast horizon in the management
and [7] do not include energy storage in the model.

MPC controllers allow energy management in microgrids considering the fu-
ture behavior of the system and maintaining short convergence times. In [3,4,15]
a prediction horizon is considered and MPC is used for the economic dispatch
of active power. In [6] and [2], mixed integer nonlinear problems (MINLP) are
formulated and MPC is used for the economic dispatch of active and reactive
power. Other studies such as [23] and [13], employ MPC for power dispatch and
voltage and frequency control, respectively.

In this work, an MPC is proposed for joint dispatch of active and reactive
power in isolated microgrids, which is capable of performing economic dispatch,
voltage control, and decreasing losses in the whole system. The main contribu-
tions are: first, the formulation of two linked optimization problems, one defined
in a time horizon for the economic dispatch of active power and the other one
for the dispatch of reactive power. Second, an MPC algorithm capable of find-
ing optimal operating points by anticipating phenomena such as consumption
peaks and generation reductions. Finally, the validation of the algorithm is per-
formed in a real-time co-simulation scheme, between a software that solves the
optimization problems and a power-analysis software.

The rest of the document is organized as follows. Section 2 formulates the
optimization problem for active power dispatch. Then, Section 3 presents the
optimization problem for reactive power dispatch. Next, Section 4 describes the
MPC algorithm. To introduce the simulation scenario and analysis of results in
Section 5. Finally, Section 6 concludes and proposes future work.
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2 Economic Active Power Dispatch

The economic dispatch of active power allows the system to minimize costs, tak-
ing the power available in the cheap generators and compensating the deficit
with the most expensive ones. For this purpose, constrained optimization prob-
lem is formulated, which looks for finding the operating points of the DGs and
the SUs to minimize a cost function respecting the operating conditions of the
microgrid.

2.1 Objective Function

According to [24], the cost of a generator can be approximated by quadratic
functions dependent on the active power generated, such as

CG
i (Pi) = aiP

2 + biP + ci, (1)

where ai, bi, and ci are specific parameters of each GD. Likewise, the SUs also
have a cost related. Hawever, in this work, only the discharge cost is considered,
since the power that charges the batteries already has an associated cost when
it is generated. A simplified model to include the discharging cost of the ith SU,
depending on its discharging power P dis

j is adapted from [8] as

CB
j (P dis

j ) = bjP
dis
j , (2)

bj =
Cinv

j

4(Cf
j )(n

dis
j )

, (3)

where, ndis
j , Cinv

j , and Cf
j correspond to the efficiency, the investment cost,

and the life cycles of the storage unit j, respectively. Then, if the system has
NG generators and NB storage units, the objective function for active power
dispatch is

J =
NG∑

i=1

CG
i (Pi) +

NB∑

j=1

CB
j (P dis

j ). (4)

2.2 Constraints

The first constraint is the energy balance, which ensures that at each instant,
the total power dispatched power seeks to satisfy the power demanded by the
loads PL and the losses P loss. Then, the constraint is given by

NG∑

i=1

Pi +
NB∑

j=1

Pj = PL + P loss, (5)

where, the variable Pj is equal to the discharge power P dis
j when the SU delivers

power, or is equal to the charge power P ch
j when the SU demands power to store.
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In the GDs and SUs, it is necessary to constraint the operating limits to
ensure they work in the intervals [Pmin, Pmax]. Consequently, the second and
third constraints are defined as

Pmin
i ≤ Pi ≤ Pmax

i ; ∀i ∈ (1, · · · , NG), (6)

Pmin
j ≤ Pj ≤ Pmax

j ; ∀j ∈ (1, · · · , NB). (7)

It is worth clarifying that the limits in renewable generators vary according
to the energy resources available at each instant of time.

Finally, in the storage units, the limits in the load states are dynamic and
for K instants of management they are given by

Smin
j ≤ Sj(k + 1) ≤ Smax

j ; ∀j ∈ (1, · · · , NB); ∀k ∈ (1, · · · ,K), (8)

where, Smin
j is the minimum capacity, Smax

j is the maximum capacity, and S(k+
1) represents the next state of charge, which is obtained by

Sj(k + 1) = Sj(k)− PB
j ; ∀j ∈ (1, · · · , NB); ∀k ∈ (1, · · · ,K). (9)

Here, Sj(k) represents the current state of charge and PB
j is defined as [2]

PB
j = swjn

ch
j P ch

j + (1− swj)
P dis
j

ndis
j

; ∀j ∈ (1, · · · , NB), (10)

where nch
j is the charging efficiency and swj is a binary control variable used to

identify whether the battery bank is in charging or discharged state. If swj = 1
the storage unit j is charging and, if swj = 0 it is in the discharge state. If we
rewrite (8) from (9) and (10), the constraints for the state of charge of the SUs
are

PB
j ≤ −Smin

j + Sj(k); ∀j ∈ (1, · · · , NB); ∀k ∈ (1, · · · ,K), (11)

−PB
j ≤ Smax

j − Sj(k); ∀j ∈ (1, · · · , NB); ∀k ∈ (1, · · · ,K). (12)

2.3 Predictive Model

The dynamics of the storage units allow the control to implement an of MPC
strategy for the energy management in microgrids. Then, it is necessary to extend
the optimization problem in a time horizonHp to incorporate the future behavior
of the system to determine the operating points of the DGs and the SUs. The
MPC, allows the system to anticipate disturbances such as consumption peaks
and variations in the generation capacity of the microgrids, consolidating more
reliable systems. In this work, the predictive model is derived from the active
power dispatch problem as

JMPC =
HP∑

l=1

NG∑

i=1

CG
i (Pl,i) +

HP∑

l=1

NB∑

j=1

CB
j (P dis

l,j ) (13)
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Subject to:
NG∑

i=1

Pl,i +
NB∑

j=1

Pl,j = PL
l + P loss

l (14)

Pmin
i ≤ Pl,i ≤ Pmax

i ; ∀i ∈ (1, · · · , NG) (15)

Pmin
j ≤ Pl,j ≤ Pmax

j ; ∀j ∈ (1, · · · , NB) (16)

PB
l,j ≤ −Smin

j + Sl,j(k); ∀j ∈ (1, · · · , NB) (17)

−PB
l,j ≤ Smax

j − Sl,j(k); ∀j ∈ (1, · · · , NB), (18)

where, Pl,i, Pl,j , and Sl,j are the power of generator i, the power of battery j
and the state of charge of battery j at instant of prediction l, respectively.

3 Reactive Power Dispatch

For reactive power dispatch, a constrained optimization problem is also formu-
lated, which seeks to correct voltage profiles and minimize the losses in the
system.

3.1 Objective Function

In an isolated microgrid with Nn nodes and with Ni nodes coupled to node i,
an objective function that approximates the active power losses can be defined
according to [5] as

P loss(V, θ) =
Nn∑

i=1

Ni∑

j=1

Gi,j(V
2
i + V 2

j − 2ViVjcos(θi − θj)), (19)

where, Vi, Vj , θi, and θj are the voltages and the phase angles of the nodes i
and j respectively, connected by the line (i, j) with conductance Gi,j .

3.2 Constraints

The equality constraints are determined by the load flow equations, set in [5] as

Pi(V, θ) = Vi

Ni∑

j=1

Vj(Gi,jcos(θi − θj) +Bi,jsin(θi − θj))

= PG
i − PL

i , (20)

Qi(V, θ, Q
G
i ) = Vi

Ni∑

j=1

Vj(Gi,jsin(θi − θj)−Bi,jcos(θi − θj))

= QG
i −QL

i , (21)
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where, PG
i and QG

i are the active and reactive power generated in node i, PL
i

and QL
i are the active and reactive load demanded at node i, and Gi,j and Bi,j

are the conductance and susceptance of the element connecting nodes i − j.
As i ∈ Nn, each equation represents Nn restrictions. On the other hand, the
inequality constraints set the operating limits of the variables as

– Voltage limits
V min
i ≤ Vi ≤ V max

i ; ∀i ∈ (1, · · · , Nn). (22)

– Phase limits
θmin
i ≤ θi ≤ θmax

i ; ∀i ∈ (1, · · · , Nn). (23)

– Reactive power generation limits

Qmin
i ≤ Qi ≤ Qmax

i ; ∀i ∈ (1, · · · , NG), (24)

Qmin
j ≤ Qj ≤ Qmax

j ; ∀j ∈ (1, · · · , NB). (25)

The storage units dispatch reactive power in both, charge and discharge
states [9], and their generation limits vary depending on the active power and
the power factor PF as

Qmax
j = −Qmin

j = |Pj |tan(cos−1(FPj)); ∀j ∈ (1, · · · , NB). (26)

4 MPC Algorithm.

The main features of the MPC family have been adapted to the current appli-
cation as follows: first, an optimization problem for active power dispatch over
a time horizon (proposed in Section 2) is formulated. Second, the optimization
problem is solved to find the optimal powers of each instant into the horizon.
Subsequently, only the first control action is taken in the DGs and SUs to estab-
lish the current setpoints in active power. Then, the limits in reactive power of
the SUs and the active power generated in each node are calculated, according to
the active power operating points. Finally, the optimization problem proposed
in Section 3 is solved for the reactive power dispatch.

The validation of the controller is performed in a co-simulation scheme be-
tween Matlab® and DigSilent®, in such a way that DigSilent® estimates the
electrical variables through power flows and Matlab® solves the optimization
problems and save the data of interest. The exchange of information between
the two programs is done by means of .txt files, as it is detailed in the block
diagram in Fig. 1, where the process performed for K instants management is
summarized.

5 Simulation Results and Discussion

The study case corresponds to the IEEE 13-bus test feeder [19] with some
changes to evaluate the proposed MPC: First, the external grid is replaced by
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Fig. 1. Co-simulation block diagram and MPC algorithm.

a diesel generator. Second, based on the study realized in [20], four distributed
generators (one solar, one wind and two storage units) are added. Finally, the
system is balanced. The microgrid obtained is shown in Fig. 2.

The cost coefficients related to (1) are adapted from [7] and are shown in
Table 1. The storage units are of two technologies: lead acid (BTl) and lithium-
ion (BT2). In the former, the cost parameter b1 = 900 and in the latter, b2 = 800,
since, although ion lithium batteries require a higher investment cost, they have
30% better efficiency and a higher number of life cycles [16]. These costs will
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Fig. 2. Schematic diagram of the study case corresponding to a modified IEEE-13-node
Feeder.

Table 1. Cost coefficients for each generator type.

Generator type ai bi ci
Diesel 104.44 1150.5 1.53
Photovoltaic 28.77 903.00 0.00
Wind 35.90 999.90 0.00

vary according to the scenarios or requirements of the users, so the difference in
costs between the SUs may be properly adjusted.

Table 2 details the active power limits and the power factor configured in
each device. The limits on the node voltages are set according to Colombian
standards at 0.95 p.u and 1.05 p.u and the limits on reactive power can be
estimated by

Qmax = −Qmin = |Pmax|tan(cos−1(FP )). (27)

Table 2. Capacity limits of active power and power factor for the GDs and SUs in the
microgrid.

GD/SU Type Pmax [kW] Pmin [kW] FP
G1 Diesel 2000 200 0.8
G2 Photovoltaic 1200 0 0.8
G3 Wind 1000 0 0.8
BT1 Battery Bank 800 -800 0.8
BT2 Battery Bank 1200 -1200 0.8

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 116

pmoreno
ISBN 978-9942-44-109-6



MPC for Active and Reactive Power Dispatch in Islanded Microgrids 9

5.1 Energy Demand and Resources

Based on the consumption dynamics measured at the University of Nariño lo-
cated in the southwest of Colombia and the nominal values of the loads presented
in [19], the demand curves for the nine loads of the system are estimated for ten
consecutive days, with sampling times of one hour. Fig. 3, shows the aggregate
demand, where the weekend is clearly identification by the low energy consump-
tion.

The renewable generation curves (solar and wind) are also estimated accord-
ing to the energy resources available on the university campus and shown in
Fig. 4.
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Fig. 3. Aggregate demand profile for active and reactive power.
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Fig. 4. Solar and wind profile resources for the university campus.

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 117

pmoreno
ISBN 978-9942-44-109-6



10 J. G. Ordoñez et al.

5.2 Results and Discussion

Figs. 5 and 6 present the results of the dispatch problems for 240 hours of
management. The first one shows the active power profiles for the three gener-
ators and the two storage units, while the second one shows the reactive power
profiles. Each figure shows the results obtained when no predictive control is
applied and when MPC is applied with a prediction horizon of 24 hours. In both
cases, sequential quadratic programming (SQP) is used to solve the optimization
problems and convergence times of less than 10s are achieved, with an average
increase of 2s when MPC is used.
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Fig. 5. Active power dispatch: non predictive control and MPC.

In the active power-dispatch curves, it is evident that when applying MPC,
the dynamics of the diesel generator (G1) change, while the solar generator (G2)
and the wind generator (G3) are always dispatched at their maximum capacity,
following the availability of resources according to Fig. 4. The difference is pro-
duced since, when considering a prediction horizon, the diesel generator charges
the batteries in the moments of low consumption to supply future demand peaks,
while, when not considering a prediction horizon, the dispatch only complies the
objective of supplying the current demand and the batteries are not charged.
The details are shown in Fig. 7, which compares the charging states of the SUs
in the two management methods.

Fig. 6 details the influence of the MPC in the reactive power dispatch. The
profiles show that when MPC is applied, a large part of the demand is sup-
plied by the batteries and the participation of diesel (G1) and photovoltaic (G2)
generators decreases considerably.

Fig. 8 compares the unsupplied active and reactive power demand when no
predictive control is applied and when MPC is working. The curves show how the
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Fig. 6. Reactive power dispatch: non predictive control and MPC.
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Fig. 7. Comparison of state of charge of storage systems: non predictive control and
MPC.

non-predictive method does not supply the total demand in consumption peaks,
presenting a total error of 4.8% in active power and 8.2% in reactive power, while
MPC reduces the errors in demand to practically zero. This is due to the fact
that the predictive control allows programming the charging and discharging of
the storage units, in such a way that reserve energy is guaranteed for the demand
all the time. However, supplying all demand increases the operating cost by 4.3%
due to the greater participation of the SUs and the diesel generator to charge
them.

Fig. 9 compares the voltage profiles of 4 nodes of the microgrid in 3 scenarios:
when no predictive control is applied, when MPC is applied with active power
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Fig. 8. Comparison of active and reactive power demand error: non predictive control
and MPC

dispatch and when MPC is applied with active and reactive power dispatch.
The results show that when predictive control is applied, the voltage deviation
is corrected to the desired range of 5% and when reactive power dispatch is
included, a better correction is achieved.
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Fig. 9. Voltage deviation comparison: non predictive control, MPC with active dispatch
and MPC with active and reactive dispatch.

Finally, Fig. 10 shows the active power losses. The curves prove how applying
MPC and performing joint dispatch of active and reactive power reduces losses
in the system. Predictive control decreases losses by 9.5% when management is
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performed only with active power (blue curves) and by 26.4% when active and
reactive power is dispatched (red curves).
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Fig. 10. Active power losses: non predictive control and MPC with active dispacth and
active and reactive dispacth.

6 Conclusions

This paper presents an approach based on MPC for the optimal dispatch of
active and reactive power in isolated microgrids. The management is performed
in order to minimize operating costs and active power losses in the system. For
this purpose, two optimization problems are formulated: one for the economic
dispatch of active power and another one for the reactive power dispatch. The
proposed algorithm is validated in a co-simulation scheme, where DigSilent es-
timates the electrical variables and Matlab solves the optimization problems.
Summarizing results, the algorithm is able to find an optimal solution in less
than 10 seconds, a low convergence time and ideal for real-time applications.
Second, the error in both active and reactive power demand is removed, con-
solidating a more reliable and constant-service microgrid. Finally, a significant
reduction in active power losses is achieved, improving the efficiency of the en-
tire system. Future works could study the algorithm distribution, including the
application in large power systems.
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Abstract. Renewable energies such as geothermal presents in the current sce-
nario a solution to the fragility of the market, in this case it is a solution to con-
ventional heating systems powered by natural gas, which are the most used in 
Spain. In addition to the advantages of using renewable energy, a comparative 
economic study of a general nature would shed light when choosing a heating 
supply. For this reason, the present study exposes an economic comparison for 
the same set of buildings (single-family homes) on its heating system if it were 
powered by geothermal energy or natural gas, based on the initial investment, 
initial installation of the natural gas system and the wellfield of the geothermal 
system, and the annual expense due to that installation in order to supply the 
heating demand needed. This will lead to the approximate calculation of the pay-
back period for the geothermal installation based in the market prices of 2022, 
2020 and 2019, which in the worst scenario presented, the payback period is 
achieved at only 32% of the useful life expected of the installation (8 years). 

Keywords: Geothermal, natural gas, investment, renewable energy, payback 
period, heating demand. 

1 Introduction  

Geothermal energy has proven to be a valuable source of renewable  
energy for supplying not only domestic hot water (DHW) [1] but also heating [2], 
which, taking into account the current state of the fossil fuel market and its fragility due 
to recent events, such as the Russia-Ukraine war of 2022 with its consequent influence 
on the supply of liquefied natural gas, further emphasizes this type of energy as an 
alternative of commonly used supplies based on natural gas. 

 
Over the years, research has been carried out on the efficiency of geothermal-based 

supply installations [3] [4], including studies on the advantages of collective installa-
tions compared to individual ones [5]. This has led to the development of a heating 
system known as district heating (DH) whose objective is to supply an entire group of 
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buildings, a system used in Europe since the 14th century [6] with more weight in 
northern European countries where installations of this type currently exist and new 
models are being investigated [5] [7] [8].  

In addition to being a mature technology with its fourth generation (4GDH) [9] [10] 
[11] and the development of its fifth (5GDHC) [12] [13] [14] [15], this type of heating 
offers various advantages compared to the conventional model, including the reduction 
in fossil fuel consumption with its consequent reduction in CO2 and greenhouse gas 
emissions[16].  

However, despite these benefits, the initial investment in geothermal DH represents 
a point against natural gas, which is why this study intends to consider the annual ex-
penditure during the same period of years in order to verify the payback period and 
observer in general terms which solution is the most economical. 

2 Methodology 

The methodology present in this research is a simplified calculation of the demand of 
an entire urbanization for its subsequent comparison between two different types of 
heating supply sources: geothermal energy and natural gas. 

The workflow diagram described in Fig 1 shows the steps followed, with the conse-
TXHQW�VRIWZDUH¶V�XVHG�VSHFLILHG�E\�VWDJH��XQWLO�UHDFKLQJ�WKH�HFRQRPLF�FRPSDULVRQ�EH�
tween both sources of supply, conclusion of this article. 
   

 
Fig. 1. Workflow diagram of the methodology used. 
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The starting point of this methodology consists in the selection of a residential area 
that can be classified in such a way that the houses can be individualized (explained in 
more detail in the third point of this article). The Geographic Information System of 
Agricultural Parcels (SIGPAC)[17], from Spain, is a tool that allows the visualization 
and measurement of desired zones on a map, however any Geographic Information 
System (GIS) can be used to define a zone of interest since it uses geographically ref-
erenced information, making the replicability of the methodology feasible. 

Once the residential state is selected, the next step would be defining a single plot 
with its individual house to consider it the base of the calculation. The more similar the 
houses are within the residential development, the smaller the error in the calculation 
of the demand since it will later be scaled to all the houses. 

There are numerous programs for calculating the energy demand based on the con-
struction itself that also perform the calculations based on the current regulations of the 
normative building code, they are usually based in the energetic certification of the 
building studied, some examples of this tools are: LIDER/CALENER (HULC), 
CERMA, CEX, CE3 and CYPETHERM HE Plus. In this case the software used for the 
calculation is CEX. 

 
As it was stated before, the comparison proposed in this study is an economic com-

parison between two means of supplying heating demand, the traditional and commonly 
used natural gas and a renewable energy supply alternative such as geothermal energy. 
Both means of supply will be calculated based on the same time of use and the price of 
the installation will be considered to obtain a general conclusion on the economical 
difference in the initial investment and maintenance. 

 

3 Applicable study sites and location 

The study can be replicated and carried out in housing states whose houses are either 
identical or similar since the base of this research is based in the individual study of a 
single house of the urbanization that later will be scaled. 

In this regard, any urbanization already made, or planned, whose houses are design 
as clones could benefit from this calculation. This does not mean that a calculation 
cannot be estimated in other types of residential developments, but the error is bound 
to increase. 

 
It should be noted that geothermal energy is highly dependent of the terrain in which 

it is located since it affects the performance of the geothermal heat pump installations. 
As the intention of this research is to create the wellfield within the residential area, the 
calculations will be more favorable the greater the thermal conductivity of the land on 
which said urbanization is built.  

 
The study site selected in this research is based in Ávila in the autonomous commu-

nity of Castilla y León, Spain. The exact location is presented in Fig 2 using SIGPAC. 
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Fig. 2. Study site selected as example (Ávila, Castilla y León, Spain) 

As can be seen in Fig 2, this urbanization has the same type of house built despite 
WKH� FKDQJH� LQ� WKH�GLVWULEXWLRQ�RI� LWV� LQGLYLGXDO� SORW�ZKLFK� GRHVQ¶W� LQWHUIHUH�ZLWK� WKH�
calculations and consists of 83 houses as shown in Fig 3. 

 
Fig. 3. Selection of the totality of the houses in the housing development. 

Furthermore, using the geothermal map of the Ávila region[18], the thermal conduc-
tivity of the terrain in which the urbanization was built can be obtained as shown in Fig 
4. 
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Fig. 4. Selected study site with its thermal conductivity presented. 

 
The selected example of site results in a terrain with high thermal conductivity, ap-

proximately 2,8-3W/m·K. 

4 Calculation, results and discussion 

4.1 Calculation of energy demand 

As specified in Fig 1 the selection of a core house has to be made in order to ease the 
calculation of the demand. Therefore, the example house plot consists of an area of 
783m2 (27x29m), this area is maintained approximately for the rest of the houses even 
if the length and width of the plots change. The house itself is 210m2 seen from above 
(15x14m) and consist of 3 floors where one of them is half the surface due to the indoor 
parking, this results in 525m2 in total.  

 
In order to calculate the demand with the CEX software it is necessary to make some 

estimates and previous calculations: 

ņ The corresponding factors included in the Technical Building Code will be applied, 
that is, among others, the reference demand of DHW for buildings of private resi-
dential use will be obtained considering needs of 28l/day·person[19]. 

ņ The average distribution of the house will be two bedrooms that are equivalent to 3 
people.[19] 

Considering the advantages of CEX when it comes to autocomplete according to 
regulations and climatic zone, only the general data of the house and its structure in 
terms of facades needs to be provided. In this case Table 1 presents the data used for 
the calculation. 
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Table 1. Building data entered in CEX software. 

Building characteristics Value 
Construction year 1999 
Usable living area 525 m2 
Number of habitable floors 2 
Daily DHW demand 84 l/day 

 
A heating demand of 99.1 kWh/m2 has been calculated for a single house, resulting in 
52MWh. It must be considered that other factors influences this heating demand, as per 
example the orientation or the residents habits, so it will be adjusted to a rounding of 
55MWh of heating demand per house per plot annually. 
 
 
 
 
4.2 Natural gas installation 

 
The calculation of the installation and maintenance of natural gas for heating is sim-

pler than the calculation of geothermal supply, since natural gas is the most widely used 
in Spain, therefore there are more estimated prices of the calculation of the facilities. 
An example of the cost of an average natural gas installation in single-family homes is 
presented in Table 2. 

Table 2. Price of natural gas installation in single-family homes[20]. 

Description 7RWDO��¼� 
Individual receiver facility 

1420 
Technical calculation report and individual gas installation certificate 
Management and processing of licenses, permits and commissioning 
Regulation cabinet 
Connection steam to service 
Condensing boiler 1000 

TOTAL 2420 
 
Scaling the cost to the 83 total homes that make up the urban complex a total of 

200.860¼� 
 

4.3 Geothermal installation 

So as to meet the heating demand with geothermal energy, it is necessary to calculate 
two factors: the design and sizing of the wellfield and the installation per se.  
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The EED[21] (Earth Energy Designer) software has been used as a tool for designing 
ground source heat pump systems and borehole thermal storage. With an estimated an-
nual heating demand of 55MWh, the monthly distribution with the corresponding con-
sumption factors and a peak demand of 8kWh (Fig 5.) a design can be optimized.  

 
Fig. 5. Base load of heating demand and its graphic representation. 

In Fig 6 different optimized configurations created by EED can be seen. The first 
part has as priority the least number of boreholes whereas the second prioritizes the 
depth of the boreholes. 

 
 
 

 
Fig. 6. Design solutions provided by EED software. 

For this comparison, the first configuration of 2 boreholes of 115m depth will be 
used. This configuration presents in Fig 7 its fluid temperature curve for 25 years. It 
can be verified that the final temperature (approximately -6ºC) is far from the freezing 
point of the selected fluid: Monopropylenglycole and water at 33%, this fluid has a 
freezing point of -17ºC and is commonly used for this type of installations since it re-
duces the freezing point, its environmentally friendly (unlike its predecessor the mo-
noetylene glycol) and it also maintains the water flow at the selected operating temper-
ature, key point of the installation.  
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Fig. 7. Temperature evolution in 25 years provided by EED software. 

 
With the wellfield calculated, it is necessary to calculate the heat pump needed. An 

estimated calculation with a COP of 4 and 2400h of work a 0,01MW of pump power 
is obtained. Table 3 shows the summary of the design selected. 

Table 3. Summary of design and installation per house. 

Wellfield Nº of boreholes Depth (m) Spacing (m) 
2 115 15 

Heat pump Power (MW) COP Operating hours 
0,01 4 2400 

 
CYPE engineers [22] has an extensive library of Spanish work prices which will be 

used for estimated calculation of the installation work. Table 4 breaks down the re-
quired budget for the wellfield installation using CYPEs registered data. 

Table 4. Estimated price of the wellfield installation per house. 

Unit Description Efficiency Unitary 
price �¼� 

Total 
�¼� 

h Hydraulic equipment on crawler car-
ULDJH�>«@� 0,130 105,84 13,76 

h Injection equipment for geothermal 
drilling. 0,130 34,16 4,44 

Equipment subtotal 18,20 
h Official construction of civil works. 0,459 19,93 9,15 
h Civil works construction assistant. 0,459 18,92 8,68 

Workforce subtotal 17,83 
% additional direct costs 2 36,03 0,72 

TOTAL 36,75* 
5RXQGHG�XS�IRU�IXUWKHU�FDOFXODWLRQV�WR���¼/m 
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Doing the calculations with the design selected of 2 boreholes of 115m each, total 

of 230m, escalated to the totality of the 83 houses, results in �������¼�WKH�FRVW�RI�WKH�
total wellfield. 

 
Regarding the necessary heat pump, it must be considered that larger heat pumps 

work with higher COP, therefore the COP used will be changed from 4 to 4,5 as esti-
mation, maintaining the same operating hours.  

In order to calculate the heating power needed, the demand obtained per house will 
be multiplied for the total number of houses in the housing development (83) divided 
by the COP of the heat pump. This results in a total demand of 1015MWh or 
0,43MW, which for this study purposes will be rounded up to 0,5MW. 

As an example of geothermal heat pump the geotherm variant of Vaillant[22] will 
be used as estimated price as shown in Table 5. 

Table 5. Price of heating pump for the housing development. 

Description Heating power 
(kW) Quantity Unitary 

price �¼� 
Total 
�¼� 

Vaillant geoTHERM 
VWS 460/3 400 V 49,9 10 18.235,91 182.359,1 

  
As a result, the geothermal installation costs are shown in Table 6. 

Table 6.  Summary of total cost of geothermal installation 

Description 7RWDO��¼� 
Wellfield installation 763.600 
Heat pump installation 182.359,1 

TOTAL 945.959 
 
 

4.4 Comparison result 

The difference obtained in the initial installation of each of the supplies shown in 
Table 7 was expected due to the wellfield design and excavation. 

Table 7. Summary of initial cost of installation 

Description 7RWDO��¼� 
Natural gas initial installation 200.860 
Geothermal initial installation 945.959 

 
However, the comparison presented in this article is not only with the initial invest-

ment but also with its prolonged use. This calculation is complex since it depends on 
the market price of electricity and natural gas. As the objective of this research is the 
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comparison in general terms of the cost, the values presented in Table 8 are estimations 
of the mean market value. 

Table 8. Market value of electric kWh and natural gas in different significant years. 

Year Market value 
Electricity (¼�N:K� Natural gas (¼�N:K� 

2022 0,2773 0,2166 
2020 0,1214  0,0480 
2019 0,1115 0,0736 
 
The price of electricity has been taken as the average of the electricity market for the 

month of October, while for natural gas the average price of three companies has been 
used: Endesa, Iberdrola and Repsol, all three of them operate in Spain. 

 
Fig 8 and Fig 9 are the graphical representation of the cost of both systems, starting 

with the initial investment detailed in Table 7 plus the annual cost of covering the heat-
ing demand and maintaining this coverage for 10 years. 

 
 

 
Fig. 8. Graphic representation of the cost of both systems in 10 years (2022). 
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Fig. 9. Graphic representation of the cost of both systems in 10 years (2020 and 2019). 

The cut-off points of the graphs presented (year 1 in 2022, year 8 in 2020 and year 
4 in 2019) represents the year in which the geothermal system starts equals the natural 
gas system and begins the payback period. As it can be seen in the graphs, the savings 
once this point is passed is of great magnitude. 

5 Conclusions 

An undeniable point of geothermal energy is its great initial cost (Table 7), being ap-
proximately one fifth of the initial cost of the natural gas installation, however this ini-
tial outlay is compensated by the annual cost of its use, highly dependant on the market 
and its stability. Due to the influence in this market of political disputes, it can be seen 
in the period of 4 years how prices have varied to the current point where compared to 
2019 there has been an increase of 149% in the case of electricity and a rise of 195% in 
the case of natural gas, but within the most stable period between 2019 and 2020 prices 
hardly vary. Even so, the return period is reached early, considering that the temperature 
of the fluid and the installations are guaranteed for 25 years, since none of them reach 
10 years. 

A more conservative approach considering other factors ignored in this study, such 
as the fluctuation of the market or selecting the electric kWh during off-peak hours 
since the heat pump can be programmed to work on determined hours, can be taken and 
expect a payback return around half the years needed to maintain the heat pump or the 
boiler (25 years approximately depending on the model, not counting the annual revi-
sions for both systems).  

 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 134

pmoreno
ISBN 978-9942-44-109-6



12 

This study is interesting not only as a concept of investment in this type of technol-
ogy, but also as a renewable resource available to any country. If the correct study of 
the construction zone is done and it results in an acceptable thermal conductivity, geo-
thermal system is to consider for any country that is not a main producer of natural gas, 
thus making it less dependent on the conditions of the supply. 
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]RULWD#HLL�XYD�HV�DQG�OXLV�KHUQDQGH]�FDOOHMR#XYD�HV��

�

$EVWUDFW�� 0LFURJULGV� �0*�� DUH� D� FRPSLODWLRQ� RI� ORDGV�� GLVWULEXWHG�
JHQHUDWLRQ��'*��HOHPHQWV�DQG�VWRUDJH�V\VWHPV��66V��� WKH\�DUH�D�JUHHQ�
DQG� UHOLDELOLW\� VROXWLRQ� WR� JHQHUDWH� DQG� VXSSO\� HOHFWULFLW\�� $OWHUQDWLQJ�
FXUUHQW��$&��0*V�DUH�WKH�PRVW�UHVHDUFKHG�DW�WKH�PRPHQW��'LUHFW�FXUUHQW�
�'&��0*V�KDYH�JDLQHG�D� ORW�RI� LQWHUHVW� LQ� UHFHQW� \HDUV�DV� UHVHDUFKHUV�
KDYH� GHWHUPLQHG� D� QXPEHU� RI� DGYDQWDJHV� RI�'&�0*V� RYHU�$&� RQHV��
)XUWKHUPRUH��K\EULG�PLFURJULGV��+0*V��FRPSLOH�WKH�DGYDQWDJHV�RI�ERWK�
W\SHV� WXUQLQJ� WKHP�LQWR�D�YHU\� LQWHUHVWLQJ�ILHOG�RI�VWXG\��1HYHUWKHOHVV��
WKH�GHYHORSPHQW�RI�'&�DQG�+0*V� LV�PRUH� UHFHQW�� WRSLF� WKDW� LV�EHLQJ�
LQYHVWLJDWHG�LQ�DQ�H[WHQVLYH�ZD\�LQ�UHFHQW�\HDUV��7KLV�SDSHU�SUHVHQWV�WKH�
VWDWH�RI�WKH�DUW� RQ� '&� DQG� +0*V� FRPSLOLQJ� WKH� PRVW� DFWXDO� DQG�
IXQGDPHQWDO�LQIRUPDWLRQ�DQG�FRPSDUHV�LW�ZLWK�WKH�EDVLF�NQRZOHGJH�RQ�
$&�0*V��7KH�PRVW�LPSRUWDQW�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�$&��'&�
DQG�+0*V�DUH�SUHVHQWHG��'LIIHUHQW�DVSHFWV�RI� WKH�SURSHU�RSHUDWLRQ�RI�
WKHVH�0*V�DUH�H[SRVHG��VXFK�DV�VHYHUDO�PHWKRGV�RI� LQWHUFRQQHFWLRQ�LQ�
+0*V��$OVR��D�UHYLHZ�RI�WKH�FXUUHQW�VLWXDWLRQ�RI�'&�DQG�+0*V��DV�ZHOO�
DV�FHUWDLQ�DVSHFWV�WR�EH�LPSURYHG�LQ�WKH�FRPLQJ�\HDUV�DQG�IXWXUH�WUHQGV�
DUH�GHVFULEHG��6RPH�H[DPSOHV�KDYH�EHHQ�SUHVHQWHG�LQ�GLIIHUHQW�VHFWLRQV�
ZLWK�WKH�DLP�RI�FUHDWLQJ�D�EURDGHU�YLHZ�RI�WKH�VXEMHFW�XQGHU�GLVFXVVLRQ��

.H\ZRUGV�� +\EULG� $&�'&� PLFURJULG�� FRQWURO� PHWKRGV�� PLFURJULG��
LQWHUFRQQHFWLRQ��IXWXUH�WUHQGV��

�� ,QWURGXFWLRQ��

'XH� WR� WKH� FOLPDWH� HPHUJHQF\� DQG� WKH� FXUUHQW� HQHUJ\� FULVLV�� WKH� GHYHORSPHQW� DQG�
LPSOHPHQWDWLRQ�RI�0*V�LV�EHFRPLQJ�QHFHVVDU\��0*V�DUH�FDSDEOH�RI�SURGXFLQJ�HQHUJ\�
XVLQJ�UHQHZDEOH�HQHUJ\�VRXUFHV��5(6��VXFK�DV�ZLQG�HQHUJ\�DQG�SKRWRYROWDLF��39���VR�
WKHLU�XVH�LV�RSWLPDO�IRU�UHGXFLQJ�JUHHQKRXVH�JDV�HPLVVLRQV��GHFUHDVLQJ�WKH�FRQVXPSWLRQ�

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 137

pmoreno
ISBN 978-9942-44-109-6



��

RI�IRVVLO�IXHOV��VDYLQJ�HQHUJ\��LPSURYLQJ�VXSSO\�UHOLDELOLW\��SURGXFLQJ�FOHDQ�HQHUJ\�DQG�
UHGXFLQJ�FRVWV�>�@��0*V�DUH�WKH�IXWXUH�RI�HOHFWULF�GLVWULEXWLRQ�QHWZRUNV��

$�PLFURJULG�LV�D�VPDOO�SRZHU�V\VWHP�WKDW�FDQ�VXSSO\�SRZHU�VHOI�VXIILFLHQWO\��7KH�
8�6�� 'HSDUWPHQW� RI� (QHUJ\� GHILQHV� LW� DV�� ³$� JURXS� RI� LQWHU�FRQQHFWHG� ORDGV� DQG�
GLVWULEXWHG� HQHUJ\� UHVRXUFHV� �'(5V���ZLWK�FOHDUO\�GHILQHG�HOHFWULFDO�ERXQGDULHV�� WKDW�
DFWV� DV� D� VLQJOH� FRQWUROODEOH� HQWLW\� ZLWK� UHVSHFW� WR� WKH� JULG� DQG� FDQ� FRQQHFW� DQG�
GLVFRQQHFW�IURP�WKH�JULG�WR�HQDEOH�LW�WR�RSHUDWH�LQ�ERWK�JULG�FRQQHFWHG�RU�LVODQG�PRGHV´�
>�@�� 0*V� FDQ� FROOHFW� DQG� DQDO\VH� LQIRUPDWLRQ� LQ� UHDO� WLPH�� WKXV� RSWLPL]LQJ� LWV�
FRQVXPSWLRQ��7KH\�PDLQO\�LQFOXGH�WKHVH�HOHPHQWV��ORDGV��'*�DQG�66V�>�@����

7KHUH�DUH�VHYHUDO�W\SHV�RI�'*V��VR�D�FODVVLILFDWLRQ�FDQ�EH�PDGH�>�@��2Q�WKH�RQH�KDQG��
WKHUH�LV�HQHUJ\�JHQHUDWLRQ�IURP�5(6�VXFK�DV�RFHDQ�ZDYHV��WLGHV��JHRWKHUPDO��ELRPDVV��
ZLQG�WXUELQHV�RU�39�V\VWHPV��2Q�WKH�RWKHU�KDQG��WKHUH�DUH�FOHDQ�DOWHUQDWLYH�HQHUJ\��$(��
VXFK� DV� PLFURWXUELQHV� RU� IXHO� FHOOV� �)&V��� )LQDOO\�� WKHUH� DUH� WUDGLWLRQDO� URWDWLRQDO�
PDFKLQH�EDVHG�WHFKQRORJLHV�VXFK�DV�GLHVHO�JHQHUDWRUV��

�7KHUH�DUH�DOVR�WZR�FDWHJRULHV�RI�(66V��SUHVHQWHG�LQ�7DEOH����
�

7DEOH����&DWHJRULHV�RI�HQHUJ\�66V�>�@��

�

/RDGV��GLVWULEXWHG�JHQHUDWLRQ�HOHPHQWV�DQG�66V�FDQ�EH�FODVVLILHG�GHSHQGLQJ�RQ�WKH�W\SH�
RI�FXUUHQW��$&�RU�'&��IURP�ZKLFK�WKH\�DUH�IHG�>�@��>�@��>�@���6HYHUDO�H[DPSOHV�RI�WKHVH�
W\SHV�RI�HOHPHQWV�DUH�H[SRVHG�EHORZ��6RPH�H[DPSOHV�RI�$&�ORDGV�FDQ�EH��ZDVKLQJ�
PDFKLQHV��FRIIHH�SRWV�RU�PLFURZDYHV��VRPH�'&�H[DPSOHV�RI�ORDGV�DUH��HOHFWULF�YHKLFOHV��
79V��3&V�RU�DLU�FRQGLWLRQHUV��([DPSOHV�RI�'&�'*V�HOHPHQWV�DUH��ZLQG�WXUELQHV��JDV�
WXUELQHV�RU�GLHVHO�JHQHUDWRUV��$&�'*V�HOHPHQWV�FDQ�EH��39�RU�IXHO�FHOOV��)LQDOO\��VRPH�
'&�66V�HOHPHQWV�DUH�IO\ZKHHOV�RU�EDWWHU\�HQHUJ\�VWRUDJH�V\VWHP��%(66���

7KUHH� W\SHV� RI�0*V�KDYH� EHHQ� GHYHORSHG� VR� IDU�� VR� WKH\� FDQ� EH� GLIIHUHQWLDWHG�
EHWZHHQ�� ��� $&� 0*V�� ��� '&� 0*V�� DQG� ��� +0*V�� $&� 0*V� KDYH� DOUHDG\� EHHQ�
H[WHQVLYHO\�LQYHVWLJDWHG��WKH\�PDLQO\�LQFOXGH�$&�ORDGV�DQG�VRXUFHV��'&�0*V�DUH�ULVLQJ�
DQG�KDYH�QRW�EHHQ�DV�GHYHORSHG�DV�$&�RQHV��WKH\�DUH�PDGH�RI�'&�ORDGV�DQG�VRXUFHV��

&DWHJRULHV� 'HVFULSWLRQ�IXQFWLRQ� ([DPSOHV�
&DSDFLW\�
RULHQWHG�

6ORZ�UHVSRQVH�WLPH���
%DODQFH�ORQJ�WHUP�HQHUJ\��
'DPSHQ�ORZ�IUHTXHQF\�SRZHU�RVFLOODWLRQ�
5HVSRQG�WR�WKH�LQWHUPLWWHQFH�RI�WKH�5(6�

%DWWHULHV��SXPSHG�
K\GURHOHFWULF�
V\VWHPV��
FRPSUHVVHG�DLU�
HQHUJ\�VWRUDJH�RU�
K\GURJHQ�VWRUDJH��

� � �
$FFHVV�
RULHQWHG�

)DVW�UHVSRQVH�WLPH�
*HQHUDWH�WKH�VKRUW�GXUDWLRQ�GLVWXUEDQFHV�LQ�
WKH� 0*V�� SURYLGLQJ� WKH� KLJK� IUHTXHQF\�
HQHUJ\�FRPSRQHQW�
6XSSO\�RU�DEVRUE�WKH�KLJK�SRZHU�WUDQVLHQWV�
ZLWK�KLJK�SRZHU�GHQVLW\�

6XSHUFDSDFLWRUV��
IO\ZKHHOV�RU�
VXSHUFRQGXFWLQJ�
PDJQHWLF�HQHUJ\�
VWRUDJH�

� � �
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,Q�UHFHQW�\HDUV��+0*V�KDYH�JDLQHG�JUHDW�UHOHYDQFH�DV�WKH\�FRPELQH�WKH�DGYDQWDJHV�RI�
$&�DQG�'&�0*V���

7KH�+0*V�FDQ�EH�FODVVLILHG�GHSHQGLQJ�RQ�WKH�FRQILJXUDWLRQ�RI�$&�DQG�'&�EXVHV�
DQG�RQ�WKH�FRQQHFWLRQ�RI�VRXUFHV�DQG�ORDGV�WR�WKH�V\VWHP�>�@��>�@��>�@���

�� +0*V� ZLWK� $&� FRXSOLQJ�� WKH\� KDYH� D� FRQVLGHUDEOH� QXPEHU� RI� '&� ORDGV�
FRQQHFWHG� WR� D� FRPPRQ� $&� FRXSOLQJ� EXV� YLD� LQWHUIDFH� '&�$&� SRZHU�
FRQYHUWHUV��,3&V���

�� +0*V�ZLWK�'&�FRXSOLQJ��WKH\�DUH�PDGH�XS�RI�D�UHPDUNDEOH�QXPEHU�RI�$&�
ORDGV�WKDW�DUH�FRQQHFWHG�WR�D�FRPPRQ�'&�FRXSOLQJ�EXV�YLD�$&�'&�,3&V���

�� +0*V�ZLWK�$&�DQG�'&�FRXSOLQJ��WKHVH�W\SHV�RI�0*V�DUH�IRUPHG�E\�WKH�WZR�
SUHYLRXVO\� PHQWLRQHG� 0*V�� FRPPRQO\� LQWHUFRQQHFWHG� E\� %LGLUHFWLRQDO�
,QWHUOLQN�3RZHU�&RQYHUWHUV��%,/3&V����

:H�FDQ�VHH�DQ�H[DPSOH�RI�D�K\EULG�$&�'&�PLFURJULG�ZLWK�$&�DQG�'&�FRXSOLQJ�
LQ�)LJXUH����

�

)LJXUH����+\EULG�$&�'&�PLFURJULG�ZLWK�$&�DQG�'&�FRXSOLQJ�H[DPSOH��

)LJXUH���LV�DQ�H[DPSOH�RI�D�K\EULG�PLFURJULG��LW�LV�PDGH�XS�RI�VWRUDJH�HOHPHQWV��$&�
DQG� '&� ORDGV� DQG� '*V� FRQQHFWHG� WR� WKH� $&� DQG� '&� EXVHV� E\� PHDQV� RI� SRZHU�
FRQYHUWHUV��7KHVH�SRZHU�FRQYHUWHUV�DUH�FDOOHG�LQWHUIDFH�SRZHU�FRQYHUWHUV��,3&V��>�@��
GHSHQGLQJ�RQ�WKH�W\SH�RI�FXUUHQW�,3&V�WUDQVIRUP��WKHUH�DUH�GLIIHUHQW�VWUXFWXUHV��$&�$&��
'&�'&�� $&�'&� DQG� '&�$&�� 7KLV� K\EULG� PLFURJULG� FDQ� EH� XQGHUVWRRG� DV� WKH�
FRQQHFWLRQ�RI�DQ�$&�PLFURJULG�ZLWK�D�'&�PLFURJULG�WKURXJK�WKH�LQWHUOLQNLQJ�FRQYHUWHU�
�,&���7KH�,&�DOORZV�SRZHU�H[FKDQJH�EHWZHHQ�WKH�$&�DQG�'&�VXE�JULG���'LIIHUHQW�W\SHV�
DQG�IRUPV�RI�LQWHUFRQQHFWLRQ�RI�WKHVH�0*V�ZLOO�EH�VWXGLHG�LQ�6HFWLRQ����

7KH� GHYHORSPHQW� RI� WKH� DUWLFOH� FRQWLQXHV� LQ� 6HFWLRQ� ��� ZKLFK� SUHVHQWV� VRPH�
DGYDQWDJHV�DQG�GUDZEDFNV�RI�WKH�0*V��,Q�6HFWLRQ����VRPH�LQWHUFRQQHFWLRQ�PHWKRGV�IRU�
+0*V�DUH�SUHVHQWHG��'LIIHUHQW�FRQWURO�PHWKRGV�DUH�VKRZQ�LQ�6HFWLRQ����6HFWLRQ���WDONV�
DERXW�VRPH�IXWXUH�WUHQGV��)LQDOO\��6HFWLRQ���VKRZV�WKH�FRQFOXVLRQV��
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�� $GYDQWDJHV�DQG�GUDZEDFNV�RI�$&��'&�DQG�+0*V�

���� $&�0LFURJULGV�

$OWKRXJK�$&�0*V�ZHUH�WKH�ILUVW�WR�EH�GHYHORSHG��WKH\�SUHVHQW�D�VHULHV�RI�EHQHILWV�>�@��
�� +LJK�HIILFLHQF\��7KH�YROWDJH�RI�$&�0*V�FDQ�EH�VWHSSHG�XS�DQG�GRZQ�ZLWK�

KLJK�HIILFLHQF\�WUDQVIRUPHUV�IRU�GLVWULEXWLRQ�SXUSRVHV�RU�IRU�ORFDO�ORDGV�XVH��
�� 6WDEOH� YROWDJH�� ,W� FDQ� EH� REWDLQHG� ZKHQ� UHDFWLYH� SRZHU� LV� FRQWUROOHG�

LQGHSHQGHQWO\��
�� 6HFXULW\��,I�DQ\�IDXOW�RFFXUV�LQ�JULG�WLHG�PRGH��WKH�$&�PLFURJULG�GLVFRQQHFWV�

LWVHOI��7KH�ORDG�ZLOO�QRW�EH�LQIOXHQFHG�IURP�WKH�GLVWXUEDQFHV�WKDW�RFFXU�LQ�WKH�
PDLQ�JULG��

�� 3URWHFWLRQ�� 7KHUH� LV� QDWXUDO� ]HUR� FURVVLQJ� RI� WKH� FXUUHQW� LQ� $&� JULGV�� VR�
SURWHFWLRQ�VFKHPHV�DUH�DGYDQWDJHRXV�EHFDXVH�FXUUHQW�FDQ�EH�LQWHUUXSWHG�LQ�D�
VDIHU�ZD\�WKDQ�LQ�D�'&�JULG��

7KH�XVH�RI�$&�PLFURJULG�DOVR�SUHVHQWV�FHUWDLQ�GUDZEDFNV�>�@��
�� +DUPRQLFV��7KH�XVH�RI�SRZHU�HOHFWURQLF�FRQYHUWHUV�LQWURGXFHV�KDUPRQLFV�LQ�

WKH�PDLQ�JULG��
�� &RPSOH[LW\��,W�LV�FRPSOLFDWHG�WR�LQWHUFRQQHFW�'&�5(6V�EHFDXVH�LQYHUWHUV�PXVW�

EH�XVHG�WR�FRQYHUW�'&�RXWSXW�WR�$&��
�� &RQYHUVLRQV�� 7KHUH� LV� D� ORVV� RI� HIILFLHQF\� ZKHQ� $&� SRZHU� QHHGV� WR� EH�

FRQYHUWHG� IRU� '&� ORDGV� VXFK� DV� FRPSXWHUV�� 79V�� EDWWHU\� FKDUJLQJ�� '&�
IOXRUHVFHQW�ODPSV��HOHFWULF�YHKLFOHV��HWF��

���� '&�0LFURJULGV�

5HVHDUFK� DQG� GHYHORSPHQW� RI� $&�0*V� LV� JUHDWHU� WKDQ� IRU� '&�0*V�� 'HVSLWH� WKLV��
VWDUWLQJ�WR�LPSOHPHQW�'&�0*V�EULQJV�D�VHULHV�RI�DGYDQWDJHV���

�� 5HGXFWLRQ� RI� &2�� HPLVVLRQV�� '&� 0*V� XVH� D� IHZHU� QXPEHU� RI� HQHUJ\�
FRQYHUWHUV��PLQLPL]LQJ�&2��HPLVVLRQV�>�@��

�� (IIHFWLYH�LQWHJUDWLRQ�RI�'&�ORDGV��7KHUH�LV�QR�QHHG�WR�FRQYHUW�$&�SRZHU�WR�
'&�IRU�'&�ORDGV��%HFDXVH�RI�WKLV��WKH�TXDOLW\�RI�WKH�HQHUJ\�LV�KLJKHU��UHGXFLQJ�
FRVWV�DQG�ORVVHV�>�@��

�� (DVLHU�LQWHJUDWLRQ�RI�5(6V�DQG�(QHUJ\�6WRUDJH�6\VWHPV��(66V���0RVW�RI�5(6�
DQG�(66�SURGXFH�'&�SRZHU��VR�WKH\�DUH�HDVLO\�LQWHJUDWHG�LQWR�D�'&�PLFURJULG�
WKDQ�LQWR�DQ�$&�RQH��

�� 1R�QHHG�IRU�V\QFKURQL]DWLRQ��7KH�RSHUDWLRQDO�FRPSOH[LW\�RI�WKH�V\VWHP�FDQ�
EH�UHGXFHG�EHFDXVH��LQ�'&�V\VWHPV��WKHUH�LV�QR�QHHG�WR�V\QFKURQL]H�WKH�JULG�
FRQQHFWHG�UHQHZDEOH�HQHUJ\�V\VWHPV�ZLWK�WKH�PDLQ�$&�JULG�>��@��

�� 1R�VNLQ�HIIHFW��,Q�'&�V\VWHPV��VNLQ�HIIHFW� LV�QRW�SURGXFHG��7KH�FXUUHQW�FDQ�
IORZ�WKURXJK�WKH�HQWLUH�FDEOH�DQG�QRW�MXVW�WKURXJK�WKH�RXWHU�HGJHV��%HFDXVH�RI�
WKLV�� SRZHU� ORVVHV� DUH� UHGXFHG� DQG� VPDOOHU� FDEOHV� FDQ� EH� XVHG� LQ� '&�
GLVWULEXWLRQV�>�@��

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 140

pmoreno
ISBN 978-9942-44-109-6



��

�� ,QFUHDVHG�HQHUJ\�HIILFLHQF\�DQG�UHOLDELOLW\��'&�0*V�DUH�PRUH�HQHUJ\�HIILFLHQW�
WKDQ�$&�RQHV��7KLV�LV�EHFDXVH�D�'&�$&�FRQYHUWHU��ZKLFK�KDV�ORZHU�HIILFLHQF\�
WKDQ�D�'&�'&�RQH��LV�UHTXLUHG�LQ�RUGHU�WR�FRQYHUW�WKH�'&�SRZHU�FRPLQJ�IURP�
WKH�VRXUFHV�LQWR�$&�SRZHU�IRU�WKH�ORDGV��

�
$V� VHHQ�� WKH� LPSOHPHQWDWLRQ� RI� '&� 0*V� LQFUHDVHV� SRZHU� TXDOLW\�� HIILFLHQF\��

UHOLDELOLW\��VWDELOLW\�DQG�FRQWUROODELOLW\�RI�WKH�V\VWHP��+RZHYHU��WKH�XVH�RI�'&�0*V�KDV�
VRPH� GUDZEDFNV�� PDLQO\� GXH� WR� WKH� ODFN� RI� UHVHDUFK� RQ� '&� WHFKQRORJLHV�� 6RPH�
REVWDFOHV�LQ�WKH�LPSOHPHQWDWLRQ�RI�'&�QHWZRUNV�DUH�>�@��>��@��

�� 3URWHFWLRQ��7KH�SURWHFWLRQ�LQ�D�'&�PLFURJULG�LV�PRUH�FRPSOLFDWHG�WKDQ�LQ�DQ�
$&� RQH� EHFDXVH�� LQ� WKH� ILUVW� RQH�� WKHUH� LV� QR� QDWXUDO� ]HUR� FURVVLQJ� RI� WKH�
FXUUHQW��

�� /DFN�RI�H[SHUWLVH��'XH�WR�WKH�H[LVWLQJ�0*V�EHLQJ�PRVWO\�$&��WKHLU�WHFKQRORJ\�
LV� ZHOO� GHYHORSHG� DQG� H[SDQGHG�� 1HYHUWKHOHVV�� '&� WHFKQRORJ\� LV� LQ� WKH�
SURFHVV�RI�LPSURYHPHQW��

�� +LJKHU�FRVW��%HFDXVH�RI�WKH�UHFHQW�GHYHORSPHQW�RI�'&�WHFKQRORJ\��WKH�RYHUDOO�
FRVW�RI�$&�WHFKQRORJ\�LV�ORZHU�WKDQ�WKH�'&�RQH���

�� /DFN�RI�VSHFLILF�VWDQGDUGV��,W�LV�QHFHVVDU\�WR�VSHFLI\�VRPH�SDUDPHWHUV�VXFK�DV�
WKH�YROWDJH�OHYHOV�WR�LPSOHPHQW�'&�WHFKQRORJ\��

���� +\EULG�$&�'&�0LFURJULGV�

+0*V� FRPELQH� WKH� DGYDQWDJHV� RI� ERWK� $&� 0*V� DQG� '&� 0*V�� 7KHUHIRUH�� WKH�
LPSOHPHQWDWLRQ�RI�+0*V�SUHVHQWV�D�VHULHV�RI�DGYDQWDJHV�>�@��>��@��

�� 5HGXFWLRQ�RI�HQHUJ\� ORVVHV��$&�DQG�'&�GHYLFHV�DUH�FRQQHFWHG� WR� WKH�PDLQ�
JULG�ZLWK�WKH�PLQLPXP�QXPEHU�RI�LQWHUIDFH�HOHPHQWV�DQG��EHFDXVH�RI�WKDW��WKH�
QXPEHU�RI�FRQYHUVLRQ�VWDJHV�LV�UHGXFHG�DQG�WKHUH�DUH�OHVV�HQHUJ\�ORVVHV��

�� 6LPSOLILFDWLRQ� RI� WKH� YROWDJH� WUDQVIRUPDWLRQ�� ,Q� WKH� $&� JULG�� WKH� YROWDJH�
PRGLILFDWLRQ� LV� SHUIRUPHG� E\� WUDQVIRUPHUV�� DQG� LQ� WKH� '&� JULG� WKH�
PRGLILFDWLRQ�LV�SHUIRUPHG�E\�'&�'&�FRQYHUWHUV��

�� (FRQRPLF�DGYDQWDJHV��$�K\EULG�PLFURJULG� LV�GHYHORSHG�E\�DGGLQJ�D�SRZHU�
FRQYHUWHU�WR�WKH�FXUUHQW�GLVWULEXWLRQ�JULG�DQG�WKH�FRPPXQLFDWLRQ�QHWZRUN�IRU�
WKH�FRQQHFWHG�GHYLFHV��,I�WKH�QXPEHU�RI�FRQQHFWHG�GHYLFHV�LV�KLJK��LQYHVWPHQW�
LQ�FRQYHUWHUV�UHVXOWV�SURILWDEOH�DV�WKH�QXPEHU�RI�WRWDO�LQWHUIDFH�FRQYHUWHUV�LV�
UHGXFHG��

�� &RQWURO� VWUDWHJLHV� VLPSOLILFDWLRQ��%HFDXVH� RI� WKH�'*V� DQG� 66V� DUH� GLUHFWO\�
FRQQHFWHG�WR�WKH�$&�RU�'&�JULG��

$SDUW� IURP� WKH� GUDZEDFNV� WKDW� WKH� '&�PLFURJULG� SUHVHQWV�� WKHUH� DUH� D� VHULHV� RI�
LQFRQYHQLHQFHV�WKDW�WKH�LPSOHPHQWDWLRQ�RI�D�K\EULG�PLFURJULG�HQWDLOV��

�� ,QFUHDVHG�FRPSOH[LW\��0DQDJLQJ�D�+0*�LV�PRUH�FRPSOH[�WKDQ�DQ�$&�0*�RU�
D�'&�0*��DV�LQ�+0*V��LW�LV�QHFHVVDU\�WR�SHUIRUP�WKH�FRQWURO�RI�WKH�GHYLFHV�
DWWDFKHG� WR� WKH� $&� DQG� '&� QHWZRUNV� DQG� WKH� LQWHUIDFH� SRZHU� FRQYHUWHU�
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EHWZHHQ�WKHP��%RWK�W\SHV�RI�0*V��$&�DQG�'&�RQHV��PXVW�EH�DEOH�WR�DFFHVV�
D�VWDEOH�DQG�UHOLDEOH�SRZHU�VXSSO\��

�� 5HOLDELOLW\�UHGXFWLRQ��,W�LV�UHGXFHG�EHFDXVH�DQ�LQWHUIDFH�SRZHU�FRQYHUWHU�PXVW�
EH�LQWURGXFHG�LQ�WKH�GLVWULEXWLRQ�QHWZRUN�WR�JHQHUDWH�WKH�'&�OLQN��EXW�LI�WKH�
QXPEHU�RI�FRQYHUWHU�VWDJHV�LV�UHGXFHG��WKH�UHOLDELOLW\�RI�WKH�FRQQHFWHG�GHYLFHV�
RI�WKH�+0*�LPSURYHV��

,Q� JHQHUDO� WHUPV�� ERWK� $&� DQG� '&� 0*V� KDYH� JRRG� HIILFLHQF\�� DOWKRXJK� WKH�
HIILFLHQF\�RI�'&�0*V�LV�KLJKHU�EHFDXVH�LQ�'&�0*V�QR�LQYHUWHU�LV�UHTXLUHG�WR�FRQYHUW�
WKH�'&�SRZHU�FRPLQJ�IURP�WKH�VRXUFHV�LQWR�$&�IRU�WKH�ORDGV���

$V� KDV� EHHQ� VHHQ�� GHVSLWH� '&�0*V� DUH� PRUH� HIILFLHQW�� WKHLU� LPSOHPHQWDWLRQ� LV�
FRPSOLFDWHG�PDLQO\�GXH�WR�WKH�ODFN�RI�VWDQGDUGL]DWLRQ��ZKLFK�LV�FORVHO\�UHODWHG�WR�D�ODFN�
RI�GHYHORSPHQW�DQG�UHVHDUFK�LQ�WKLV�W\SH�RI�0*V��

7KHVH� LVVXHV� DOVR� DIIHFW� K\EULG� $&�'&� 0*V�� PDNLQJ� WKHVH� V\VWHPV� FRPSOH[��
,QYHVWPHQW�LQ�'&�PLFURJULG�UHVHDUFK�LV�QHHGHG�WR�PDNH�ERWK�'&�DQG�+0*V�WKH�EHVW�
RSWLRQV��

�� ,QWHUFRQQHFWLRQ�RI�$&�DQG�'&�PLFURJULGV�LQ�+0*V�

$�YHU\�LPSRUWDQW�LVVXH�WR�GHDO�ZLWK�LV�WKH�FRQQHFWLRQ�EHWZHHQ�WKH�$&�DQG�'&�0*V�WKDW�
IRUP�WKH�K\EULG�PLFURJULG��+\EULG�$&�'&�0*V�FRQVLVWV�RI� WKUHH�PDLQ�SDUWV��ZKLFK�
DUH��$&�PLFURJULG��'&�PLFURJULG��DQG�SRZHU�HOHFWURQLFV�LQWHUOLQNLQJ�FRQYHUWHUV��,&V���
2QH�RI�WKH�PRVW�UHOHYDQW�HOHPHQWV�RI�+0*V�LV�WKH�,&�EHFDXVH�LW�RYHUVHHV�FRQQHFWLQJ�
$&�'&�0*V��

6RPH�RI�WKH�IHDWXUHV�DQG�RSHUDELOLW\�WKDW�DUH�REWDLQHG�WKDQNV�WR�,&V�DUH�SUHVHQWHG�E\�
DXWKRUV�RI�>��@�LQ�7DEOH����
�

7DEOH����,&V�IHDWXUHV�>��@��

)HDWXUHV� 'HVFULSWLRQ�
�
�
(DVLHU�
FRQQHFWLYLW\�
�

�
�
,&V�DOORZ�WR�DV\QFKURQRXVO\�LQWHUFRQQHFW�$&�0*V�ZLWK�GLIIHUHQW�
IUHTXHQF\�RU�'&�0*V�ZLWK�GLIIHUHQW�YROWDJH��

� �
3RZHU�IORZ�
FRQWURO�

7KH� ,&V� DOORZ� WR� FRQWURO� WKH� IORZ�RI� DFWLYH� DQG� UHDFWLYH� SRZHU�
EHWZHHQ�WKH�0*V��7KLV�DOORZV�IDVWHU�DQG�PRUH�SUHFLVH�UHJXODWLRQ�
WKDQ� GLUHFW� FRQQHFWLRQ�� ,Q� DGGLWLRQ�� JUHDWHU� VWDELOLW\� LV� DFKLHYHG�
GXH�WR�WKH�PLQLPL]DWLRQ�RI�LPSHGDQFH�HIIHFWV��

�
6LPSOLILHG�
QHWZRUN�
�

�
7KH�SRZHU�JULG�LV�HDVLHU�WR�FRQWURO�DV�,&V�KDQGOH�WKH�LQWHUDFWLRQV�
EHWZHHQ�WKH�LQWHUFRQQHFWHG�V\VWHPV��7KH�FRPSOH[LW\�RI�WKH�V\VWHP�
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GRHV�QRW� LQFUHDVH�ZKHQ�QHZ�QHWZRUNV�DUH�DGGHG��,&V�PDQDJH�WR�
VLPSOLI\�WKH�V\QFKURQL]DWLRQ�DQG�FRQQHFWLRQ�RI�0*V��

$QFLOODU\�
VHUYLFHV�
�
�
�
*ULG�
GHFRXSOLQJ�
�

$SDUW�IURP�UHJXODWLQJ�WKH�SRZHU�IORZ��,&V�FDQ�SURYLGH�DQFLOODU\�
VHUYLFHV�WR�WKH�JULG��$QFLOODU\�VHUYLFHV�SURYLGHG�E\�WKH�,&V�KDYH�
EHHQ�VWXGLHG��HVSHFLDOO\�IRU�VROLG�VWDWH�WUDQVIRUPHU��667���DV�VHHQ�
LQ�>��@��>��@��
�
,&V� DOORZ� YROWDJH� GHFRXSOLQJ� EHWZHHQ� FRQQHFWHG� QHWZRUNV� WR�
SUHYHQW� WKH� SURSDJDWLRQ� RI� YROWDJH� VXUJHV� DQG� VDJV� IURP� RQH�
QHWZRUN� WR�DQRWKHU�� ,&V�DOVR�DOORZ�FXUUHQW�GHFRXSOLQJ� WR� LVRODWH�
FXUUHQW�KDUPRQLFV��ZKLFK�FDXVH�HIILFLHQF\�ORVVHV��
�

�

$V� VHHQ� LQ� 6HFWLRQ� ��� WKHUH� DUH� VHYHUDO� W\SHV� RI� +0*V� GHSHQGLQJ� RQ� KRZ� WKH�
HOHPHQWV� DUH� FRQQHFWHG� WR� WKH�PLFURJULG� DQG� KRZ�$&� DQG�'&�0*V� DUH� FRQQHFWHG�
EHWZHHQ�WKHP��7KHVH�W\SHV�RI�0*V�DUH��$&�&RXSOHG�+\EULG�0*��'&�&RXSOHG�+\EULG�
0*�DQG�$&�'&�&RXSOHG�+\EULG�0*�>�@��>�@��

,&V�SURYLGH�VRPH�UHOHYDQW�DQFLOODU\�VHUYLFHV�ZKLFK�DUH�SUHVHQWHG�E\�DXWKRUV�RI�>��@��
7KHUHIRUH�� ,&V� SURYLGH� WKH� UHJXODWLRQ� RI� DFWLYH� DQG� UHDFWLYH� SRZHU�� KDUPRQLF� DQG�
XQEDODQFH� FRPSHQVDWLRQ�� EODFN�VWDUW� DQG� EDFN�XS� RSHUDWLRQ�� VPDUW� SURWHFWLRQ� RU�
KDUPRQLF�DQG�UHVRQDQFH�GDPSLQJ��

'XH� WR� WKH� JURZLQJ� LQWHUHVW� LQ� K\EULG� $&�'&� 0*V�� WKH� LPSOHPHQWDWLRQ� DQG�
GHYHORSPHQW�RI�,&V�KDV�EHHQ�H[WHQVLYHO\�UHVHDUFKHG�ODVW�\HDUV��7KH�JURZLQJ�LQWHUHVW�LQ�
,&V�LV�GXH�WR�WKH�IDFW�WKDW�WKH\�JHQHUDWH�D�VLPSOLILFDWLRQ�RI�WKH�JULG��DV�ZHOO�DV�PDNLQJ�
LW�PRUH�FRQWUROODEOH��PRGXODU�DQG�UHFRQILJXUDEOH��

7KHUH�DUH�PDQ\�ZD\V�RI�XVLQJ�,&V��7KH�GLIIHUHQW�W\SHV�RI�,&�DQG�WKHLU�XVHV��ZKLFK�
ZHUH� IRXQG� LQ� YDULRXV� OLWHUDWXUH�� DUH� H[SRVHG� KHUH�� $XWKRUV� RI� >��@� SURSRVH� D� QHZ�
VWUXFWXUH�RI�LQWHUOLQNLQJ�FRQYHUWHU�FDOOHG�K\EULG�FRXSOHG�LQWHUOLQNLQJ�FRQYHUWHU��+&,&���
ZKLFK�LV�FRPSRVHG�RI�D�FRQYHUWHU�LQ�VHULHV�ZLWK�D�VWDWLF�9$5�FRPSHQVDWRU��69&���7KLV�
VWUXFWXUH�LV�SURSRVHG�IRU�K\EULG�$&�DQG�ORZ�YROWDJH�'&�0*V��

7KH�SRLQW�RI�FRPPRQ�FRXSOLQJ��3&&��LV�WKH�JDWHZD\�EHWZHHQ�WKH�0*V�DQG�WKH�PDLQ�
JULG��WKLV�FRQQHFWLRQ�LV�GRQH�WKURXJK�D�VZLWFKJHDU��WKUHH�PDLQ�W\SHV�RI�VZLWFKJHDUV�DUH�
XVHG��FLUFXLW�EUHDNHUV��&%V���FRQWDFWRUV�DQG�VZLWFKHV��>�@��$XWKRUV�RI�>��@�GHYHORS�D�
FRQWURO�VFKHPH�IRU�WKH�,&�LQ�RUGHU�WR�PDLQWDLQ�D�VLQXVRLGDO�3&&�YROWDJH�XQGHU�QRQOLQHDU�
ORDG�FRQGLWLRQV�LQ�LVODQGHG�+0*V��

,Q�WKH�IROORZLQJ�VFKHPH��)LJXUH�����UDLVHG�E\�DXWKRUV�RI�>�@��GLIIHUHQW�PHWKRGV�RI�
LQWHUFRQQHFWLRQ�RI�$&�DQG�'&�0*V�DUH�SUHVHQWHG��
�

�

�

�
,QWHUFRQQHFWLRQ�
PHWKRGV�RI�$&�DQG�
'&�PLFURJULGV�

6PDOO�VFDOH�)$&76�GHYLFHV�

6ROLG�6WDWH�7UDQVIRUPHU��667��

(QHUJ\�5RXWHU��(5��

3DUDOOHO�FRQQHFWHG�%,/3&�

6LQJOH�%,/3&�

83)&�

834&�

8,3&�
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)LJXUH����&ODVVLILFDWLRQ�RI�LQWHUFRQQHFWLRQ�PHWKRGV�RI�$&�DQG�'&�0*V�>�@��

7KHVH�GLIIHUHQW�IRUPV�RI�LQWHUFRQQHFWLRQ�PHWKRGV�RI�$&�DQG�'&�0*V�DUH�GHVFULEHG�E\�
DXWKRUV�RI�>�@���

�� 6LQJOH� %,/3&�� %LGLUHFWLRQDO� LQWHUOLQN� SRZHU� FRQYHUWHU� LV� RQH� RI� WKH� PRVW�
GHYHORSHG�PHWKRGV�LQ�UHFHQW�\HDUV��WKH�DPRXQW�RI�WUDQVIHUUHG�SRZHU�LV�OLPLWHG��
7KHUH�LV�QR�KLJK�UHOLDELOLW\��

�� 3DUDOOHO�FRQQHFWHG�%,/3&��5HOLDELOLW\� DQG� WKH� DPRXQW� RI� H[FKDQJHG�SRZHU�
LQFUHDVH�LI�WKH\�DUH�FRQQHFWHG�LQ�SDUDOOHO��+RZHYHU��VHYHUDO�FRQWURO�FKDOOHQJHV�
DSSHDU�LQ�FRQWURO�GHVLJQ�DQG�RSHUDWLRQ�OHYHOV��

�� 6PDOO�VFDOH�)$&76��+0*V�FDQ�EH�FRQQHFWHG�WKURXJK�VHYHUDO�PHWKRGV�WKDW�
DGG� IOH[LELOLW\� LQ� SRZHU� IORZ�� VXFK� DV� XQLILHG� LQWHUSKDVH� SRZHU� FRQWUROOHU�
�8,3&���XQLILHG�SRZHU�TXDOLW\�FRQGLWLRQHU��834&���DQG�XQLILHG�SRZHU�IORZ�
FRQWUROOHU��83)&���

�� 6ROLG� VWDWH� WUDQVIRUPHU�� 7KLV� HOHPHQW� SURYLGHV� D� ORZ� YROWDJH�'&� OLQN� WKDW�
PDNHV�WKH�LQWHJUDWLRQ�RI�'*V�DQG�66V�HDVLHU��$OVR��LW�SURYLGHV�PRUH�GHJUHH�RI�
IUHHGRP�LQ�SRZHU�WUDQVIHU�SHUIRUPDQFH�>��@��

�� (QHUJ\� 5RXWHU�� &RQVLVWV� LQ� YDULRXV�'&�'&� DQG�'&�$&� SRZHU� FRQYHUVLRQ�
XQLWV�>��@��

,W�KDV�EHHQ�VHHQ�WKDW�WKH�PRVW�FRPPRQ�LQWHUFRQQHFWLRQ�PHWKRG�EHWZHHQ�$&�DQG�'&�
0*V�LV�WKURXJK�WKH�%,/3&��,Q�DGGLWLRQ��WKH�PRVW�XVHG�FRQWURO�PHWKRGV�RI�WKH�%,/3&�
LV�WKH�GURRS�FRQWURO�EDVHG�PHWKRG�>�@���

�� &RQWURO�PHWKRGV��

,Q�RUGHU� WR�JXDUDQWHH�D�FRUUHFW�RSHUDWLRQ�RI� WKH�V\VWHP��$&��'&�DQG�+0*V�UHTXLUH�
GLIIHUHQW�FRQWURO�WDVNV�>�@��0*V�GLIIHU�IURP�FRQYHQWLRQDO�QHWZRUNV�PDLQO\�EHFDXVH�RI�
WKH�FRQWURO�VWUDWHJLHV�WKDW�PDQDJH�WKH�GHYLFHV�FRQQHFWHG�WR�WKH�QHWZRUN��7KHVH�FRQWURO�
VWUDWHJLHV�DUH�QHFHVVDU\�IRU�DQ�DGHTXDWH�PDQDJHPHQW�RI�WKH�PLFURJULG�DQG��LQ�IDFW��0*V�
FRQWURO� LV�D� ILHOG� LQ�ZKLFK� LW� LV�QHFHVVDU\� WR� LQYHVWLJDWH� WR� ILQG� WKH�PRVW�DSSURSULDWH�
PHWKRG�IRU�HDFK�FDVH��7KHUHIRUH�� WKH�PDLQ�FKDUDFWHULVWLFV� WKDW�PXVW� IXOILO�D�0*�DUH��
SURWHFWLRQ�� WUDQVLWLRQ�� V\QFKURQL]DWLRQ�� VWDELOLW\�� SRZHU� EDODQFH�� SRZHU� WUDQVPLVVLRQ�
DQG�RSWLPL]DWLRQ�>��@��

7KH�GLVWULEXWHG�JHQHUDWLRQ�XQLWV�FDQ�EH�FRQWUROOHG�E\�YDULRXV�DOJRULWKPV�WKDW�FDQ�EH�
FODVVLILHG�DV�FHQWUDOL]HG�RU�GHFHQWUDOL]HG�>��@��

�� &HQWUDOL]HG�FRQWURO��,Q�WKLV�W\SH�RI�FRQWURO��WKH�PLFURJULG�FHQWUDOL]HG�FRQWUROOHU�
�0*&&�� FRQWUROV� WKH� '*� XQLWV�� (DFK� LQGLYLGXDO� SULPDU\� FRQWUROOHU� RI� WKH� '*V� LV�
FRPPDQGHG�E\�WKH�0*&&��$�GLVDGYDQWDJH�RI�WKLV�FRQWURO�PHWKRG�LV�WKDW�LW�GRHV�QRW�
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DOORZ�SOXJ�DQG�SOD\� WHFKQRORJ\� >��@��+RZHYHU�� WKLV� FRQWURO�PHWKRG� DOORZV� DQ� HDV\�
PDQDJHPHQW� RI� HQHUJ\� EHWZHHQ� PXOWLSOH� FRQYHUWHUV� FRQQHFWHG� WR� WKH� GLVWULEXWLRQ�
QHWZRUN�>��@��

�� 'HFHQWUDOL]HG� FRQWURO�� ,Q� WKLV� FRQWURO� PHWKRG� DOO� WKH� '*� XQLWV� ZRUN�
LQGHSHQGHQWO\�ZLWKRXW� D� VHFRQGDU\�PDVWHU� FRQWUROOHU�� (DFK� FRQWUROOHU� RSHUDWHV� ZLWK�
ORFDO� PHDVXUHPHQWV� WKHPVHOYHV� HIIHFWLYHO\� DQG� LW� DOVR� DOORZV� SOXJ�DQG�SOD\�
WHFKQRORJ\��$XWKRUV� RI� >��@� SURSRVH� D� GHFHQWUDOL]HG� FRQWURO� IRU� WKH� LQWHJUDWLRQ� DQG�
FRRUGLQDWLRQ�RI�YDULRXV�'*�XQLWV�RI�WKH�V\VWHP��$Q�LPSRUWDQW�DGYDQWDJH�RI�WKLV�W\SH�RI�
FRQWURO�PHWKRG�LV�WKDW�WKH�V\VWHP�FDSDFLW\�FDQ�EH�HDVLO\�H[WHQGHG�>��@��

0RVW�0*V�XVH�FHQWUDOL]HG�FRQWURO�ZKLFK��GXH�WR�LWV�VLPSOLFLW\��LV�VXLWDEOH�IRU�VPDOO�
VFDOH�0*V��,Q�UHFHQW�\HDUV��GHFHQWUDOL]HG�FRQWURO�LV�RQ�WKH�ULVH��DV�LW�DOORZV�SOXJ�DQG�
SOD\�WHFKQRORJ\�DQG�LV�PRUH�VXLWDEOH�IRU�ODUJH�0*V�DQG�PXOWLSOH�XVHUV��DV�LW�LV�PRUH�
DGDSWDEOH�WR�FKDQJHV��

�
�
�
�
�
�
�
�
�
�
�
�
�

)LJXUH����+LHUDUFKLFDO�FRQWURO��

0*V�FRQWURO�VWUDWHJLHV�SULQFLSDOO\�GHSHQG�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�PLFURJULG��
HYHQ�VR��WKH�PRVW�DGRSWHG�FRQWURO�VWUDWHJLHV�DUH�EDVHG�RQ�D�KLHUDUFKLFDO�VWUXFWXUH�>��@��
7KHQ�� IRU� ERWK� $&� DQG� '&� 0*V�� WKUHH� FRQWURO� OHYHOV� FDQ� EH� GLIIHUHQWLDWHG�� JULG�
OHYHO�JOREDO�WHUWLDU\�FRQWURO��PDQDJHPHQW�OHYHO�PLFURJULG�VHFRQGDU\�FRQWURO�DQG�ILHOG�
OHYHO�ORFDO�SULPDU\�FRQWURO��(DFK�OHYHO�FRQWUROV�D�GLIIHUHQW�VFDOH�RI�WKH�PLFURJULG��7KLV�
KLHUDUFKLFDO�FRQWURO�FDQ�EH�VHHQ�VFKHPDWLFDOO\�LQ�)LJXUH����,Q�VRPH�DUWLFOHV��VXFK�DV�LQ�
WKH�ZRUN�SUHVHQWHG�E\�>��@��WKHVH�OHYHOV�DUH�FDOOHG�SULPDU\��VHFRQGDU\�DQG�FHQWUDO���

7KH�WKUHH�PDLQ�OHYHOV�RI�KLHUDUFKLFDO�FRQWURO�DUH�>�@��>��@��>��@��
�� 3ULPDU\�&RQWURO��(DFK�HOHPHQW�RI�WKH�PLFURJULG��'*V��66V�DQG�ORDGV��LV�FRQQHFWHG�

WR�D�ORFDO�FRQWUROOHU��/&��>�@���'HSHQGLQJ�RQ�WKH�HOHPHQW�FRQQHFWHG�WR�WKH�/&��LW�
SHUIRUPV�YDULRXV�WDVNV�>�@��
�� '*V�FRQQHFWHG�WR�/&��&RQWUROODEOH�'*V��JDV�WXUELQHV��VPDOO�GLHVHO�JHQHUDWRUV��

HWF���DUH�FRQWUROOHG�E\�GURRS�FRQWURO��ZKLFK�RIIHUV�D�JRRG�UHOLDELOLW\�DQG�GRHV�
QRW�UHTXLUH�FRPPXQLFDWLRQ�EHWZHHQ�'(5V��1RQ�FRQWUROODEOH�'*V��39��ZLQG�
WXUELQHV�� HWF��� DUH� PDQDJHG� E\� QRQOLQHDU� GURRS� FRQWURO� DQG� K\EULG� GURRS�
FRQWURO�ZLWK�PD[LPXP�SRZHU�SRLQW�WUDFNLQJ��

7HUWLDU\�
&RQWURO�

6HFRQGDU\�&RQWURO�

3ULPDU\�&RQWURO�

*ULG�OHYHO�

0DQDJHPHQW�OHYHO�

)LHOG�OHYHO�
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�� 66V� FRQQHFWHG� WR� /&�� 66V� DUH� FRQWUROOHG� E\� VWDWH� RI� FKDUJH� �6R&��EDVHG�
DGDSWDWLYH�GURRSV�

�� /RDGV� FRQQHFWHG� WR� /&�� 0*&&� FRQWUROV� ORDGV� VKHGGLQJ� LI� D� FHQWUDOLVHG�
KLHUDUFKLFDO�FRQWURO�LV�XVHG���

�� 6HFRQGDU\�&RQWURO��7KH�PDQDJHPHQW�RI�WKH�0*�LV�SHUIRUPHG�E\�D�0*&&�>�@��7KH�
0*&&�UHVWRUHV�WKH�IUHTXHQF\�DQG�V\QFKURQL]HV�WKH�PLFURJULG�DQG�WKH�JULG�RQO\�LQ�
$&�0*V��)RU�ERWK�$&�DQG�'&�� WKH�0*&&�UHVWRUHV� WKH�YROWDJH��PDQDJHV� ORDG�
VKHGGLQJ�DQG�WKH�RSWLPLVDWLRQ�RI�WKH�SURGXFWLRQ�RI�WKH�0*��

�� 7HUWLDU\�&RQWURO��7KLV�FRQWURO�VHWV� WKH�SRZHU�IORZ�EHWZHHQ�WKH�'&�0*�DQG�WKH�
XSSHU�JULG� >��@��$W� WKLV� OHYHO�� WKH�GLVWULEXWLRQ�QHWZRUN�RSHUDWRU� �'12��DQG� WKH�
PDUNHW�RSHUDWRU��02��VWDQG�RXW��2Q�WKH�RQH�KDQG��02�HQVXUHV�WKDW�WKH�PLFURJULG�
SDUWLFLSDWHV� LQ� HQHUJ\�PDUNHWV� IROORZLQJ� GLIIHUHQW�PDUNHW� SROLFLHV� UDQJLQJ� IURP�
VXSSO\LQJ�WKH�PLFURJULG�ZLWK� LWV�RZQ�HQHUJ\� WR�EX\LQJ�DQG�VHOOLQJ�SRZHU�WR�WKH�
JULG�>�@���2Q�WKH�RWKHU�KDQG��WKH�'12�GHFLGHV�WKH�VFKHGXOH�RI�SRZHU�H[FKDQJH�ZLWK�
WKH�0*�>��@��

6RPH�GHPDQGV�RI�WKH�0*�DUH�H[SHFWHG�WR�EH�IXOILOOHG�LQ�D�VWDEOH�PDQQHU��DFWLYH�DQG�
UHDFWLYH� SRZHU� VXSSRUW� WR� ORDGV�� YROWDJH� DQG� IUHTXHQF\� UHJXODWLRQ� DW� WKHLU� QRPLQDO�
YDOXHV��SRZHU�IORZ�FRQWURO�ZLWK�WKH�JULG��DQG�RSWLPDO�DQG�HFRQRPLF�RSHUDWLRQ�RI�WKH�
PLFURJULG� >��@�� $OO� WKHVH� GHPDQGV� DUH� PDQDJHG� E\� WKH� PLFURJULG� WKURXJK� WKH�
KLHUDUFKLFDO�FRQWURO���

$QRWKHU�HIILFLHQW�ZD\�WR�FRQWURO�SRZHU�LQ�D�K\EULG�$&�'&�PLFURJULG�LV�SURSRVHG�E\�
DXWKRUV� RI� >��@�� ZKHUH� DQ� HQHUJ\� PDQDJHPHQW� PHWKRG� EDVHG� RQ� $11� WKHRU\� LV�
SURSRVHG�WR�HIILFLHQWO\�RSHUDWH�VPDOO�VFDOH�K\EULG�$&�'&�0*V��$OVR��D�FRQWURO�VFKHPH�
IRU� FRRUGLQDWLQJ�'*V� LQ�0*V� LV� UHYLHZHG� E\� DXWKRUV� RI� >��@��0RUHRYHU�� D� FRQWURO�
VFKHPH� IRU� UHJXODWLQJ� SRZHU� IORZV� LQ� D� K\EULG� $&�'&� 0*� LQWHUOLQNHG� E\� SRZHU�
FRQYHUWHUV�LV�H[SODLQHG��7KH�DUWLFOH�>��@�SURSRVHV�DQG�GHVLJQV�WKH�FRQWURO�RI�D�V\VWHP�
WKDW�FDQ�RSHUDWH�LQ�FRQQHFWHG�DQG�LVRODWHG�PRGH�DQG�VKRZV�WKDW�WKH�V\VWHP�FDQ�PDLQWDLQ�
VWDEOH�RSHUDWLRQ�XQGHU�WKH�SURSRVHG�FRRUGLQDWLRQ�FRQWURO�VFKHPHV�ZKHQ�WKH�QHWZRUN�LV�
VZLWFKHG�IURP�RQH�RSHUDWLQJ�FRQGLWLRQ�WR�DQRWKHU��

$�XVHIXO�ZD\�RI�ZRUNLQJ�ZLWK�KLHUDUFKLFDO�FRQWURO�FDQ�EH�VHHQ�LQ�DUWLFOH�>��@��ZKHUH�
LW�LV�FRQFOXGHG�WKDW�WKH�WHUWLDU\�FRQWURO�FDQ�EH�PDGH�WR�DFW�DV�WKH�SULPDU\�FRQWURO��WKXV�
EHLQJ� DEOH� WR� LQWHUFRQQHFW�PRUH�0*V�� 7KLV� FRXOG� VFDOH� WKH� KLHUDUFK\� RI� FRQWURO� DV�
QHHGHG��7KLV�LV�WKH�UHDVRQ�ZK\�WKH�V\VWHP�EHFRPHV�PRUH�IOH[LEOH�DQG�H[SDQGDEOH�DQG��
FRQVHTXHQWO\�� PRUH�0*V� FDQ� EH� LQWHJUDWHG� ZLWKRXW� FKDQJLQJ� WKH� ORFDO� KLHUDUFKLFDO�
FRQWURO�V\VWHP�DVVRFLDWHG�WR�HDFK�0*��

�� )XWXUH�WUHQGV�

$V� H[SRVHG� WKURXJKRXW� WKH� DUWLFOH�� 0*V� DUH� XVHIXO� DQG� LQFUHDVLQJ� LQ� XVH�� &OLPDWH�
FKDQJH�DQG�WKH�UHGXFWLRQ�LQ�WKH�FRQVXPSWLRQ�RI�IRVVLO�IXHOV�RU�WKH�FXUUHQW�HQHUJ\�FULVLV�
DUH� SUHFXUVRUV� WR� WKH� QHFHVVDU\� GHYHORSPHQW� DQG� LPSOHPHQWDWLRQ� RI�+0*V�� ,Q� WKLV�
VHFWLRQ��WKH�PRVW�LPSRUWDQW�WRSLFV�WR�EH�GLVFXVVHG�LQ�WKH�FRPLQJ�\HDUV�DUH�SUHVHQWHG�LQ�
RUGHU�WR�IDYRXUDEO\�GHYHORS�'&�0*V�DQG�$&�'&�+0*V��
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$V�UHYLHZHG�WKURXJKRXW�WKH�DUWLFOH��XQOLNH�'&�0*V��$&�0*V�KDYH�EHHQ�H[WHQVLYHO\�
VWXGLHG��)XUWKHU� UHVHDUFK�RQ�'&�0*V� LV� UHTXLUHG� LQ�RUGHU� WR�GHYHORS�EHWWHU�$&�'&�
+0*V��

'&�GHYLFHV�QHHG�WR�EH�FRQQHFWHG�WR�'&�$&�FRQYHUWHUV�WR�FRQQHFW�WR�$&�0*V��'XH�
WR�WKH�LQFUHDVLQJ�QXPEHU�RI�'&�GHYLFHV��WKH�LPSOHPHQWDWLRQ�RI�'&�0*V�UHGXFHV�WKH�
ORVVHV�FDXVHG�E\�WKLV�FRQYHUVLRQ�>�@��,Q�DGGLWLRQ��'&�0*V�DQG�$&�'&�+0*V�UHGXFH�
WKH�QXPEHU�RI�SRZHU�FRQYHUVLRQ�SURFHVVHV��WKXV�LQFUHDVLQJ�WKH�HIILFLHQF\�RI�WKH�V\VWHP�
>�@�� %\� WKH� ZD\�� LW� LV� LPSRUWDQW� WR� SURPRWH� WKH� GHYHORSPHQW� RI� '&�FRPSDWLEOH�
HTXLSPHQW�>�@��

7KHUH�DUH�D�QXPEHU�RI�UHVHDUFK�DUHDV�WKDW�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW�LQ�WKH�QH[W�
\HDUV��

�� &RQWURO��'URRS�EDVHG�FRQWURO�VWUDWHJLHV�DUH�XVHIXO�WR�DFKLHYH�SOXJ�DQG�SOD\�
WHFKQRORJ\�>��@��EXW� LW�QHHGV� WR�EH�UHVHDUFKHG�PRUH�LQ�WKH�IXWXUH�EHFDXVH�LW�
SUHVHQWV�VRPH�GLVDGYDQWDJHV�>��@��$OVR��SRZHU�IORZ�EHWZHHQ�$&�DQG�'&�VXE�
JULGV�FDQ�EH�PRUH�VXLWDEOH�LI�WKH�FRQWURO�VWUDWHJ\�IRU�WKH�LQWHUIDFH�FRQYHUWHU�LV�
LPSURYHG��7KHUHIRUH��WKH�FRQWURO�DQG�PDQDJHPHQW�RI�LQWHUIDFH�FRQYHUWHUV�LV�
DQ� LPSRUWDQW� WRSLF� WR� LQYHVWLJDWH� IXUWKHU� LQ� WKH� FRPLQJ� \HDUV� >��@��
)XUWKHUPRUH��WKH�HIILFLHQF\�RI�WKH�PLFURJULG�FDQ�EH�LPSURYHG�LI�D�KLJK�OHYHO�
FRQWURO�WHFKQLTXH�LV�LQFOXGHG��7KLV�ZLOO�DFKLHYH�DQ�LPSURYHPHQW�LQ�WKH�FRQWURO�
RI�WKH�SRZHU�IORZ�RQ�WKH�XWLOLW\�JULG�>��@��

�� 5HDO�WLPH�RSHUDWLRQ��'XH�WR�WKH�LQFUHDVLQJ�LQFRUSRUDWLRQ�RI�QHZ�5(6�LQ�0*��
WKHUH�LV�D�QHHG�IRU�VDIHU��PRUH�UHOLDEOH��IDVWHU�DQG�FKHDSHU�WHVWLQJ�PHWKRGV���

�� 6WDQGDUGL]DWLRQ��7KH�VWDQGDUGLVDWLRQ�RI�$&�0*V�KDV�JUHDWO\�DGYDQFHG�LQ�WKH�
ODVW� \HDUV�� XQOLNH� '&� 0*V� >�@�� $� YHU\� LPSRUWDQW� LVVXH� WKDW� QHHGV� WR� EH�
DGGUHVVHG�LV�WKH�UHJXODWRU\�IUDPHZRUN�DQG�VWDQGDUGL]DWLRQ�IRU�'&�0*V��7KHUH�
LV�DQ�LPSRUWDQW�ODFN�RI�DGHTXDWH�VWDQGDUGV�VLQFH�WKHUH�LV�QR�RQH�VSHFLILF�'&�
YROWDJH�OHYHO�RU�FOHDU�OLPLWV�EHWZHHQ�ORZ��PHGLXP�DQG�KLJK�YROWDJH��)RU�WKLV�
UHDVRQ��ZLWKRXW�YROWDJH�VWDQGDUGL]DWLRQ�LW�LV�GLIILFXOW�WR�FXVWRPL]H�DSSOLDQFHV��
VDIHW\�HTXLSPHQW�DQG�GHYLFHV�ZKLFK�DUH�FRQQHFWHG�WR�WKH�'&�EXVHV�RI�WKH�0*V�
>�@���

�� 2SHUDWLRQ�PRGH�DQG�SURWHFWLRQ��7KH�WUDQVLWLRQ�EHWZHHQ�JULG�WLHG�DQG�LVODQGHG�
PRGHV�RI�RSHUDWLRQ�QHHGV�WR�EH�PRUH�UHVHDUFKHG��EXW�QR�PDWWHU�WKH�FDVH��WKLV�
WUDQVLWLRQ� VKRXOG� EH� VHDPOHVV� DQG� VPRRWK� >�@�� >��@�� 5HODWHG� WR� WKLV�� WKH�
SURWHFWLRQ�WHFKQLTXH�PXVW�EH�GHYHORSHG�WR�RSHUDWH�LQ�DQ\�IUDPHZRUN�RI�WKH�
PLFURJULG��,Q�DGGLWLRQ��IXWXUH�UHVHDUFK�FDQ�EH�GRQH�RQ�DUWLILFLDO�LQWHOOLJHQFH�
EDVHG�PLFURJULG�SURWHFWLRQ�WKDW�FDQ�ZRUN�LQ�ERWK�JULG�FRQQHFWHG�DQG�LVODQGHG�
PRGHV�>�@��,Q�DQ\�FDVH��WKH�GHVLJQ�RI�SURWHFWLRQ�VFKHPH�PXVW�JXDUDQWHH�D�VDIH�
RSHUDWLRQ�>�@͘�3URWHFWLRQ�UHVHDUFK�VKRXOG�DOVR�EH�GHYHORSHG�WR�FRQWURO�F\EHU�
DWWDFNV�WKDW�GLVUXSW�WKH�RSHUDWLRQ�RI�WKH�PLFURJULG�>�@���

�� &\EHUVHFXULW\�� &\EHU�SK\VLFDO� V\VWHPV� DUH� WKRVH� WKDW� LQWHJUDWH� FRPSXWLQJ��
FRPPXQLFDWLRQ�� SK\VLFDO� SURFHVVHV� DQG� VHFXULW\� LVVXHV� >��@�� WKHVH� V\VWHPV�
UHTXLUH�PRUH�UHVHDUFK��0*V�DUH�F\EHU�SK\VLFDO�V\VWHPV�WKDW�FDQ�EH�DIIHFWHG�
E\� F\EHU�DWWDFNV�� ,Q� K\EULG� $&�'&� 0*V�� F\EHUVHFXULW\� KDV� DQ� LPSRUWDQW�
HIIHFW�RQ�WKH�FRQWURO�VWUXFWXUH��7KLV� LV�WKH�UHDVRQ�ZK\�UHDO�WLPH�FRQWURO�DQG�
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PRQLWRULQJ�V\VWHPV�PXVW�EH�GHYHORSHG�LQ�IXWXUH�UHVHDUFK�IRU�GHWHFWLQJ�DWWDFN�
VFHQDULRV�>��@��

�� 3RZHU� TXDOLW\� LVVXHV�� 5HODWHG� WR� SRZHU� TXDOLW\� LVVXHV�� WKH� GHYHORSPHQW� RI�
DQFLOODU\� VHUYLFHV� VXFK�DV� KDUPRQLF�FRPSHQVDWLRQ��SRZHU� IDFWRU�FRUUHFWLRQ��
IOLFNHU�PLWLJDWLRQ��HWF���LV�D�JRRG�UHVHDUFK�GLUHFWLRQ�IRU�IXWXUH�0*�V\VWHPV�>�@��

�� (FRQRPLF� LVVXHV�� 5HJDUGLQJ� HFRQRPLF� LVVXHV�� DV� 0*V� DUH� GHYHORSHG� DQG�
UHVHDUFKHG�� WKHLU� FRVWV� ZLOO� EH� UHGXFHG� DQG�0*V�ZLOO� EHFRPH� FKHDSHU� DQG�
PRUH�DFFHVVLEOH�>�@��

�� ,QWHUIDFH� FRQYHUWHUV�� ,W� LV� QHFHVVDU\� WR� LPSURYH� WKH� SHUIRUPDQFH� RI� SRZHU�
LQWHUIDFH�FRQYHUWHUV�VLQFH�WKH\�FRQWURO�WKH�SRZHU�IORZ�EHWZHHQ�QHWZRUNV�ZKLOH�
HQVXULQJ�DQ�HIILFLHQW��UHOLDEOH�DQG�DGHTXDWH�GLVWULEXWLRQ�RI�WKH�SRZHU��$OVR��WKH�
PRGXODUL]DWLRQ�RI�SRZHU�FRQYHUWHUV�LV�D�WRSLF�WKDW�QHHGV�IXUWKHU�UHVHDUFK�>��@��
>��@��'HSHQGLQJ�RQ�WKH�LQSXW�DQG�RXWSXW�YROWDJH�OHYHOV�RI�WKH�0*V��GLIIHUHQW�
DSSURDFKHV�QHHG�WR�EH�GHYHORSHG�>��@���

�� $&�'&�&RXSOHG�+\EULG�0LFURJULG��7KLV�W\SH�RI�VWUXFWXUH��ZKLFK�LV�SUHVHQWHG�
LQ�6HFWLRQV���DQG����KDV�PDQ\�EHQHILWV�FRPSDUHG�WR�WKH�RWKHU�VWUXFWXUHV��7KDW�
LV�ZK\�WKLV�ZLOO�EH�WKH�PRVW�SURPLVLQJ�PLFURJULG�VWUXFWXUHV�LQ�WKH�QH[W�\HDUV�
>�@��>�@���

�� &RQFOXVLRQV�

7KLV�ZRUN�SUHVHQWV�D�UHYLHZ�DQG�VWDWH�RI�WKH�DUW�RI�'&�DQG�+0*V��$V�LW�KDV�EHHQ�VHHQ�
WKURXJKRXW�WKH�SDSHU��WKH�XVH�DQG�LPSOHPHQWDWLRQ�RI�0*V�LV�JURZLQJ�GXH�WR�WKH�QHHG�
IRU�JUHDWHU�FRQVXPSWLRQ�DQG�VXSSO\�RI�HQHUJ\�IURP�UHQHZDEOH�HQHUJLHV�VXFK�DV�39�DQG�
ZLQG�SRZHU��,Q�UHFHQW�\HDUV��PRUH�UHVHDUFK�KDV�EHHQ�GRQH�RQ�'&�DQG�+0*V��ZKLFK�
FRPELQH�ERWK�$&�DQG�'&�JULGV��GXH�WR�WKH�DGYDQWDJHV�WKDW�WKHVH�0*V�RIIHU�RYHU�$&�
0*V���

'HVSLWH�'&�0*V�KDYLQJ�D�QXPEHU�RI�GLVDGYDQWDJHV�GXH�WR�WKH�ODFN�RI�UHVHDUFK�VXFK�
DV� WKH� QHHG� IRU� VSHFLILF� VWDQGDUGV�� KLJKHU� FRVWV� WKDQ�$&�0*V� DQG� WKH� DEVHQFH�RI� D�
KLJKO\� GHYHORSHG� WHFKQRORJ\� WKDW� DOORZV� D� EHWWHU� LPSOHPHQWDWLRQ�� '&� 0*V� KDYH�
DGYDQWDJHV� WKDW� FDQQRW� EH� GLVUHJDUGHG� DQG� WKDW� PDNH� WKHP� D� YLDEOH� RSWLRQ�� 7KHVH�
DGYDQWDJHV� DUH� WKH� LQFUHDVLQJ�QXPEHU�RI�'&� ORDGV�� LPSURYLQJ� WKH�HIIHFWLYHQHVV�DQG�
SRZHU� TXDOLW\� RI�0*V� E\� UHGXFLQJ� SRZHU� ORVVHV� GXH� WR� SRZHU� FRQYHUVLRQV�� DQG� DQ�
HDVLHU�LQWHJUDWLRQ�RI�5(6�LQ�'&�0*��WKXV�UHGXFLQJ�&2��HPLVVLRQV��7KLV�LV�ZK\�WKH�XVH�
RI�K\EULG�$&�'&�0*V�LV�D�JRRG�RSWLRQ��DV�WKH\�HQFRPSDVV�WKH�DGYDQWDJHV�RI�ERWK�'&�
DQG�$&�0*V��

+0*V�FRQVLVW�RI�DQ�$&�PLFURJULG��D�'&�PLFURJULG�DQG�DQ�LQWHUOLQNLQJ�FRQYHUWHU�
WKDW�HQDEOHV�WKH�LQWHUFRQQHFWLRQ�EHWZHHQ�ERWK�0*V��7KH�JURZLQJ�LQWHUHVW�LQ�,&V�LV�GXH�
WR� WKH� IDFW� WKDW� WKH\� VLPSOLI\� WKH� JULG�� PDNH� LW� PRUH� FRQWUROODEOH�� PRGXODU��
UHFRQILJXUDEOH�DQG�RIIHUV�HDVLHU�FRQQHFWLYLW\��7KH�%,/3&�LV�RQH�RI�WKH�PRVW�GHYHORSHG�
LQWHUFRQQHFWLRQ�PHWKRGV�LQ�UHFHQW�\HDUV��

7KH� LPSRUWDQFH� RI� KLHUDUFKLFDO� FRQWURO� KDV� EHHQ� GHVFULEHG� DQG� KLJKOLJKWHG�� DQG�
VHYHUDO�H[DPSOHV�RI�FRQWURO�PHWKRGV�LQYHVWLJDWHG�LQ�YDULRXV�ZRUNV�VXFK�DV�PDNLQJ�WKH�
WHUWLDU\�FRQWURO�WR�DFW�DV�WKH�SULPDU\�RQH�WR�DFKLHYH�D�PRUH�H[SDQGDEOH�0*�RU�WKH�XVH�
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RI� $11� WR� FRQWURO� WKH� 0*V� KDYH� EHHQ� SUHVHQWHG�� &HQWUDOL]HG� FRQWURO�� GXH� WR� LWV�
VLPSOLFLW\��LV�VXLWDEOH�IRU�VPDOO�VFDOH�0*V��,Q�UHFHQW�\HDUV��GHFHQWUDOL]HG�FRQWURO�LV�RQ�
WKH�ULVH��DV�LW�DOORZV�SOXJ�DQG�SOD\�WHFKQRORJ\�DQG�LV�PRUH�VXLWDEOH�IRU�ODUJH�0*V�DQG�
PXOWLSOH�XVHUV��DV�LW�LV�PRUH�DGDSWDEOH�WR�FKDQJHV��

)LQDOO\��VHYHUDO� WRSLFV�KDYH�EHHQ�GLVFXVVHG�DERXW�ZKDW�IXUWKHU�UHVHDUFK�VKRXOG�EH�
FDUULHG�RXW�LQ�WKH�IXWXUH�LQ�RUGHU�WR�LPSURYH�WKH�LPSOHPHQWDWLRQ�RI�K\EULG�DQG�'&�0*V��
6RPH�RI�WKH�PRVW�LPSRUWDQW�IXWXUH�WUHQGV�DUH�WKH�QHHG�IRU�VWDQGDUGL]DWLRQ�IRU�'&�0*V��
FRVW�UHGXFWLRQ�RU�F\EHUVHFXULW\��
�
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Ϯϰ͕�ƉƉ͘�ϯϴϳʹϰϬϱ͕��ƵŐ͘�ϮϬϭϯ͕�ĚŽŝ͗�ϭϬ͘ϭϬϭϲͬ:͘Z^�Z͘ϮϬϭϯ͘Ϭϯ͘Ϭϲϳ͘�

ϳ͘� K͘� �ǌĞĞŵ� Ğƚ� Ăů͕͘� ͞�� ĐŽŵƉƌĞŚĞŶƐŝǀĞ� ƌĞǀŝĞǁ� ŽŶ� ŝŶƚĞŐƌĂƚŝŽŶ� ĐŚĂůůĞŶŐĞƐ͕� ŽƉƚŝŵŝǌĂƚŝŽŶ�
ƚĞĐŚŶŝƋƵĞƐ� ĂŶĚ� ĐŽŶƚƌŽů� ƐƚƌĂƚĞŐŝĞƐ� ŽĨ� ŚǇďƌŝĚ� ĂĐͬĚĐ� ŵŝĐƌŽŐƌŝĚ͕͟� �ƉƉůŝĞĚ� ^ĐŝĞŶĐĞƐ�
;^ǁŝƚǌĞƌůĂŶĚͿ͕�ǀŽů͘�ϭϭ͕�ŶŽ͘�ϭϰ͕�:Ƶů͘�ϮϬϮϭ͕�ĚŽŝ͗�ϭϬ͘ϯϯϵϬͬĂƉƉϭϭϭϰϲϮϰϮ͘�

ϴ͘� �͘��ĂŐĂƌ͕� W͘�'ƵƉƚĂ͕� ĂŶĚ�s͘�EŝƌĂŶũĂŶ͕� ͞DŝĐƌŽŐƌŝĚ�ƉƌŽƚĞĐƚŝŽŶ͗� �� ĐŽŵƉƌĞŚĞŶƐŝǀĞ� ƌĞǀŝĞǁ͕͟�
ZĞŶĞǁĂďůĞ�ĂŶĚ� ^ƵƐƚĂŝŶĂďůĞ� �ŶĞƌŐǇ� ZĞǀŝĞǁƐ͕� ǀŽů͘� ϭϰϵ͘� �ůƐĞǀŝĞƌ� >ƚĚ͕�KĐƚ͘� Ϭϭ͕� ϮϬϮϭ͘� ĚŽŝ͗�
ϭϬ͘ϭϬϭϲͬũ͘ƌƐĞƌ͘ϮϬϮϭ͘ϭϭϭϰϬϭ͘�

ϵ͘� D͘�&ŽƚŽƉŽƵůŽƵ͕��͘�ZĂŬŽƉŽƵůŽƐ͕��͘�dƌŝŐŬĂƐ͕�&͘�^ƚĞƌŐŝŽƉŽƵůŽƐ͕�K͘��ůĂŶĂƐ͕�ĂŶĚ�^͘�sŽƵƚĞƚĂŬŝƐ͕�
͞^ƚĂƚĞ�ŽĨ� ƚŚĞ��ƌƚ�ŽĨ�>Žǁ�ĂŶĚ�DĞĚŝƵŵ�sŽůƚĂŐĞ��ŝƌĞĐƚ��ƵƌƌĞŶƚ� ;��Ϳ�DŝĐƌŽŐƌŝĚƐ͕͟�ǀŽů͘�ϭϰ͕�
ϮϬϮϭ͕�ĚŽŝ͗�ϭϬ͘ϯϯϵϬͬĞŶϭϰϭϴϱϱϵϱ͘�

ϭϬ͘��͘�<ƵŵĂƌ͕�&͘��ĂƌĞ͕�ĂŶĚ��͘�'ŚŽƐŚ͕�͞ ���DŝĐƌŽŐƌŝĚ�dĞĐŚŶŽůŽŐǇ͗�̂ ǇƐƚĞŵ��ƌĐŚŝƚĞĐƚƵƌĞƐ͕����'ƌŝĚ�
/ŶƚĞƌĨĂĐĞƐ͕�'ƌŽƵŶĚŝŶŐ�^ĐŚĞŵĞƐ͕�WŽǁĞƌYƵĂůŝƚǇ͕��ŽŵŵƵŶŝĐĂƚŝŽŶ�EĞƚǁŽƌŬƐ͕��ƉƉůŝĐĂƚŝŽŶƐ͕�
ĂŶĚ�^ƚĂŶĚĂƌĚŝǌĂƚŝŽŶƐ��ƐƉĞĐƚƐ͕͟�ĚŽŝ͗�ϭϬ͘ϭϭϬϵͬ����^^͘ϮϬϭϳ͘ϮϳϬϱϵϭϰ͘�

ϭϭ͘��͘�hŶĂŵƵŶŽ�ĂŶĚ�:͘��͘��ĂƌƌĞŶĂ͕�͞,ǇďƌŝĚ�ĂĐͬĚĐ�ŵŝĐƌŽŐƌŝĚƐͶWĂƌƚ�/͗�ZĞǀŝĞǁ�ĂŶĚ�ĐůĂƐƐŝĨŝĐĂƚŝŽŶ�
ŽĨ�ƚŽƉŽůŽŐŝĞƐ͕͟�ZĞŶĞǁĂďůĞ�ĂŶĚ�^ƵƐƚĂŝŶĂďůĞ��ŶĞƌŐǇ�ZĞǀŝĞǁƐ͕�ǀŽů͘�ϱϮ͕�ƉƉ͘�ϭϮϱϭʹϭϮϱϵ͕�ϮϬϭϱ͕�
ĚŽŝ͗�ŚƚƚƉƐ͗ͬͬĚŽŝ͘ŽƌŐͬϭϬ͘ϭϬϭϲͬũ͘ƌƐĞƌ͘ϮϬϭϱ͘Ϭϳ͘ϭϵϰ͘�
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ϭϮ͘��͘�KƌĚŽŶŽ͕��͘�hŶĂŵƵŶŽ͕�:͘��͘��ĂƌƌĞŶĂ͕�ĂŶĚ�:͘�WĂŶŝĂŐƵĂ͕�͞/ŶƚĞƌůŝŶŬŝŶŐ�ĐŽŶǀĞƌƚĞƌƐ�ĂŶĚ�ƚŚĞŝƌ�
ĐŽŶƚƌŝďƵƚŝŽŶ� ƚŽ�ƉƌŝŵĂƌǇ� ƌĞŐƵůĂƚŝŽŶ͗�Ă� ƌĞǀŝĞǁ͕͟� /ŶƚĞƌŶĂƚŝŽŶĂů� :ŽƵƌŶĂů�ŽĨ��ůĞĐƚƌŝĐĂů�WŽǁĞƌ�
ĂŶĚ��ŶĞƌŐǇ�^ǇƐƚĞŵƐ͕�ǀŽů͘�ϭϭϭ͕�ƉƉ͘�ϰϰʹϱϳ͕�KĐƚ͘�ϮϬϭϵ͕�ĚŽŝ͗�ϭϬ͘ϭϬϭϲͬũ͘ŝũĞƉĞƐ͘ϮϬϭϵ͘Ϭϯ͘Ϭϱϳ͘�

ϭϯ͘�>͘�&͘��ŽƐƚĂ͕�'͘�ĚĞ��ĂƌŶĞ͕�'͘��ƵƚŝĐĐŚŝ͕�ĂŶĚ�D͘�>ŝƐĞƌƌĞ͕�͞dŚĞ�^ŵĂƌƚ�dƌĂŶƐĨŽƌŵĞƌ͗���ƐŽůŝĚͲƐƚĂƚĞ�
ƚƌĂŶƐĨŽƌŵĞƌ� ƚĂŝůŽƌĞĚ� ƚŽ�ƉƌŽǀŝĚĞ� ĂŶĐŝůůĂƌǇ� ƐĞƌǀŝĐĞƐ� ƚŽ� ƚŚĞ� ĚŝƐƚƌŝďƵƚŝŽŶ� ŐƌŝĚ͕͟� /����WŽǁĞƌ�
�ůĞĐƚƌŽŶŝĐƐ�DĂŐĂǌŝŶĞ͕�ǀŽů͘�ϰ͕�ŶŽ͘�Ϯ͕�ƉƉ͘�ϱϲʹϲϳ͕�ϮϬϭϳ͕�ĚŽŝ͗�ϭϬ͘ϭϭϬϵͬDW�>͘ϮϬϭϳ͘ϮϲϵϮϯϴϭ͘�

ϭϰ͘��͘Ͳy͘� �ŽƵ͕� '͘� �ƵƚŝĐĐŚŝ͕� ĂŶĚ� D͘� >ŝƐĞƌƌĞ͕� ͞�ŽŶƚƌŽů� ĂŶĚ� ĐŽŵŵƵŶŝĐĂƚŝŽŶ� ŝŶ� ƚŚĞ� ^ŵĂƌƚ�
dƌĂŶƐĨŽƌŵĞƌͲĨĞĚ� ŐƌŝĚ͕͟� ŝŶ� ϮϬϭϲ� /���� ϮϭƐƚ� /ŶƚĞƌŶĂƚŝŽŶĂů� �ŽŶĨĞƌĞŶĐĞ� ŽŶ� �ŵĞƌŐŝŶŐ�
dĞĐŚŶŽůŽŐŝĞƐ� ĂŶĚ� &ĂĐƚŽƌǇ� �ƵƚŽŵĂƚŝŽŶ� ;�d&�Ϳ͕� ϮϬϭϲ͕� ƉƉ͘� ϭʹϵ͘� ĚŽŝ͗�
ϭϬ͘ϭϭϬϵͬ�d&�͘ϮϬϭϲ͘ϳϳϯϯϰϵϱ͘�

ϭϱ͘�>͘�tĂŶŐ͕�y͘�&Ƶ͕�ĂŶĚ�D͘Ͳ�͘�tŽŶŐ͕�͞KƉĞƌĂƚŝŽŶ�ĂŶĚ��ŽŶƚƌŽů�ŽĨ�Ă�,ǇďƌŝĚ��ŽƵƉůĞĚ�/ŶƚĞƌůŝŶŬŝŶŐ�
�ŽŶǀĞƌƚĞƌ� ĨŽƌ� ,ǇďƌŝĚ� ��ͬ>Žǁ� sŽůƚĂŐĞ� ��� DŝĐƌŽŐƌŝĚƐ͕͟� /���� dZ�E^��d/KE^� KE�
/E�h^dZ/�>��>��dZKE/�^͕�ǀŽů͘�ϲϴ͕�ŶŽ͘�ϴ͕�ϮϬϮϭ͕�ĚŽŝ͗�ϭϬ͘ϭϭϬϵͬd/�͘ϮϬϮϬ͘ϯϬϬϭϴϬϮ͘�

ϭϲ͘��͘�D͘�WŚĂŶ�ĂŶĚ�,͘�,͘�>ĞĞ͕�͞/ŶƚĞƌůŝŶŬŝŶŐ��ŽŶǀĞƌƚĞƌ�ƚŽ�/ŵƉƌŽǀĞ�WŽǁĞƌ�YƵĂůŝƚǇ�ŝŶ�,ǇďƌŝĚ���Ͳ
���DŝĐƌŽŐƌŝĚƐ�ǁŝƚŚ�EŽŶůŝŶĞĂƌ�>ŽĂĚƐ͕͟�/����:��ŵĞƌŐ�^Ğů�dŽƉ�WŽǁĞƌ��ůĞĐƚƌŽŶ͕�ǀŽů͘�ϳ͕�ŶŽ͘�ϯ͕�
ƉƉ͘�ϭϵϱϵʹϭϵϲϴ͕�^ĞƉ͘�ϮϬϭϵ͕�ĚŽŝ͗�ϭϬ͘ϭϭϬϵͬ:�^dW�͘ϮϬϭϴ͘ϮϴϳϬϳϰϭ͘�

ϭϳ͘�:͘��͘�,ƵďĞƌ�ĂŶĚ�:͘�t͘�<ŽůĂƌ͕�͞ �ƉƉůŝĐĂďŝůŝƚǇ�ŽĨ�̂ ŽůŝĚͲ^ƚĂƚĞ�dƌĂŶƐĨŽƌŵĞƌƐ�ŝŶ�dŽĚĂǇ͛Ɛ�ĂŶĚ�&ƵƚƵƌĞ�
�ŝƐƚƌŝďƵƚŝŽŶ�'ƌŝĚƐ͕͟� /����dƌĂŶƐ� ^ŵĂƌƚ�'ƌŝĚ͕� ǀŽů͘� ϭϬ͕�ŶŽ͘�ϭ͕� ƉƉ͘� ϯϭϳʹϯϮϲ͕� :ĂŶ͘�ϮϬϭϵ͕� ĚŽŝ͗�
ϭϬ͘ϭϭϬϵͬd^'͘ϮϬϭϳ͘ϮϳϯϴϲϭϬ͘�

ϭϴ͘�z͘�>ŝƵ͕�z͘�&ĂŶŐ͕�ĂŶĚ� :͘� >ŝ͕� ͞/ŶƚĞƌĐŽŶŶĞĐƚŝŶŐ�ŵŝĐƌŽŐƌŝĚƐ�ǀŝĂ� ƚŚĞ�ĞŶĞƌŐǇ� ƌŽƵƚĞƌ�ǁŝƚŚ� ƐŵĂƌƚ�
ĞŶĞƌŐǇ� ŵĂŶĂŐĞŵĞŶƚ͕͟� �ŶĞƌŐŝĞƐ� ;�ĂƐĞůͿ͕� ǀŽů͘� ϭϬ͕� ŶŽ͘� ϵ͕� �ƵŐ͘� ϮϬϭϳ͕� ĚŽŝ͗�
ϭϬ͘ϯϯϵϬͬĞŶϭϬϬϵϭϮϵϳ͘�

ϭϵ͘��͘�hŶĂŵƵŶŽ�ĂŶĚ�:͘��͘��ĂƌƌĞŶĂ͕�͞ ,ǇďƌŝĚ�ĂĐͬĚĐ�ŵŝĐƌŽŐƌŝĚƐͶWĂƌƚ�//͗�ZĞǀŝĞǁ�ĂŶĚ�ĐůĂƐƐŝĨŝĐĂƚŝŽŶ�
ŽĨ� ĐŽŶƚƌŽů� ƐƚƌĂƚĞŐŝĞƐ͕͟�ZĞŶĞǁĂďůĞ� ĂŶĚ� ^ƵƐƚĂŝŶĂďůĞ� �ŶĞƌŐǇ� ZĞǀŝĞǁƐ͕� ǀŽů͘� ϱϮ͕� ƉƉ͘� ϭϭϮϯʹ
ϭϭϯϰ͕��ĞĐ͘�ϮϬϭϱ͕�ĚŽŝ͗�ϭϬ͘ϭϬϭϲͬ:͘Z^�Z͘ϮϬϭϱ͘Ϭϳ͘ϭϴϲ͘�

ϮϬ͘�>͘��ŽŵşŶŐƵĞǌͲ'ĂƌĐşĂ͕�'͘�<ǇƌŝĂŬĂƌĂŬŽƐ͕� :͘� :ĂǇĂƌĂŵ͕�D͘�^ƌŝŶŝǀĂƐĂŶ͕�E͘�WƌĂďĂŚĂƌĂŶ͕�ĂŶĚ�d͘�
^ĞŶũǇƵ͕�͞ �ĞƐŝŐŶ�ŽĨ��ĞĐĞŶƚƌĂůŝǌĞĚ�,ǇďƌŝĚ�DŝĐƌŽŐƌŝĚ�/ŶƚĞŐƌĂƚŝŶŐ�DƵůƚŝƉůĞ�ZĞŶĞǁĂďůĞ��ŶĞƌŐǇ�
^ŽƵƌĐĞƐ�ǁŝƚŚ�WŽǁĞƌ�YƵĂůŝƚǇ�/ŵƉƌŽǀĞŵĞŶƚ͕͟�ϮϬϮϮ͕�ĚŽŝ͗�ϭϬ͘ϯϯϵϬͬƐƵϭϰϭϯϳϳϳϳ͘�

Ϯϭ͘�<͘ͲD͘�<ĂŶŐ�Ğƚ�Ăů͕͘�͞ �ŶĞƌŐǇ�DĂŶĂŐĞŵĞŶƚ�DĞƚŚŽĚ�ŽĨ�,ǇďƌŝĚ���ͬ���DŝĐƌŽŐƌŝĚ�hƐŝŶŐ��ƌƚŝĨŝĐŝĂů�
EĞƵƌĂů�EĞƚǁŽƌŬ͕͟�ϮϬϮϭ͕�ĚŽŝ͗�ϭϬ͘ϯϯϵϬͬĞůĞĐƚƌŽŶŝĐƐϭϬϭϲϭϵϯϵ͘�

ϮϮ͘�W͘� ^͘� WƌĂƐĂĚ͕� �͘� D͘� WĂƌŝŵŝ͕� ĂŶĚ� >͘� ZĞŶƵŬĂ͕� ͞�ŽŶƚƌŽů� ŽĨ� ŚǇďƌŝĚ� ��ͬ��� ŵŝĐƌŽŐƌŝĚƐ͕͟� ŝŶ�
DŝĐƌŽŐƌŝĚƐ͕��ůƐĞǀŝĞƌ͕�ϮϬϮϮ͕�ƉƉ͘�ϭϵϭʹϮϮϱ͘�ĚŽŝ͗�ϭϬ͘ϭϬϭϲͬďϵϳϴͲϬͲϯϮϯͲϴϱϰϲϯͲϰ͘ϬϬϬϬϯͲϰ͘�

Ϯϯ͘��͘�E͘�WĂƉĂĚŝŵŝƚƌŝŽƵ͕��͘�/͘��ŽƵŶƚŽƵƌŝĚŽƵ͕�ĂŶĚ�E͘��͘�,ĂƚǌŝĂƌŐǇƌŝŽƵ͕�͞ZĞǀŝĞǁ�ŽĨ�ŚŝĞƌĂƌĐŚŝĐĂů�
ĐŽŶƚƌŽů�ŝŶ����ŵŝĐƌŽŐƌŝĚƐ͕͟��ůĞĐƚƌŝĐ�WŽǁĞƌ�^ǇƐƚĞŵƐ�ZĞƐĞĂƌĐŚ͕�ǀŽů͘�ϭϮϮ͕�ƉƉ͘�ϭϱϵʹϭϲϳ͕�DĂǇ�
ϮϬϭϱ͕�ĚŽŝ͗�ϭϬ͘ϭϬϭϲͬ:͘�W^Z͘ϮϬϭϱ͘Ϭϭ͘ϬϬϲ͘�

Ϯϰ͘�<͘� �ƵďĞǇ͕� ^ĂŶĂƚ͕� ĂŶĚ� W͘� :ĞŶĂ͕� ͞WƌŽƚĞĐƚŝŽŶ� ƐĐŚĞŵĞƐ� ŝŶ� ŵŝĐƌŽŐƌŝĚ͕͟� ŝŶ� DŝĐƌŽŐƌŝĚ�
�ǇďĞƌƉŚǇƐŝĐĂů� ^ǇƐƚĞŵƐ͕� �ůƐĞǀŝĞƌ͕� ϮϬϮϮ͕� ƉƉ͘� ϮϱϱʹϮϳϲ͘� ĚŽŝ͗� ϭϬ͘ϭϬϭϲͬďϵϳϴͲϬͲϯϮϯͲϵϵϵϭϬͲ
ϲ͘ϬϬϬϬϯͲϳ͘�

Ϯϱ͘�:͘� D͘� 'ƵĞƌƌĞƌŽ͕� W͘� �ŚŝĂŶŐ� >ŽŚ͕� d͘Ͳ>͘� >ĞĞ͕� ĂŶĚ� D͘� �ŚĂŶĚŽƌŬĂƌ͕� ͞�ĚǀĂŶĐĞĚ� �ŽŶƚƌŽů�
�ƌĐŚŝƚĞĐƚƵƌĞƐ�ĨŽƌ�/ŶƚĞůůŝŐĞŶƚ�DŝĐƌŽŐƌŝĚƐ�ϮϬϭϰ͖WĂƌƚ�//͗�WŽǁĞƌ�YƵĂůŝƚǇ͕��ŶĞƌŐǇ�^ƚŽƌĂŐĞ͕�ĂŶĚ�
��ͬ���DŝĐƌŽŐƌŝĚƐ͕͟� /����dƌĂŶƐĂĐƚŝŽŶƐ�ŽŶ� /ŶĚƵƐƚƌŝĂů� �ůĞĐƚƌŽŶŝĐƐ͕� ǀŽů͘�ϲϬ͕�ŶŽ͘�ϰ͕�Ɖ͘�ϭϮϲϯ͕�
ϮϬϭϯ͕�ĚŽŝ͗�ϭϬ͘ϭϭϬϵͬd/�͘ϮϬϭϮ͘Ϯϭϵϲϴϴϵ͘�

Ϯϲ͘�y͘�>ŝƵ͕�W͘�tĂŶŐ͕�ĂŶĚ�W͘��͘�>ŽŚ͕�͞��,ǇďƌŝĚ���ͬ���DŝĐƌŽŐƌŝĚ�ĂŶĚ�/ƚƐ��ŽŽƌĚŝŶĂƚŝŽŶ��ŽŶƚƌŽů͕͟�
/����dƌĂŶƐ�^ŵĂƌƚ�'ƌŝĚ͕�ǀŽů͘�Ϯ͕�ŶŽ͘�Ϯ͕�ϮϬϭϭ͕�ĚŽŝ͗�ϭϬ͘ϭϭϬϵͬd^'͘ϮϬϭϭ͘ϮϭϭϲϭϲϮ͘�
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Abstract. 

 
Implementation of drinking water systems is limited in rural areas with reduced 
electrical connectivity. Water extraction from groundwater wells powered by solar 
light offers a sustainable and low-cost solution easy to replicate. A complete unit of 
drinking water supply has been designed for providing high quality water for a 
population of 500 inhabitants.  
Selection of equipment and sizing was based on the simulation of available solar 
energy and equipment consumption performed by specific software. This approach 
indicates that power storage should be slightly oversized to minimize de energy losses 
and ensure water supply. In the light of the results battery accumulation is not 
recommended since water storage tanks can match energy availability and water 
requirements with less money inversion and maintenance. 
The system design will serve as prototype for similar communities on the world 
taking account the need of a proper ad hoc field study. 
 

Keywords: Distributed generation, Drinking water, Renewable Energies, Rural 
areas 

 

 

1 Introduction 
 

1.1 Drinking water supply challenge 

771 million people worldwide still lack elementary water services, that means safe 
drinking water and sanitation systems. Among these, 80 percent live in rural areas and 
nearly half live in the least developed countries [1]. Which means a large population at 
health risk due to consumption of untreated water containing pathogens, chemicals or 
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undesired materials. This issue has been addressed in the Sustainable Development 
Goals (SDG) set up by United Nations in 2015 under SDG number 6: Clean Water and 
Sanitation [2]. The solutions provided by the organizations and the different 
stakeholders involved in the water sector include improvements in the information 
about water resources, optimized financing of local communities and innovation in the 
technologies applied. In case of drinking water systems placed in rural areas of 
emergent nations the implementation of water facilities is limited not only by the 
economic resources of municipalities but by general development of the areas.  
 
1.2 Solution based on endogenous energy resources. Solar energy 
Isolated rural areas of extended areas of Africa and Latin America are barely connected 
to the electrical grids [3]. Therefore, conventional drinking water facilities, which 
requires electricity for pumps, mixers and filtration units are rarely implemented. In 
this sense, distributed generation technologies based on renewable energy coupled to 
small scale water treatment units can provide a new model for drinking water supply 
[4]. In case of rural communities (100 to 500 inhabitants) with access to groundwater 
reservoirs, photovoltaic panels coupled to pumping and filtering devices are a doable 
alternative with very low capital and operational costs. 

 
1.3 The case study 
Taking into account the data on access to drinking water free from an improved water 
source which is located on premises, available when needed and free from faecal and 
priority chemical contamination from the UN-Water SDG6 platform [5], the regions 
of sub-Saharan Africa, Latin America, Central, Western and Southern Asia and 
Northern Africa have been identified as the most vulnerable (see figure 1). Also, at 
the global level there is a notable difference in the greater difficulty in rural areas (see 
figure 2). 

 
Figure 1. Proportion of population using safely managed drinking water services in 
the SDG regions between 2000 and 2020 
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Figure 2. Proportion of population using safely managed drinking water services on 
the world (Urban and rural areas) between 2000 and 2020 
 
 
In the present work a study has been carried out in four different locations of the 
efficiency of a solar supported water pumping system in three different working 
scenarios for the storage of the available solar energy: with energy storage in 
batteries, with energy storage in the water tank or without energy storage. An 
economic evaluation has also been made for the three cases in each region (see figure 
3) 
 

 
Figure 3. Three scenarios proposed for the drinking water supply in rural areas. 
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2 Materials and Methods 
 

2.1 Water demand 

Calculation of water requirement were done according to the standards value reported 
by UN of 50 liters per person and day. The population was estimated in 500 
inhabitants with a variation considered for a period of 25 years taking into account the 
average annual increase of the region (0.5 %). Water demand was only calculated 
considering domestic consumption. 

The groundwater reservoir is available through a 100 m depth well placed at 300 meters 
from distribution tank. A water treatment is included to accomplish the elimination of 
microorganisms in the water  

 

2.2 Installation for drinking water supply 

The design of the water treatment unit driven by solar light was based in conventional 
groundwater extraction from wells (see figure 4). A submergible 6kW pump 
introduced into the well extracts water, according to the possible water consumption of 
the community. A sand filter is connected to the pipe in order to remove suspended 
solids and microorganisms. Hypochlorite is dosed by a specific pump before the 
distribution tank, this treatment will remove heterotrophic bacteria present in water. A 
net of pipes delivers water to family houses from the tank.  

 
 

Figure 4. Equipment diagram of the water treatment unit. 

 

16 solar panels connected to an MPPT-AC inverter supply the energy to all the 
equipment. The photovoltaic (PV) solar module chosen is a generic model 400 W 
peak power and the inverter chosen is a generic model MPPT-AC (Maximum Power 
Point Tracker ± Alternating Current). A System operating control device adjusts the 
operation parameters according to the water level at the tank  
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5  
The energy storage was differenced in three scenarios (see table 1) changing the water 
tank size from 20 to 100 m3 and the use of Lead-acid batteries (12 V/160 AH) [6]. 

Table 1. Three scenarios proposed for the energy storage 
  Scenario 1 Scenario 2 Scenario 3 

Water tank (m3) 20 100 20 

Battery 12V / 160 Ah (units) 0 0 10 
 
  

2.3 Simulations of conditions 

PVSyst V7.2.2 software was used to estimate the power requirements. Solar 
irradiation availability in the selected area was estimated with Meteonorm software. 

 
2.4 Study localizations 
 
In order to analyze the effect of the proposed system under different climatic 
scenarios, where the solar resource allow a comparison, four different regions has 
been chosen considering rural areas and countries with a low proportion of drinking 
water access. In figure 5 irradiation conditions can be seen identifying the winter and 
summer differences that will be critical for the final water supply. 
 
Table 2. Regions selected for the study and main characteristics 

 
Bigene (Guinea-

Bissau) 
Makonis 

(Zimbabue) 
Teel 

(Mongolia) 
Los Achiotes 
(Guatemala) 

Latitude and longitude 12.44 -15.58 -18.72, 31.98 48.04, 100.5 13.99, -90.08 

Proportion of population using safely 
managed drinking water services (%) 24.33 29.54 30.06 55.83 

Annual irradiation (MWh/m2) 1936.5 2343.4 1413.6 2113.1 

2SWLPXP�LQFOLQDWLRQ�DQJOH��ஈ� 15 23 46 20 
 

 
Figure 5. Monthly irradiation in the four regions selected 
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2.5 Economic evaluation 
 

An economic evaluation of the three scenarios has been studied taking into account 
the overall cost of the installation and the operation and maintenance costs for 25 
years (see Table 3). 
 
Table 3. Unit prices for the installation. * The water tank price will depend on the volume; ** 
Batteries will be installed just on the scenario 3 

Description Quantity Unit Price ($) Description 
Quant

ity Unit Price ($) 
Solar panel 400 
Wp 16 250 

Water 
treatment 1 1500 

Structure 16 40 
Engineering 

study 1 100 
Pump 6.3 kW 1 750 licences 1 250 
Engine 6.3 kW 1 750 Transport 1 600 
Controller 1 900 Accesories 1 350 
Water tank 1 3,000* Wiring 1 200 

Hydraulic circuit 1 1,100 
Well (drilling, 

building) 1 2,500 
Batery 10** 700    

 

 
3 Results and Discussion 

 
The simulation results presented in Table 4 show the large difference in drinking 
water availability for each region. While in Makonis (Zimbabwe) the missing water 
arrives to 0% in scenarios 2 and 3, in the cases of Bigene (Guinea-Bissau) and Teel 
(Mongolia) it does not go below 20%. In Los Achiotes (Guatemala) the missing water 
is between 3.8 and 13.5% (see figure 6). This difference is due to the higher 
irradiation in Makonis with 2343.4 kWh/m² which is also evenly distributed all year 
round. In the case of Teel, with 1413.6 kWh/m², it is the winter months between 
December and February where more water would be missing to be pumped to final 
consumers. 
 
Table 4. Simulation results in each region. Scenarios 1-3 
 

 

Bigene  
(Guinea-Bissau) 

Makonis 
(Zimbabue) 

Teel 
(Mongolia) 

Los Achiotes 
(Guatemala) 

  Scenario 1 

Water needs (m3) 9125 9125 9125 9125 

Water pumped (m3) 6894 8731 6371 7893 

Missing water (%) 24,5 4,3 30,2 13,5 
Energy at pump (kWh) 6622 7172 5297 6931 

Specific energy (kWh/m3) 0,96 0,82 0,83 0,88 

Unused PV energy (kWh) 30 2222 568 729 

System efficiency (%) 67,5 57,8 52,2 63,8 
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Scenario 2 

Water needs (m3) 9125 9125 9125 9125 

Water pumped (m3) 6927 9125 6996 8518 
Missing water (%) 24,1 0 23,3 6,7 

Energy at pump (kWh) 6653 7508 5766 7448 

Specific energy (kWh/m3) 0,96 0,82 0,82 0,87 

Unused PV energy (kWh) 0 1886 99 212 

System efficiency (%) 67,8 60,5 56,8 68,5 

 Scenario 3 
Water needs (m3) 9125 9125 9125 9125 
Water pumped (m3) 6927 9125 7126 8779 

Missing water (%) 24,1 0 21,9 3,8 

Energy at pump (kWh) 6653 7508 5865 7659 

Specific energy (kWh/m3) 0,96 0,82 0,82 0,87 

Unused PV energy (kWh) 0 1886 0 0 

System efficiency (%) 67,8 63,3 57,8 70,5 

 
 

  
Figure 6. Missing water (%) in the three scenarios 

 
On the other hand, efficiency of the system, measured in terms of energy lost, shows 
that scenario 3 is around 5% more efficient than scenario 1 and 2% than scenario 2 
(see figure 7). This difference is due to with a water full tank in scenarios 1 and 2, the 
pump is forced to stop and the PV energy is unused. 

 

0

5

10

15

20

25

30

35

Bigene
(Guinea-Bissau)

Makonis
(Zimbabue)

Teel (Mongolia) Los Achiotes
(Guatemala)

Scenario 1 Scenario 2 Scenario 3

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 172

pmoreno
ISBN 978-9942-44-109-6



8 
 

  
Figure 7. System efficiency (%) in the three studied scenarios 

 
 

The economic study, taking into account that the system described has been 
considered similar in the four regions, shows that the price of the storage system in 
scenario 3 is more expensive, followed by scenarios 2 and 1 (see Figure 8).  
 
Finally, Table 5 shows the price of pumped water for each region taking into 
account the cost of the total installation and its operation and maintenance cost 
during the 25 years considered. It can be seen how scenarios 1 and 2 are the most 
profitable in an evaluation from an economic point of view with a water price 
between 0.241 and 0.330 $/m3). Scenario 3 is a 18% more expensive than the 
cheapest scenario. Batteries are not recommended since large storage tanks will 
match solar energy availability and water requirements without excess of installation 
and operational cost. 

 

 
 

Figure 8. Effective energy in each process step per scenario. Loss diagram. 
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9  
 Bigene (Guinea-Bissau) Makonis (Zimbabue) 

  Scenario 
1 

Scenario 
2 

Scenario 
3 

Scenario 
1 

Scenario 
2 

Scenario 
3 

Water pumped (m3) 6894 6927 6927 8731 9125 9125 

Installation price ($) 15140 19140 22140 15140 19140 22140 

Operation&maintenance 
($/year) 1500 1500 1750 1500 1500 1750 

Water price ($/m3) 0.305 0.327 0.380 0.241 0.248 0.289 

Price differenced (%) 0% 7% 25% 0% 3% 20% 

 
 Teel (Mongolia) Los Achiotes (Guatemala) 

  Scenario 
1 

Scenario 
2 

Scenario 
3 

Scenario 
1 

Scenario 
2 

Scenario 
3 

Water pumped (m3) 6371 6996 7126 7893 8518 8779 
Installation price ($) 15140 19140 22140 15140 19140 22140 
Operation&maintenance 
($/year) 1500 1500 1750 1500 1500 1750 

water price ($/m3) 0.330 0.324 0.370 0.267 0.266 0.300 
Price differenced (%) 2% 0% 14% 0% 0% 13% 
 

 
Similar works in the field of photovoltaic water pumping have reported comparable 
systems in isolated conditions in other regions of Asia and Africa [7], [8]. Naval et al. 
(2021) also proposes a pumping system based on photovoltaic energy since the increase 
in the cost of energy of the water pumping facilities puts at risk the economic sustain- 
ability of the recent investments in the modernization of the systems.  
To address this problem, the application of renewable technologies for the production 
of electricity is essential, and photovoltaic energy is especially attractive due to its 
reduced cost and recent technological advances [9]. Viability of photovoltaic-based 
water systems has been reported for irrigation and domestic supply in urban and rural 
regions of countries with high solar irradiation levels where a considerable part of the 
rural population lives in remote areas [10]. 
The use of software simulations allows to design the equipment and shows impact of 
the different parameters affecting performance results of the system [11].  
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Abstract. This paper presents how integer linear programming can
be used to optimize and develop a sustainable production plan for a
medium-sized cold stamping company. The objective is to develop a
model to minimize the total production cost, which includes the manu-
facturing process cost, inventory holding cost, and unproductive machine
cost. The model takes into account weekly demands, inventory levels, and
idle machine time during a planning horizon of one month. The output is
a plan containing all products that have to be manufactured, their weekly
optimal quantities, and a prediction of the final inventory level. By min-
imizing the total production cost, the model ensures that the company
is consuming only the necessary amount of resources. The mathematical
model is related to the real-world constraints that are part of the com-
pany’s production scenario, reflecting both direct and indirect impacts
of resource usage. This model enables to simulate three scenarios, and
their results indicate that the total production cost is minimum when
a company produces in volumes slightly greater than the demand. By
better allocating resources, the company can contribute to sustainability
in the context of responsible production.

Keywords: Integer Programming · Production planning · Sustainability

1 Introduction

The United Nations (UN) has set 17 Sustainable Development Goals (SDGs),
which are a group of guidelines that intend to build a better world by 2030.
The topic of these goals involves all aspects of society, such as social (hunger,
poverty, equality), economic (industry, innovation, partnership), and environ-
mental (natural resources, fauna, flora) [1]. This paper intends to contribute
to the 12th SDG, entitled ”Responsible Consumption and Production”, which
states that the global economy’s dependence on the natural environment and its
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resources increased over 65% from 2000 to 2019 [2]. All targets set by the 12th
SDG are related to sustainable management and efficient use of resources while
reducing all kinds of waste through prevention, reduction, recycling, and reuse.
In this context, the optimization technique, Linear Programming (LP), can be
used as an efficient approach to promote sustainable production, since it allows
companies to save resources and operate in an optimal way, independent of their
economic sector [3]. The most common application of LP involves determining
the optimal scenario for a set of activities toward an objective. Most of the time,
these activities compete for resources between each other, such as energy and
raw material.

Production planning is an essential and complex activity inside a company
that requires simultaneous cooperation between everyone responsible for the
decision-making process. A good plan will always lead to a good workflow, pro-
moting efficient resource usage and responsible production. Usually, production
planning can be separated into three different time horizons: (i) long-range plans,
(ii) medium-range plans, and (iii) short-range plans [4]. Long-range plans are re-
lated to new infrastructure, research and development, new products, and facility
location and/or capacity. Medium-range plans are elaborated to always match
supply and demand in terms of rough volume and product mix, which mean
maintaining enough raw material, work in process, and inventory level to meet
the demand while also absorbing possible demand fluctuations. The ultimate
output of a medium-range plan is the master production schedule (MPS), which
outlines all products that need to be manufactured, when, and in what quanti-
ties, usually referring to finished goods. Finally, short-range plans are concerned
with determining job assignments, ordering, job scheduling, and dispatching [5].

Omara et al. [6] developed a model to optimize the MPS using Fuzzy Mixed
Integer Linear Programming (FMILP). Herrmann [7] proposed a linear model
to optimize the MPS using a commercially available software ILOG. Sawik [8]
addressed production scheduling optimization based on Mixed Integer Linear
Programming (MILP), seeking to minimize tardiness. Al-Ashhab and Fadag [9]
developed a model to optimize the MPS based on maximizing profit using MILP
and Genetic Algorithms (GA). Within this context, no studies that integrate di-
rectly the sustainability in the MPS planning were found. To fill this gap, this
study intends to propose an Integer Linear Programming model - or simply
Integer Programming (IP) - that allows a real medium-sized cold stamping com-
pany to create a sustainable MPS. Hence, this model seeks to minimize costs,
proposing an efficient and responsible production plan.

This paper is organized as follows: the next section describes the MPS plan-
ning, and how IP can be used to optimize it. Section 3 proposes an IP model for
a medium-sized cold stamping company and describes all data that are required;
section 4 discusses three different scenarios of the proposed model; Finally, sec-
tion 5 presents the conclusions and further work.
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2 Literature Review

This section aims to present some important topics regarding manufacturing
planning and control optimization. First, it is intended to state a brief introduc-
tion to MPS and its basic concepts and definitions; next, it is discussed some
general methods that are used by many industries to plan their production ac-
tivities; afterwards, IP is introduced under a production planning context.

2.1 Master Production Planning

Creating the MPS is the task of disaggregating the company’s sales and op-
erations plan (S&OP) into a tangible manufacturing schedule, determining all
products that must be manufactured with their quantities and production tim-
ing. For the MPS to be developed, two other plans must have already been done:
long-term capacity planning and Aggregate Production Planning (APP) [4, 5].

Every MPS aims to develop a production schedule over a medium-term pe-
riod, usually in terms of weeks. For each product manufactured within the plan-
ning period, the MPS indicates production quantities, machine capacity, required
levels of raw materials and unfinished goods, and any other pertinent detail.
Lastly, it is possible to estimate both intermediate and final inventory levels,
based on what is planned to be consumed [10]. In most scenarios, some of the
leading MPS guidelines and constraints are the time available for production,
whether or not including overtime, the demand, the availability of resources, and
the maximum inventory capacity for each product.

Since every MPS belongs to the medium-range plans, when unexpected ad-
versities occur, such as machine breakdowns or quality problems, planned tasks
may not be executed accordingly to the schedule, leading to delays. In other
words, planning does not guarantee due dates compliance, precisely because of
these unpredictable factors that are intrinsic to the production process. Still,
having a well-defined plan helps to react to these adversities in the best possible
way [4, 5].

Concerning loading capacity, which is the process of assigning jobs to specific
machines, workstations, or processes, it is important to consider that, in reality,
all machines and equipment have limited capacity, usually defined in terms of
available time to operate. When production schedules consider this assumption,
the planning is said to have finite loading. Production planning techniques that
ignore the maximum capacity of machines and equipment are called infinite
loading models. In this case, there is a greater probability of not meeting delivery
deadlines, and in cases of overload, it is required overtime or outsourcing [4].

Omara et al. [6] proposed a model to minimize the costs of the MPS using
FMILP, taking into account production cost, setup cost, inventory, and backorder
costs. However, none direct analysis was done regarding sustainability.

Herrmann [7] developed a model to minimize tardiness for companies that
produce in small batches while having to meet high demand. This approach
involves detailed scheduling based on production completion times, leading to
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reduced capacity problems, out-of-stock situations, and most importantly, tar-
diness. The commercially available tool ILOG was used to run the linear model.

Sawik [8] also addressed production planning optimization based on tardi-
ness, elaborating a model based on IP that divides and allocates customer orders
into planning periods to meet due dates while minimizing the total number of
delays. Despite referring to reducing operational costs, the model is not directly
attached to sustainability.

Al-Ashhab and Fadag [9] proposed a model to maximize the profit of a com-
pany considering transportation logistics and production costs, selling prices,
inventory, batch size and capacity. MILP and GA were used to solve the model,
and both methods gave the same optimal values for most variables, seeming to
be equally efficient.

As can be noticed, sustainability is not a prominent topic when it comes to
optimizing the MPS of a company. Hence, the model proposed in this paper
intends to contribute to sustainable production by minimizing costs.

2.2 Integer Programming (IP)

Integer programming is a method that uses a set of mathematical linear functions
to describe a certain problem and then solve it to obtain a set of optimal decision
variables expressed in integer numbers [11, 3]. When defining an IP mathematical
model, four groups of elements should be defined: the decision variables, the
objective function, the functional constraints, and the nonnegativity constraints
[3].

The decision variables represent the model’s solution. When an IP problem is
modeled, the goal is to find a set of optimal integer values - the decision variables
- that satisfy all constraints while maximizing or minimizing the objective func-
tion[3]. Most of the time, within the context of the MPS, the decision variables
represent the quantities to be produced for each different product.

The objective function is a mathematical expression that relates directly ev-
ery decision variable to the objective of the model, which can be a maximization
or minimization function, depending on the approach to solve the problem. In
the literature review carried out concerning MPS optimization problems, three
objectives were identified: (i) to minimize costs [6], (ii) to minimize tardiness [7],
and (iii) to maximize profit [9].

The functional constraints are a set of inequalities that give realism to the
model by restricting the solution span based on certain criteria, imposing upper
and bottom limits to the decision variables. In the MPS model, these constraints
often represent the machine capacity, the minimum demand, the maximum quan-
tities able to be stocked, and so forth [11, 3].

3 Methodology

This section aims to describe the methodology used to develop the proposed IP
model, by introducing the context of the problem and its elements, correlating
them with sustainable production planning.
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3.1 Context setting

The company under study is a medium-sized firm that produces cold stamping
parts of exhaust systems for the automobile industry. These parts are sold to
customers who assemble the full exhaust system. Specifically, the company is in
the middle of the automobile industry supply chain, and therefore, there is huge
pressure on accomplishing due dates.

In the company’s stamping sector, there are four hydraulic presses: (i) Zani
600 tons, (ii) Rovetta I 600 tons, (iii) Rovetta II 600 tons, and (iv) Cattaneo 1000
tons. Each machine is capable of producing a limited range of products, although
some products can be manufactured on more than one machine. Despite this,
the proposed model involves the MPS of one machine at a time, because based
on production costs and productivity rates, the company already knows in which
machine (first option) a particular product is more viable to be manufactured.
The alternative machine is only used when the first option machine is unavailable
due to unscheduled maintenance or breakdown.

The company’s production process is briefly explained through Figure 1.

Fig. 1. Company’s production chain

The production process begins with raw material receiving, most of the time
in the form of metal coils. When the raw materials arrive from the suppliers, they
are stocked in the warehouse and stay there until demand occurs, when then one
of the hydraulic presses is fed with these metal coils. From this point, there are
two possibilities: (i) the metal sheet is stamped by the press and the output is a
part in its final shape; (ii) the metal sheet is cut into disks by the hydraulic press,
and these disks are stocked to later be stamped again and finally be shaped to
their final form. After going through the stamping sector, a part may be welded
by a semi-automatic machine. Later, the part is washed and dried by another
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machine, obtaining the product in its finished state. Finally, the product has to
be stocked in the warehouse until its dispatched.

Throughout this entire production process, only the cold stamping sector
presents bottlenecks, and therefore this is the main scope of the proposed model.

3.2 Integer Programming Model

The following notation concerning indices, sets, parameters, and variables are
used in the model formulation.

i Product code to be manufactured (i=1, 2, 3, . . . , 10)

j Week designation (j= 1, 2, 3, 4)

TPC Total production cost [e]

MPCi Manufacturing process cost for the product i [e/unit]

IHCi Inventory holding cost per week for the product i [e/unit]

IIij Initial inventory for the product i at the beginning of week j [unit]

SSi Safety stock level for the product i [unit]

FSi Final inventory for the product i at the end of the four weeks [unit]

Dij Demand for the product i and week j [unit]

UMC Unproductive machine cost [e/hour]

Sj Number of shifts available to work during week j [unit]

Pi Time required to produce one unit of product i [hour/unit]

PT Total productive time [hour]

UT Total unproductive time [hour]

The formulation of the proposed integer programming model is presented in
3.2(1).
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Minimize
10∑
i=1

4∑
j=1

MPCi ·Xij+

10∑
i=1

4∑
j=1

IHCi ·(Xij+IIij−Dij)+ (1)

10∑
i=1

4∑
j=1

UMC.(7.25 ·Sj−Pij ·Xij)

s.t. SSi +Dij − IIij ≤ Xij (C1)

4∑
j=1

Xij ≤ Mi
(C2)

10∑
i=1

Xij · Pij ≤ 7.25 · Sj
(C3)

Xij ≥ 0 (C4)

Xij ∈ Z

i = {1, 2, 3, . . . , 10}
j = {1, 2, 3, 4}

The integer programming model (1) allows determining the optimum quan-
tity to be produced of each product i in week j (Xij). These are the decision
variables required to develop the MPS of the company. The sub-index i can
vary from 1 to 10, because historically this is the maximum amount of product
types that a single machine produces per month, while the sub-index j ranges
from 1 to 4 weeks, corresponding to a planning horizon of one month. Since Xij

represents a set of quantities, all values must be positive integer numbers.

To ensure sustainability within a productive and competitive context, a com-
pany always aims to increase its profit margin by using fewer resources. These
imply minimizing the production costs which means that only the necessary
amount of all associated resources are being used. In practice, the model should
determine the optimal quantities to produce for each product at the right mo-
ment, leading to reduced costs and waste. This is captured by the definition of
the objective function which minimizes the total production cost that includes
three main production cost factors within the company: (i) manufacturing pro-
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cess costs (MPCi), (ii) inventory holding cost (IHCi), and (iii) unproductive
machine cost (UMC).

The MPCi represents the cost for a certain machine to operate and produce
one unit of product i. For a product i that can be manufactured on more than
one machine, its MPCi will probably be different for each one of them. The
MPCi tends to increase proportionally to the power of the hydraulic press in
which the product i is produced. The second term of the objective function is the
inventory holding cost (IHCi) which includes all the fees and expenses required
to maintain the product i in the company’s warehouse. These costs involve se-
curity, fixed costs, product depreciation, and salaries which are proportional to
the stored quantity of the product i. The third and last term UMC is linked
to the unproductive machine cost (UMC), which is different for each of the four
machines and is mainly determined by the hourly cost of depreciation, fees, and
insurance.

To reflect the reality of the production process, three functional constraints
were considered: (i) the minimum quantity to be produced to satisfy the demand
(C1), (ii) the maximum quantity allowed to be produced (C2), and (iii) the
machine availability (C3).

Concerning the minimum quantity to be produced (C1), it is determined
based on the week’s initial inventory (IIij), safety stock level (SSi), and demand
(Dij). Regarding demand, the company works with production forecasts that
support medium-term planning. These forecasts provide aggregated volumes of
demand that must be met during the next four months, however, they are subject
to change. In other words, the company always has an aggregate production
planning (APP) for four months from the present. Production volumes are only
disaggregated for the current month, that is, for the next 28 days from the
present. This process originates weekly demands for each product for the next
four weeks. To absorb possible market fluctuations or unexpected setbacks, the
company works with a predetermined safety stock level (SSi), which is equivalent
to the two-week average demand for the planning period.

The maximum quantity allowed to be produced (C2) for each product i in
week j takes into account the manager’s expertise, as it may depend on the
combined effect of numerous factors, such as raw material shortage, forecasted
demand, warehouse capacity, and so forth. In other words, the manager’s knowl-
edge is essential to set an upper limit (Mi) to all products that must be manu-
factured over the planning horizon.

The planning model adopted by the company is based on limited loading,
and therefore, the total available time to produce (C3) must be sufficient to cover
all product units that are going to be manufactured. In practice, knowing the
number of available working shifts (Sj) in each week j and the productive hours
per shift (7.25), it is possible to calculate how many working hours each machine
will be able to operate over the planning horizon. Based on the average time to
produce one unit of each product (Pi), these available working hours end up as
an upper limit on the total number of parts that can be manufactured.
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3.3 Data

The data used to test, validate, and implement the model were collected in the
company. It is possible to classify the required data into three large groups: (i)
product structure, (ii) machines, and (iii) storage information.

All product structure information was obtained directly through a formal
document, containing all levels of each product, from raw material to the finished
good. In terms of cold stamping, among the entire company’s portfolio, the vast
majority of parts is only submitted to a single stamping step, but on the other
hand, there is a range of products that must go through two subsequent stamping
steps, as described before. Despite being dependent on each other in terms of
manufacturing, these two subsequent processes can be considered independent in
the proposed model, simply because they occur at two very different moments. In
practice, the first stamping process generates disks that are stocked to be used
later, meaning a complete planning cycle. When there is demand, the second
stamping process is planned and executed, consuming some of those disks and
leading to the product in its final shape, meaning another complete planning
cycle. The same disk type can be used for more than one product, which is
why the company adopts the strategy of stocking disks, seeking to absorb any
fluctuations or unforeseen events.

All machine data were easily accessible, as it was only necessary to regroup
and rearrange them. The main set of information was obtained from an electronic
spreadsheet frequently used by the company. For all hydraulic presses, it was
possible to extract what products each of them can produce, their respective
average production rates (Pi), the costs of each stamping process (MPCi), and
their unproductive costs (UMCi).

The information about inventory costs (IHCi) for both finished and unfin-
ished products required processing before they could be used. With the com-
pany’s support, for each product, finished or not, storage costs were determined
based on the volume that each product container occupies inside the warehouse
and the logistic costs involved to manipulate it.

To select the most suitable software for solving the model, the main concern
was the dimension of the problem in terms of the number of decision variables
and constraints, as well as the ability of the company to use it. Since the company
uses Excel extensively, it was necessary to improve and adjust the mathematical
formulation for it to be solved by the add-on Solver from Excel.

4 Results and Discussion

In order to relate the total production cost (TPC) with sustainability, model
(1) was used to simulate and compare three different situations: no initial in-
ventory and no safety stock (NINS); no initial inventory but with safety stock
(NIWS); with initial inventory and safety stock (WIWS). In all scenarios, the
same products were considered as well their respective weekly demand (Dij) and
maximum production levels (Mi), according to Table 1.
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Table 1. Weekly demand and maximum production level per product

Product
code i

Di1 Di2 Di3 Di4 Mi

Product 1 9000 9000 0 0 36000

Product 2 0 0 4500 4500 18000

Product 3 0 4500 4500 0 18000

Product 4 0 0 15000 15000 60000

Product 5 3000 3000 3000 0 18000

Product 6 0 9000 9000 0 36000

Product 7 0 0 0 20000 40000

Product 8 0 8000 8000 0 32000

Product 9 15000 15000 0 0 60000

Product 10 4500 4500 4500 4500 36000

The first scenario (NINS) refers to a situation in which initial inventory (ISi)
and safety stock level (SSi) are null. In practice, this means that the company
does not have inventory and will only produce surplus if the model identifies
that this approach is more beneficial than leaving the machine unproductive.
The optimum solution for the first scenario is shown in Table 2.

Table 2. Quantities to be produced of each product in scenario NINS.

Product
code i

SSi ISi Xi1 Xi2 Xi3 Xi4 FSi FSi − SSi

Product 1 0 0 9000 9000 0 18000 18000 18000

Product 2 0 0 0 0 4500 4500 0 0

Product 3 0 0 0 4500 4500 0 0 0

Product 4 0 0 0 0 15000 15000 0 0

Product 5 0 0 3000 3000 3000 0 0 0

Product 6 0 0 0 9000 14840 12160 18000 18000

Product 7 0 0 0 0 0 20000 0 0

Product 8 0 0 0 8000 8000 0 0 0

Product 9 0 0 15000 15000 0 30000 30000 30000

Product 10 0 0 4500 4500 4500 22500 18000 18000

Analyzing Table 2, it is clear that the model (1) identified that most of
the time, it is better to leave the machine not operating rather than producing
surplus units. The only exceptions identified that would compensate the unpro-
ductive costs are products 1, 6, 9, and 10, which are suggested to be produced to
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stock. In other words, producing surplus units of these products and generating
inventory is better than keeping the machine in an unproductive state.

The second scenario (NIWS) represents a situation where initial stocks (ISi)
are null, but now it considers a safety stock (SSi) equivalent to 50% of the sum
of the total demand. This 50% margin is the current value that the company
uses to determine its safety stock level. The optimum solution for the second
scenario is shown in Table 3.

Table 3. Quantities to be produced of each product in scenario NIWS.

Product
code i

SSi ISi Xi1 Xi2 Xi3 Xi4 FSi FSi − SSi

Product 1 9000 0 18000 9000 0 27000 36000 27000

Product 2 4500 0 4500 0 4500 4500 4500 0

Product 3 4500 0 4500 4500 4500 0 4500 0

Product 4 15000 0 15000 0 15000 15000 15000 0

Product 5 4500 0 7500 3000 3000 0 4500 0

Product 6 9000 0 9000 9000 36000 0 36000 27000

Product 7 10000 0 10000 0 0 20000 10000 0

Product 8 8000 0 8000 8000 8000 0 8000 0

Product 9 15000 0 30000 15000 0 45000 60000 45000

Product 10 9000 0 13500 4500 11145 24855 36000 27000

As shown in Table 3, during the first week of the NIWS scenario, all products
have to be produced in order to achieve their respective safety stock level, but
during the following weeks, most production is only to meet demand. Similarly to
the NINS scenario, the products 1, 6, 9, and 10 are suggested to be overproduced,
but now differing from the first scenario by their quantities.

The third scenario (WIWS) considers both initial (ISi) and safety stock
(SSi), with an initial inventory level higher than the safety level. In this sim-
ulation, the safety stock corresponds to 50% of the sum of the total demand
(such as in the NIWS scenario), while the initial inventory is 60% of that sum.
The 60% margin enables to represent how the model would react to a situation
when it can consume stocked units to partially satisfy the demand. The optimum
solution for the third scenario is shown in Table 4.

Based on Table 4, the scenario WIWS is very different from the others. This
time, only products 1, 5, 9, and 10 are to be produced in the first week, whereas
by the end of the planning horizon, only products 6, 9, and 10 are recommended
to be overproduced.

Table 5 summarizes all results for each scenario at the optimum solution,
presenting their values regarding the total production cost (TPC) and its com-
ponents, the manufacturing production cost (MPC), the inventory holding cost
(IHC), and the unproductive machine cost (UMC). Moreover, the total unpro-
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Table 4. Quantities to be produced of each product in scenario WIWS.

Product
code i

SSi ISi Xi1 Xi2 Xi3 Xi4 FSi FSi − SSi

Product 1 9000 10800 7200 9000 0 0 9000 0

Product 2 4500 5400 0 0 3600 4500 4500 0

Product 3 4500 5400 0 3600 4500 0 4500 0

Product 4 15000 18000 0 0 12000 15000 15000 0

Product 5 4500 5400 2100 3000 3000 0 4500 0

Product 6 9000 10800 0 7200 46800 0 46800 37800

Product 7 10000 12000 0 0 0 18000 10000 0

Product 8 8000 9600 0 6400 8000 0 8000 0

Product 9 15000 18000 12000 15000 0 49532 64532 49532

Product 10 9000 10800 2700 4500 7224 39576 46800 37800

ductive time (UT ) and the total productive time (PT ) are also shown for each
scenario.

Table 5. Production costs and working time results

Scenario MPC [e] IHC [e] UMC [e] TPC [e] UT [h] PT [h]

NINS 4.511,40 718,71 8.052,66 13.282,77 136 154

NIWS 6.767,08 4.109,15 3.483,42 14.359,65 59 231

WIWS 5.241,53 4.302,06 6.079,67 15.623,26 102 188

As stated in Table 5, the total production cost (TPC) for the first scenario
(NINS) is e13.282,77, of which e4.511,40 (34%) are from the MPC, e718,71
(5%) from the IHC, and e8.052,66 (61%) from the UMC. Relating to these
costs, it is estimated a total of 136 unproductive hours that lead to the UMC,
whereas the 154 productive hours lead to both the MPC and the IHC. This
means that the model found the balance between the costs to produce surplus
units and leaving the machine in an unproductive state.

For the second scenario (NIWS), the total cost (TPC) is e14.359,65, com-
posed by e6.767,08 (47%) from the MPC, e4.109,15 (29%) from the IHC, and
e3.483,42 (24%) from the UMC. This plan results in a total of 59 unproductive
hours face 231 productive hours. This time, because it is necessary to replen-
ish all units required by the safety stock level, the UMC represents the lowest
contribution to the total cost (TPC), whereas the MPC is the highest, exactly
because there is a an incentive to produce more (demand plus safety stock).

In the third scenario (WIWS), there is a need to replace the safety stock.
Thus, the total cost (TPC) is e15.623,26, in which theMPC is e5.241,53 (34%),
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the IHC is e4.302,06 (28%), and the UMC is e6.079,67 (39%). The third plan
leads to 188 productive hours and 102 unproductive hours.

Comparing all scenarios, it is clear that the most sustainable is the first
one (NINS), where the approach is to produce only what is necessary, avoiding
to keep inventory. This is aligned with lean manufacturing, which is known
to promote efficiency and reduce waste. However, the second scenario (NIWS)
is a better planning approach for the company under study, because it works
with high demand levels, and if there is a machine breakdown, safety stock can
reduce or even avoid delays, leading to less impact on customer expectation.
The third scenario (WIWS) shows that excessive production above the safety
level generates high costs and higher consumption of resources, just because all
surplus units are costing to be maintained over time.

5 Conclusion

Bear in mind what has been presented, one can assure that IP consists of a
powerful tool for developing a sustainable MPS model. This approach gives the
possibility of predicting and analyzing a vast number of different scenarios which
is fundamental for a firm that wants to prosper and grow, using a sustainable
and a competitive strategy.

The main contribution of this paper is to develop a sustainable MPS model
based on IP, which allows a medium-sized cold stamping company to find the
optimal balance between letting unproductive machines or generating inventory
by producing units in surplus, which means producing more with less waste in
order to obtain a responsible and sustainable production.

Three different scenarios (NINS, NIWS, WIWS) were simulated using the
proposed model, and the results indicate that the total production cost is lower
when a company produces in volumes close to the demand. However, not every
company is capable of doing it, because of possible unscheduled events intrinsic
to the production process that can lead to delays and decrease customer satis-
faction. The worst scenario is when a company generates an excessive inventory,
since it turns into high costs required to maintain them in the warehouse.

The proposed model does not consider uncertainty for two main reasons: (i)
it was designed to be continuously applied at the end of each week, meaning that
only during the first week the proposed plan is going to be executed, whereas
all plans concerning the following weeks (2, 3, and 4) are going to be weekly
rescheduled until they take place; (ii) given that the company has a limited
number of customers and produces based on orders, the demand fluctuation is
predictable and absorbed by the weekly review of all plans.

Since the model is still in development, no comparisons were made with
the real plan developed and applied by the company. Some of the further work
intends to extend the model to determine the short-range plans based on an
effective job sequencing rule, involving setup time. With the final model in hand,
the validation encompasses the comparison of the MPS planning of the proposed
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model with the real planning of the company. Additionally, the proposed model
will be tested to support the real production planning of the decision makers.
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Resumen.  ¿Cómo se puede migrar un sistema de recolección municipal conven-
cional hacia uno de carácter sostenible? La respuesta a esta interrogante para la 
mayoría de las ciudades de México aún se encuentra en construcción, como en el 
caso de Cuernavaca y su Centro Histórico. Sin embargo, hay sistemas de reco-
lección urbanos que se están volviendo un modelo de referencia en el tema de 
recuperación y valorización de los Residuos Sólidos Urbanos (RSU) en nuestro 
país, los cuales pueden aportar aspectos significativos para poder repensar una 
forma distinta de sistema de recolección municipal. Por ello, el objetivo de este 
artículo es analizar el sistema actual del Centro Histórico de Cuernavaca, More-
los, considerando las estrategias que han sido abordadas, los retos que se han 
presentado al trascurrir de los años, y como podría migrar su sistema de recolec-
ción hacia un sistema más adecuado, visto a través de la mirada de los generado-
res y de la observación de aquellas ciudades que han obtenido la presea de la 
escoba de platino, oro, y plata, por ser las ciudades que destacan en su labor a 
favor del medioambiente y ser las más limpias en nuestro país,  reconocimiento 
que es emitido por la Asociación Técnica para la Gestión de Residuos y Medio 
Ambiente (ATEGRUS) con sede en España. 

Palabras clave: Gestión de RSU, Sistema Integral de RSU, Repensando siste-
mas. 

1 Introducción  

El manejo de los RSU y los sistemas de gestión integral forman parte del campo de 
estudio de los países emergentes o en desarrollo, precisamente porque la capacidad ins-
talada no va acorde con su generación y su crecimiento poblacional. No obstante, tam-
bién se integran países que buscan ayudar a mitigar los efectos del cambio climático. 
Esto debido a que al hablar de residuos se están involucrando diferentes vertientes, no 
solo es desechar un producto/embalaje o parte de un servicio, es desperdiciar recursos 
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útiles en la economía e incrementar los impactos ambientales, sociales y económicos 
que están relacionados de manera directa e indirecta a su inadecuado manejo. Bajo este 
contexto, el manejo de los RSU para la mayoría de las Ciudades de México, y de algu-
nos países, integra un sistema básico de recolección de residuos de manera no diferen-
ciada, en donde la recuperación de materiales valorizables es mínima y se está llevando 
a cabo a través del sector informal (recolectores/pepenadores). En el mejor de los casos, 
los residuos son dispuestos en rellenos sanitarios, los cuales, cabe señalar que tampoco 
cuentan con un control ambiental adecuado. La principal problemática que se presenta 
sobre este tema está dada en cómo se genera y se disponen los residuos desde la fuente, 
donde al menos se debería de requerir la clasificación primaria (orgánicos e inorgáni-
cos). En segundo lugar, la infraestructura instalada, el presupuesto asignado, la topo-
grafía del lugar y la falta de capacitación y concientización de todos los actores involu-
crados también viene a repercutir en la cadena de manejo de los residuos [5].  

 
El desechar elementos útiles ha fomentado el consumo de materias primas, y este 

consumo ha alcanzado un ritmo que comprometerá la capacidad del planeta, si se con-
tinúa esta tendencia lineal de consumo y desecho [9], [18]. Tan es así que el escenario 
previsto para la población estimada para el 2030 y 2050, requerirá la demanda de re-
cursos naturales equivalente a tener tres planetas para poder satisfacer sus necesidades 
básicas [13]. Esta proyección pone en riesgo no solo el equilibrio de nuestro planeta, 
sino que también la subsistencia del ser humano. Por ello, se le ha dado vital importan-
cia a este tema dentro de las convenciones macro, con la firma de acuerdos y compro-
misos internacionales, como el convenio de Basilea, el tratado de París los objetivos 
del milenio y los del desarrollo sostenible (ODS) de la Agenda 2030. Dentro de estos 
últimos, están especificadas 11 metas relacionadas con el manejo de los RSU, y cuyo 
rubros son:  ciudades y comunidades sostenibles (11.6),  producción y consumo res-
ponsable (12.5 y 12.a), acciones por el clima (13.2 y 13.3), alianzas para lograr los 
objetivos (17); y de manera indirecta, con agua limpia y saneamiento (6.6), trabajo de-
cente y crecimiento económico (8.4), vida submarina (14.1), y vida de ecosistemas te-
rrestres (15.1 y 15.2) [15], con los cuales se pretende mitigar/minimizar en medida de 
lo posible, los efectos adversos en el presente, los cuales se pueden agravar en el futuro. 
Como OR�KD�GLFKR�OD�)XQGDFLyQ�(OOHQ�0DF$UWKXU��³£HO�PRPHQWR�GH�DFWXDU�HV�DKRUD�´- 
y este cambio solo ocurrirá cuando se trabaje en conjunto: gobierno, sociedad, empresas 
y la academia, empezando desde el ámbito local.  

 
Para que estas metas puedan cumplirse, se vuelve indispensable conocer de manera 

particular cuales son las situaciones que se viven y se practican en las localidades, ob-
servándolas como un sitio de estudio, para identificar cuáles son las oportunidades po-
tencialmente que se pueden presentar. Una vez reunida la información se puede cons-
truir una hoja de ruta que coadyuve a la recuperación y valorización de los materiales. 
El Sistema por proponer tendrá que ajustarse a las necesidades del sitio, maximizando 
los recursos existentes.  En este contexto, se mostrará parte del estudio que se está rea-
lizando en la localidad del Centro Histórico de Cuernavaca, Morelos, México, cuyo 
objetivo es analizar el sistema de manejo de RSU, considerando las estrategias que han 
sido abordadas, los retos que se han presentado al trascurrir de los años, y como podría 
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migrar hacia un sistema más adecuado, visto a través de la mirada de los generadores 
(UE) y de la observación de aquellas Ciudades modelo que han implementado buenas 
prácticas para la recuperación y valorización de RSU. 

 
 

2 Referentes teóricos 

El Programa de las Naciones Unidas para el Desarrollo (PNUD ) [16], Rosario [20] y 
Jacob [9] recomiendan que antes de generar una propuesta de intervención, es necesario 
saber cuáles son los conocimientos que presentan los generadores, porque a partir de 
ello, se pueden establecer estrategias que vayan direccionadas a suplir carencias o a 
reforzar conocimiento, y con ello se detone mayor conciencia sobre el manejo de los 
RSU, involucrándose en las actividades y generando el compromiso personal de ayudar 
a mejorar nuestro planeta. Por ello, este primer acercamiento de referentes teóricos está 
basado en conceptos que sirven como aspectos claves para entender el tema de los re-
siduos desde la participación del aspecto social. 

 
2.1 Basura vs residuo 

Un residuo es todo material o producto cuyo propietario o poseedor desecha y que 
se encuentra en estado sólido o semisólido, o es un líquido o gas contenido en recipien-
tes o depósitos, y que puede ser susceptible de ser valorizado (material y económica-
mente)  o que requieren sujetarse a tratamiento o disposición final conforme a lo dis-
puesto en la Ley General de Prevención y Gestión Integral de los Residuos (LGPGIR), 
mientras que el concepto de basura será dado a todos los residuos en conjunto, que van 
mezclados y que son susceptibles de contaminarse entre sí, perdiendo su valor material 
[22]; [3].   

 
 

2.2 Sistemas de Gestión Integral de RSU 

Un Sistema Integral se muestra como parte de la solución para el manejo adecuado 
de los RSU, debido a que conlleva acciones normativas, de planeación y operación, 
administrativas, sociales, de educación, monitoreo, supervisión y evaluación, desde que 
se está generando un residuo, hasta su disposición final [14], direccionándolos hacia 
los sitios adecuados para poder reutilizar, transformar y/o confinar. Estos sistemas es-
tarán basados en los principios de la economía circular y la sustentabilidad, que, al 
conjuntar el aspecto social, ambiental y económico en la circularidad de materiales, se 
podrán modificar los sistemas lineales de extracción, producción, consumo y desecho. 
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2.3 Responsabilidad compartida vs responsabilidad extendida del productor 
(REP) según la LGPGIR 

La responsabilidad compartida ocurre cuando se reconoce que los RSU son genera-
dos a partir de la realización de actividades, que satisfacen necesidades de la sociedad, 
mediante cadenas de valor tipo producción, proceso, envasado, distribución, consumo 
de productos, y que, en consecuencia, su manejo integral es una corresponsabilidad 
social y requiere de la participación conjunta, coordinada y diferenciada de productores, 
distribuidores, consumidores, usuarios de subproductos, y de los tres órdenes de go-
bierno según corresponda, bajo un esquema de factibilidad de mercado y eficiencia 
ambiental, tecnológica, económica y social. Por su lado, la Responsabilidad Extendida 
del Productor (REP) se trata de un principio para promover mejoras ambientales, a tra-
vés de ciclos de vida completos de los sistemas de los productos, ya que su objetivo es 
extender las responsabilidades de los fabricantes del producto a varias fases del ciclo 
total de su vida útil, y especialmente las acciones que van encaminadas hacia la recu-
peración, reciclaje y disposición final de los mismos [6]. 

 
 

3 Materiales y métodos 

Se realizó una investigación documental referente al Centro Histórico de Cuerna-
vaca, Morelos. En donde se abordaron reportajes de periódicos en línea sobre datos 
históricos de la crisis de basura que enfrenta y de las estrategias que se han implemen-
tado.  

 
Posteriormente, se aplicaron de manera aleatoria 196 cuestionarios de recopilación 

de información sobre generación y manejo de RSU en el sitio de estudio, a UE perte-
necientes a los sectores de: alimentos y bebidas, y/o alojamiento temporal; prestación 
de servicios; comercio; instituciones educativas; industria manufacturera; y otras. El 
levantamiento de información corresponde al periodo de junio-septiembre de 2022, y 
representan un avance del 60 % de una muestra poblacional de 326 UE. Cabe señalar 
que la muestra poblacional fue determinada con el software Decision Analyst STATS 
2.0 considerando el 95% de confiabilidad y el 5% de margen de error, sobre un universo 
de 2,154 UE. Universo que está basado en el censo reportado del año 2020 en el Direc-
torio Estadístico Nacional de Unidades Económicas (DENUE) del Instituto Nacional 
de Estadística, Geografía e Informática (INEGI). El instrumento de recolección de da-
tos fue revisado por expertos en la materia, fue piloteado y validado estadísticamente, 
y presentó un alfa de Cronbach de .727, por lo tanto, está dentro del parámetro de fia-
bilidad para el levantamiento de información en el sitio de estudio. Para el análisis de 
los datos se utilizó el software estadístico SPSS y Microsoft Excel. 

 
Finalmente, se hizo una revisión exploratoria sobre ciudades modelo que están 

siendo punta de lanza en México a través de sus buenas prácticas en la recuperación y 
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valorización de RSU.  Los resultados obtenidos en conjunto se muestran de manera 
descriptiva y correlacional. 

4 Resultados y discusión 

4.1 Recopilación de retos y estrategias abordadas para el manejo de los RSU 
en el Centro Histórico de Cuernavaca, Morelos 

Cuernavaca representa el 2.95% de la superficie total del Estado de Morelos [15]. 
EV�UHFRQRFLGD�FRPR�³OD�FLXGDG�GH�OD�HWHUQD�SULPDYHUD´��\�Iue elegida durante muchos 
años como uno de los lugares turísticos y de descanso favoritos de la población del 
centro de México [13] y de algunos turistas extranjeros. Con el paso del tiempo la Ciu-
dad creció a un ritmo sin precedentes, en donde las inadecuadas decisiones administra-
tivas sobre los servicios públicos municipales han ocasionado que la imagen urbana 
decayera y con ello, su calidad turística, también se mermara. Una de las problemáticas 
que más se ha hecho evidente es el manejo inadecuado de los RSU, cuya demanda 
estimada es de 557.87 ton/día [5] en un área aproximada de 151.20 Km2 [17].  Esta 
actividad desde el año 2005 trae aparejados periodos de crisis en los trienios municipa-
les, con la presencia de bolsas de basura que quedan expuestas en la vía pública de la 
Ciudad, así como el problema del pago de salarios a los trabajadores de limpia y reco-
lección, presentándose especialmente cuando termina y/o se renueva una administra-
ción municipal.  

 
Dentro de las primeras estrategias abordadas en el año 2013, para mejorar la imagen 

urbana, consistió en la instalación de contenedores de basura en las plazas de la ciudad 
capital (Plaza Emiliano Zapata y Jardín Juárez) (ver Fig. 1), es decir, en el Centro His-
tórico [12], por ser un sitio de relevancia económica, social y ambiental (está integrado 
en mayor medida por comercios, sitios gubernamentales y sitios de interés turístico). 
Esta dinámica económica es la responsable de generar cerca de 49 ton/diarias de RSU 
[10] en un área aproximada de 1.3 Km2. Si comparamos la generación estimada de todo 
el municipio de Cuernavaca con respecto a la del Centro Histórico, toma un efecto re-
levante el poder actuar en este sitio, debido a que representa el 9% de la generación 
total de residuos de la Ciudad, en un área geográfica relativamente pequeña.  

 
La instalación de estos contenedores de basura tenía el objetivo de poder cubrir la 

demanda de generación de RSU que se suscitaban al consumir productos/servicios den-
tro del Centro Histórico. No obstante, los botes de basura terminaron ampliando su 
cobertura de confinamiento temporal de residuos hacia la comunidad, puesto que en 
ellos no solo se depositaba lo que se generaban de este espacio, sino que alojó también 
bolsas de basura domiciliaria de localidades vecinas, sobrepasando así la capacidad de 
carga y volumen de los contenedores, y promoviendo de esta forma una imagen de una 
Ciudad con basura. MRWLYR�SRU�HO�FXDO�IXHURQ�UHWLUDGRV��FRQ�OD�LGHD�GH�³VL�QR�KD\�GRQGH�
depositar la basura, deberán de llevársela a su casa, y la Ciudad SHUPDQHFHUi�OLPSLD´. 
Estrategia que tampoco dio resultados positivos, al contrario, comenzaron a acumularse 
montañas pequeñas de residuos en las esquinas de las calles y avenidas. El contar con 
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contenedores/botes de basura mixtos tampoco es una solución viable a largo plazo, por-
que los residuos se depositan de manera no diferenciada, es decir, que todos los mate-
riales desechados, así como fueron depositados, estarían siendo trasladados hacia el 
Centro de Transferencia de la Ciudad y posteriormente, al relleno sanitario. No hay 
recuperación de materiales. 

 
Poco tiempo después, la problemática sobre el manejo de los RSU se extendió hacia 

la acción de respuesta del H. Ayuntamiento de Cuernavaca, quien se vio rebasado en la 
capacidad operativa y técnica. Se habló de la construcción de un relleno sanitario para 
la ciudad, el cual no fue aprobado por el Congreso, y terminó concesionándose el ser-
vicio de recolección, manejo y traslado hacia empresas particulares (PASA, SIREC y 
actualmente con el corporativo ambiental DKDA, S.A. de C.V. (KS ambiental)) [4] y 
trasladando de esta forma los derechos del manejo de los residuos de Cuernavaca.  

 
A partir del año 2015, se decretó que el Centro Histórico de Cuernavaca, Morelos se 

convertiría en la 1ª Ecozona del Estado, la primera de México y de Latinoamérica con 
carácter de zona metropolitana, por lo cual tendrían injerencia los tres niveles de go-
bierno (federal, estatal y municipal). En el proyecto se planteó su remodelación para 
convertirlo en una zona más saludable, regresarle su actividad turística, encaminar este 
espacio para reducir las emisiones contaminantes en aire y agua, recuperar el espacio 
público, detonando zonas de valor ambiental, así como la creación de un sistema inte-
grado de movilidad sustentable para poder reorganizar el territorio [11]; [23].  Acciones 
que contribuirían directamente a la mitigación de los efectos negativos del cambio cli-
mático a través del Programa de Manejo de Residuos Sólidos y del adiós a los plásticos 
de un solo uso [7]. Con este concepto regresaron los contenedores de basura a la Ciu-
dad, pero en esta ocasión de manera diferenciada, con tres separaciones para poder re-
cuperar el residuo orgánico; el papel y cartón; y el vidrio y las latas (ver Fig. 1). 

 

 
Fig.  1. Botes de basura año 2013 vs Contenedores de residuos clasificados 2015. Elaboración a 

partir de trabajo de campo y de imágenes de internet. 

 A su vez, se colocaron contenedores no diferenciados en puntos estratégicos y se 
dio pauta a una serie de acciones de jornadas de limpieza, campañas de concientización, 
sobre reusar/rechazar ciertos materiales como las bolsas de plástico, los popotes y el 
unicel [7], [19], por estar relacionados con la amenaza para la vida silvestre, previ-
niendo de esta manera, la contaminación del suelo y los cuerpos de agua, así como las 
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posibles inundaciones por el taponamiento de alcantarillas [21]. Se implementó el uso 
de camiones compactadores, el establecimiento de rutas, horarios, campaneo, etc., con 
los cuales se intentaría regular la manera en cómo se disponen, recolectan y se transfie-
ren los residuos. Incluso dentro de la cláusula del contrato de prestación de servicios 
concesionados para la recolección domiciliaria, descarga y operación en el Centro de 
Transferencia, se mostró la pauta de llevar a cabo acciones de recogida diferenciada 
sobre residuos orgánicos e inorgánicos, teniendo lugar los lunes, martes, viernes y sá-
bados, para el primero, y los miércoles y viernes para recolectar los segundos [8]. Esta 
estrategia estaría ligada al reglamento de Aseo Urbano de Cuernavaca, donde se esti-
pula que los generadores de RSU tendrían que realizar al menos la separación primaria, 
y entregar los residuos directamente al trabajador de limpia, o en su caso, depositarlos 
en los contenedores municipales [2].  

 
A pesar de contar con reglamentos, iniciativas y contratos armonizados, la dinámica 

que se muestra en el Centro Histórico dista mucho de apegarse a las reglas, esto en parte 
por la ausencia de la difusión de los ordenamientos, de la continuidad de acciones y de 
las campañas de concientización, pero también por falta de capacitación de los opera-
dores del servicio municipal. Por lo que la valorización de los RSU se ha y se sigue 
UHDOL]DQGR�D�SDUWLU�GH� OD�SDUWLFLSDFLyQ�GH� ORV� ³UHFROHFWRUHV�SHSHQDGRUHV´��6L�ELHQ�� HO�
volumen de recuperación es ineficiente e insuficiente comparado con el potencial de 
revalorización existente de lo que se está desechando [5], también es cierto, que esta 
parte de recurso humano debería de poder ser integrado dentro de la cadena de valor 
del sistema de recolección de residuos, porque son los que están recuperando los recur-
sos útiles para la economía (se estaría logrando cumplir la meta 8.7 de los ODS). 

 
Actualmente, el camión recolector recorre las calles y avenidas del Centro Histórico 

de Cuernavaca, Morelos, en los tres turnos (mañana, tarde y noche), compactando los 
residuos que son entregados directamente, utilizan el campaneo para avisar de su lle-
gada, sin embargo, su sistema de operación es de continuo movimiento (no se detiene, 
avanza lento), por lo que de esta manera incita a que las UE, en lugar de entregar direc-
tamente los RSU al trabajador de limpia, terminen colocándolo en la acera (banqueta) 
(ver Fig. 2). El camión puede pasar en el momento en que están expuestas las bolsas de 
basura en la vía pública, y recogerlas, pero también se da el caso, en que estas bolsas 
terminen siendo colocadas después de su partida. La idea del funcionamiento de los 
camiones compactadores es que los residuos que logre recuperar sean heterogéneos, es 
decir, recolección de orgánicos en ciertos días, e inorgánicos en otros, objetivo que no 
se está logrando.  
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Fig.  2. Presencia de basura en calles y avenidas del Centro Histórico de Cuernavaca. Elabora-

ción propia a través de trabajo de campo y de imágenes de internet. 

4.2 Perspectiva de las UE generadoras de RSU en el Centro Histórico de 
Cuernavaca, Morelos, México   

A través del análisis de los resultados del cuestionario exploratorio sobre generación 
y manejo de RSU de las UE del Centro Histórico de Cuernavaca, Morelos, se lograron 
obtener datos que están relacionados con las prácticas de separación, periodicidad de 
entrega de residuos, y de quienes consideraban que son los responsables del manejo 
adecuado de los mismos (Fig. 3), datos que se muestran a continuación:  

 

 
 
Fig.  3. Prácticas de generación de RSU y responsables de su manejo. Elaboración propia a través 
del análisis de datos del cuestionario exploratorio. 
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Con respecto al análisis de los datos, se observó que el 54 % de las UE tiene el hábito 
de realizar al menos algún tipo de separación de residuos, y estos están asociados a 
elementos inorgánicos, como el plástico, el papel y el cartón. Donde el 68% (132 UE) 
estará entregando o depositando sus residuos de manera diaria. El resto lo estarán rea-
lizando cada tercer día, dos veces por semana o incluso, cada 15 días, porque los resi-
duos que generan son inorgánicos y el volumen de su generación es mínima.  Cabe 
señalar que esta entrega de materiales tiene tres salidas: el primero con el servicio de 
recolección municipal; el segundo a través de la entrega a los recolectores/pepenadores; 
y el tercero, por la venta directa de estos materiales para el personal que labora en las 
UE.   

 
Por su parte, el 46% de las UE (55% comercio, 30 % sector de alimentos y bebidas, 

11% servicios; 2% industria manufacturera, 1% sistema educativo) que no separan sus 
residuos, refirieron como motivos: 

x Que generan una cantidad mínima de residuos; 
x Que no tiene caso separarla si el camión compactador revuelve los materiales, 

y de igual forma, ocurre con los pocos botes/contenedores que están instalados 
para depositar la basura; 

x Por comodidad de poder disponerlo en un solo lugar, así como el ahorro en bol-
sas para basura (se entregan cuando estas están cubriendo su capacidad real de 
confinamiento); 

x El no ver la separación como algo necesario; 
x El que no haya infraestructura pública o se desconoce de sitios para ir a deposi-

tarlos de manera diferenciada; 
x Qué el espacio físico dentro de los locales no permite el colocar diferentes botes, 

para clasificar los residuos; 
x Por el tiempo relativo destinado a separar y atender al público, sobre todo en el 

sector de preparación de alimentos y bebidas y de hospedaje temporal; 
x El no haber planteado o adquirido el hábito de separación; 
x Que los RSU que se desechan no tienen un mercado valorizable; 
x El que existen personas que ya se dedican a realizar la separación de RSU, visto 

como una actividad laboral (recolectores/pepenadores, sistema municipal, etc.); 
x Que el tema de separación sale del control de las UE, debido a que reciben ba-

sura pública, originada por el consumo de los usuarios del Centro Histórico. 
Este causal fue comúnmente referenciado por UE cuyo giro es la prestación de 
servicios a partir de estacionamientos públicos. 

x Que no han emitido una recomendación por parte de la autoridad correspon-
diente para entregarlos de manera diferenciada.  

x Finalmente, que no están desechando RSU valorizables. En este caso en parti-
cular, se retomó el apartado de listado de materiales del cuestionario, en donde 
se abordan los residuos que desechan comúnmente, y se pudo observar que al 
menos el 80% de los que refirieron esta categoría, están generando RSU que si 
tienen un mercado de valor en Cuernavaca, Morelos. Estos materiales son:  PET, 
cartón, papelería, tetrabrik, hojalata, latas de aluminio, envases de plástico duro 
(comúnmente conocido como "soplado"), por lo que se puede deducir que hay 
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desconocimiento sobre los materiales/elementos que se están desechando y que 
pueden ser valorizados económica y materialmente. 
 

Con respecto a la asignación de responsabilidades, el 60 % de las UE mostró que el 
tema del manejo de los RSU conlleva un compromiso compartido entre gobierno, fa-
bricantes y consumidores. Sin embargo, si se toma como referencia el porcentaje acu-
mulado, se estaría observando que el 36% de la responsabilidad se la confieren al go-
bierno, por ser el actor principal en la recolección, manejo y disposición de RSU, mien-
tras que el 28% sitúan a los fabricantes, en donde se estaría abordando el principio de 
responsabilidad extendida del productor (REP), a través de impulsar la logística in-
versa, en donde el producto o parte de este, que son desechados, incluyendo su emba-
laje, pase por ciclos completos durante la totalidad de su vida útil [6]. Este porcentaje, 
ha hecho énfasis en la necesidad de eliminar la obsolescencia programada de ciertos 
productos eléctricos/electrónicos, porque el material que podría reincorporarse en otros 
aparatos o venderse en los centros de acopio de RSU inorgánicos, no está siendo reci-
bido, y el camión recolector tampoco permite el poder transferirlo hacia los sitios de 
disposición final, por ser residuos de manejo especial. Mientras que el 36% asumen 
como responsables a los consumidores, en donde contribuyen con un compromiso in-
dividual de practicar ciertas acciones de separación diferenciada o entrega directa al 
camión recolector. 

  
4.3 Estrategias formuladas para repensar un Sistema integral de RSU    

En la construcción de estrategias que fueron mencionadas por las UE encuestadas 
para poder repensar un sistema adecuado de RSU para el Centro Histórico de Cuerna-
vaca se encuentran aspectos de infraestructura, del fomento de la educación ambiental, 
de la colaboración entre terceros y del seguimiento sobre la estructura normativa que 
debe de cumplirse por parte del H. Ayuntamiento (ver Fig. 4). 
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Fig.  4. Estrategias obtenidas a partir del análisis de datos del cuestionario exploratorio. 

Las estrategias significativas de común acuerdo muestran la necesidad de instalar 
contenedores diferenciados de RSU, utilizar camiones de recogida selectiva, de realizar 
campañas de concientización, brigadas de separación y reciclaje, de fomentar la parti-
cipación y alianzas estratégicas, así como realizar la separación obligatoria de los RSU, 
y el establecimiento y difusión de los horarios de recolección municipal, estos últimos, 
porque en el sitio de estudio se desconocen o las rutas de recolección no son constantes.  

 
Dentro de las opciones con menor repetición, pero no por ello menos importante, se 

habla de poder tener acceso a la información de centros de acopio y señalización, del 
benchmarking (tomar como referencia los mejores aspectos o prácticas de otras empre-
sas) y el emprendimiento de empresas de residuos, con los cuales se lograría migrar 
hacia sistemas sostenibles de residuos. Con estas tres acciones, se describen a continua-
ción parte de las estrategias que se tendrían que analizar o tomar como referencia para 
poder repensar un Sistema sostenible de RSU adecuado hacia el sitio de estudio. 

 
Requerimientos de información de centros de acopio-señalización. Existe un 

desconocimiento entre la mayoría de las UE con respecto hacia donde pueden canalizar 
los diversos tipos de RSU que están produciendo, tanto valorizables, como aquellos que 
representan un riesgo para la salud y el ambiente. De igual forma, se ha solicitado que 
dentro de las estrategias se dé difusión y señalización sobre que residuos pueden recu-
perarse y cuál es la forma más pertinente para realizarlo (cómo se deben de disponer).  

 
Benchmarking. En esta primera parte exploratoria de benchmarking, se toma como 

referencia algunas estrategias que han sido implementadas por algunas Ciudades de 
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México y las cuales han sido galardonadas por ser las más limpias del país. Entre estas 
estrategias sobresalen:  

x La implementación de desarrollo tecnológico; 
x Adquisición de parques vehiculares; 
x Compra de infraestructura; 
x Incentivos; 
x Generación de alianzas estratégicas; 
x Realización y difusión de campañas de concientización.  

 
En la Tabla 1 se muestran cinco Ciudades, en donde sus programas y acciones han 

tenido avances significativos en el manejo de los RSU. Todas tienen como objetivo, el 
disminuir el impacto ambiental ocasionado por los RSU, no obstante, esta acción trae 
consigo diversos beneficios. 

 
 
Tabla 1. Estrategias de Ciudades Mexicanas que han innovado en el servicio de recolección 

y revalorización de RSU 
Ciudad y 

generación 
de RSU  

Programas y estrategias aborda-
das Beneficios del programa 

Orizaba, 
Veracruz 

 
120 ton/día 

³3UHGLDO�SRU�EDVXUD´��VH�UHDOL]D�OD�
separación de RSU desde la fuente 
(casa/UE), se entrega al servicio de 
recolección y a cambio se dan pun-
tos como incentivo para posterior-
mente descontarlo del monto total 
del pago de predial. Se utiliza un ca-
lendario municipal para recoger 
RSU orgánicos, los cuales son utili-
zados en el proceso industrial del ce-
mento. En el 2020, se llevó a cabo la 
instalación de la Planta Separadora y 
Trituradora de residuos orgánicos y 
sólidos (ECORI), y cuentan con 
asistencia técnica de GEOCYCLE. 
También se requirió de contar con 
personal de limpia las 24 horas del 
día, en turnos diferenciados. 

Los RSU entregados entran 
en la cadena productiva, no 

llegan al relleno sanitario. Ge-
nera un recurso económico, 

para recolectores, empleados 
del ayuntamiento y gobierno. 
Además de que se ha logrado 

cerca del 90% de pago de 
contribuyentes, que se traduce 
en más obras y beneficios de 
servicios públicos para la ciu-

dadanía. 

Puebla,  
Puebla 
 
1,700 
ton/día 

Se ha realizado la instalación de 
³puntos verdes´�GH�DFRSLR�GH�3(7��
cartón, Tetrapak, plástico duro, vi-
drio, latas y aluminio, en donde se 
realiza el cambio de hábitos de la 
ciudadanía, a través de la separación 
y clasificación de los RSU desde el 
hogar. 

Tiene un impacto estimado 
de 20 % de recuperación de 
RSU   valorizables, sujetos a 
reciclaje en comparación al 

2% que se recolectaba común-
mente. 
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Guadala-
jara,  
Jalisco 
 
7,000 
ton/día 

³%DVH�&HUR´��se realiza la insta-
lación de módulos de separación de 
RSU, y el mejoramiento del Centro 

Integral de Economía Circular 
(CIEC). 

Se ha logrado construir una 
red de puntos de acopio, que 
ha traído como beneficio el 
mejoramiento de la operación 
de los centros de transferencia, 
y con ello, se ha podido desa-
rrollar el mercado de los RSU-
valorizables. Consolidando a 
su vez, la red de rellenos sani-
tarios en el área metropolitana 
de Guadalajara (AMG). 

Santa  
Catarina,  
Monterrey, 
Nuevo 
León 
-- 

³6~PDWH´��D�WUDYpV�GH�acciones de 
voluntarios �HPSUHVDV�� 21*¶V�� or-
ganizaciones religiosas, empleados 
municipales, ciudadanos compro-
metidos con el ambiente, y el equipo 
de Red Ambiental), se ha logrado la 
recuperación y limpieza de espacios 
públicos. 

Se ha creado un modelo de 
colaboración, encaminado ha-

cia la cultura de una ciudad 
limpia, generando un cambio 
positivo en el medio ambiente 

y en la sociedad. 

Veracruz,  
Veracruz 
 
5,719 
ton/día 

³9HUDFUX]�3XHUWR�/LPSLR´��FRQ�
este programa se ha implementado 
una app para identificar en tiempo 
real las rutas de recolección. Esta 
permite realizar comentarios y re-

portar incidencias. 

Se ha creado un canal de co-
municación personalizado, 
asignando una ruta adecuada a 
la ubicación proporcionada 
por el ciudadano. Se tiene 
transparencia del servicio, ru-
tas más eficientes, mejor con-
trol de unidades e imagen de la 
ciudad. 

Elaboración propia a través de trabajo de campo y de ATEGRUS [1]. 
 

Emprendimiento de empresas de residuos. Este concepto está relacionado con la 
economía circular, en donde supone una invitación a redescubrir el valor del producto 
más allá de su primer ciclo de vida y arriesgarse a innovar para salvaguardarlo [14]. 
Desde el año 2013, este punto se ha impulsado a través de la incorporación de los mer-
cados y tianguis verdes que se presentan los fines de semana en el Centro Histórico de 
Cuernavaca. Sin embargo, este mercado requiere de mayor difusión y de generar redes 
de coparticipación, que le permitan el desarrollar una cadena de valor, iniciando con la 
incorporación de materiales generados desde el sitio de estudio, para seguir con el  
reuso/transformación, venta y comercialización, y llegar a culminar con el fin de su 
vida útil, integrándose hasta ese momento, al relleno sanitario. El emprendimiento de 
empresas de residuos integra la mayor parte de los RSU que son valorizables, y tiene 
un potencial de destacar como acción social, debido a que estos materiales también 
pueden ser utilizados en grupo de artesanos, instituciones educativas de nivel prescolar 
y básico (manualidades), para talleres ambientales, e incluso servir como insumo en la 
decoración de calles para los días festivos. Con ello, además de preservar los materiales, 
traer mejoras ambientales, sociales y económicas, también se estarían generando 
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fuentes de empleo, solo hace falta despuntar la creatividad. Por ello es importante en-
fatizar que es necesaria una separación de RSU desde la fuente, para poder direccionar-
los hacia procesos más sostenibles.  

 

5 Conclusiones preliminares y trabajo futuro 

Para poder repensar el sistema de recolección de RSU siempre será indispensable 
estudiar el sitio, adentrarse en su historia, conocer cuáles han sido las estrategias abor-
dadas, que ha funcionado o como se ha mostrado la dinámica social, operativa, técnica 
y financiera. A partir de ese panorama, se lograrán tomar las mejores decisiones. En 
este contexto, con los resultados presentados en este trabajo de campo, se pudo recrear 
el panorama que se vive en el Centro Histórico, mediante la recopilación de informa-
ción de las UE y de las estrategias que se han llevado a cabo, los cuales, sumado al 
trabajo futuro, del estudio de generación y caracterización de RSU, se podrá comenzar 
a proponer la estructura de un Sistema Integral sostenible.  

 
En la hoja de ruta, el punto primordial será la educación ambiental (enseñanza/ins-

trucción), con un enfoque de participación y generación de redes de colaboradores de 
todas las partes interesadas. Todos desde el ámbito de su competencia pueden aportar 
para poder hablar de sustentabilidad en el sistema de recuperación y valorización de 
RSU, y con ello mitigar/reducir varios de los impactos ambientales, sociales y econó-
micos que están relacionados con el inadecuado manejo de los RSU, generando a partir 
de esto riqueza en todos los aspectos. El segundo punto prioritario, estará basado en la 
optimización de procesos y materiales, a través de tener un mejor control sobre la in-
fraestructura instalada o por instalar, así como las herramientas, maquinaria y equipo 
destinados para la recolección y manejo de los residuos.  

 
Cabe resaltar, que el papel que juega el H. Ayuntamiento de Cuernavaca es de vital 

importancia y más aún, que sus ordenamientos cumplan la función para lo cual fueron 
escritos. En este caso, la estrategia que se vislumbra es retomar este espacio como un 
producto turístico, y que las acciones vayan encaminadas a un mejor aprovechamiento 
de los residuos, del espacio y de la imagen urbana. Sin lugar a duda, el camino trazado 
ha traído consigo experiencias, no hay estrategias inadecuadas, solo hace falta inte-
grarla en conjunto para crear cadenas de valor. Estos esfuerzos deben de ir encaminados 
a una meta en común: lograr un espacio de consumo responsable, que migre hacia un 
entorno de Ciudad sostenible. Por último, es importante destacar que, gracias a los 
acuerdos internacionales, planes de desarrollo municipal, estatal y federal, leyes y re-
glamentos, se le está dando un seguimiento al tema de los residuos, y tenemos como 
ejemplo algunas Ciudades que están teniendo resultados muy favorables en este tema, 
por lo que parte de estas estrategias pueden ser replicadas con ciertas adecuaciones a la 
dinámica del sitio.  
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Abstract. Public transport systems have great importance in planning
any city; currently, the increase in population is not the only factor to
consider, but also the pollution levels and the social impact. In general,
the public transport system in Pasto has aggressive behavior from the
bus drivers due to the goals that they should achieve. These goals are
related to the route time and directly affect the salary of the bus drivers,
which is why they tend to have aggressive driving behavior. This article
focuses on the simulation of driving behaviors, aggressive and passive,
considering the rush hour and peak-off-hour traffic to determine what
effect it has on fuel consumption and greenhouse gas emissions. Four
public transport routes were used in Pasto city as the study case. The
simulations were carried out in Eclipse SUMO, a widely used tool for per-
forming complex analyses that include many variables to make a realistic
enough simulation.

Keywords: Driving behavior · Rush hour · Peak-off-hour · Public trans-
port · Greenhouse Gas Emissions · SUMO

1 Introduction

It is very known that the transport sector is one of the most significant con-
tributors to greenhouse gas emissions, making the research related to this sector
relevant. Considering this, Colombia aims to reduce greenhouse emissions by 36
million tCO2eq, and one of the challenges is to migrate forward to sustainable
transport due to 78% of these emissions coming from this sector [1]. Vehicle fuel

! This work has been supported by the project “Desarrollo de un modelo alternativo
de enerǵıa y movilidad con fuentes no convencionales en la Universidad de Nariño”
BPIN 2020000100041
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consumption and carbon emissions are influenced by driving behaviour, as well
as traffic conditions and average driving distance for safety [2].

Traffic-related emissions, such as CO2, CO, NOx and HC, have negatively
affected the environment and led to poor air quality [3]. Highlighting that CO2
has the most significant impact [4]. According to [5], improving the driving con-
ditions in major Latin American cities could bring potential economic benefits
on the order of billions of US dollars per year.

For example, in the case of Bogotá, implementing driving patterns similar to
those represented by test driving cycles used in Europe or Japan could reduce
CO, CO2, and HC emissions by at least 11% and by as much as 20% for NOx.
Modifying driving conditions usually requires hefty, expensive, and difficult-to-
build infrastructure. In this context, eco-driving becomes a cost-effective alter-
native to reduce vehicle emissions, especially if the practice is prioritized for
large-engine vehicles and those lacking emission control technologies [5].

Considering the previous fact, we aim to assess the driving behavior (passive
and aggressive) on public bus transport systems, adding the rush hour and peak-
off-hour traffic to determine its effect on fuel consumption and greenhouse gas
emissions. For this, we take the Strategic Public Transport System (SETP for
its acronym in Spanish) of Pasto city as a study case. Moreover, using all input
variables such as speed, routes, stops, acceleration, driving behavior, rush hour
and peak-off-hour, Euro norm, and vehicle type allows us to simulate the reality
of the city, which is a significant contribution. Eclipse SUMO is the software
selected to achieve the objective proposed.

SUMO is an open-source, highly portable, microscopic, and continuous traffic
simulation package designed to handle large networks. Several studies have used
SUMO to simulate road systems with a high level of detail. Thus the simulations
and their results can be as realistic as possible.

For this article, SUMO is used to analyze driving behavior, adding the rush
hour and peak-off-hour traffic to determine what effect it has on fuel consumption
and greenhouse gas emissions with the SETP of Pasto city as the study case.

2 Methodology

The simulation process was defined as follows. First, the Pasto city map with
the road network was downloaded from Open Street Map (OSM). Secondly, four
routes of the SETP were defined to make the simulations, and we created the
road corridors in NetEdit. For this, the streets were extracted from the SETP
website [11]. The next step involves defining the vehicle characteristics such as
speed, acceleration, deceleration, emission standards, and weight, among others.
Finally, the bus stop points for passenger boarding and alighting are defined.

On the other hand, two simulation scenarios were defined. These are periods
of high demand (morning and afternoon rush hour) and periods that consider
free-flow volume, i.e., without congestion. Because of that, the bus in the simula-
tion will have more stops during rush hour and fewer stops during peak-off-hour.
Likewise, the duration of stops is larger during rush hour than peak-off-hour.
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Subsequently, the acceleration of the buses is changed. The work carried
out in [13] was taken as a reference to calibrate the acceleration. It has been
estimated that aggressive driving occurs when the acceleration is carried out
with 4.0 m/s2, and passive driving is assumed when the driver accelerates at a
rate of 2.0 m/s2.

2.1 Road Corridors

Pasto city had about 825 buses until 2017, with an average age of 12 years for
the entire fleet; the fuel used for all vehicles is Diesel or ACPM. The SETP
operation is under the organization ”Unión Temporal Ciudad Sorpresa,” which
is made up of four companies. In addition, the fare for a bus ticket is 2000 COP
for the year 2022 and has an approximate annual increase of 100 COP.

Routes E1 and E3 are part of the so-called strategic routes. They have been
assigned this name because they make relatively short journeys to reduce trans-
port times, connecting strategic points such as the city center and some outlying
sectors. On the other hand, routes C1 and C16 are part of the so-called comple-
mentary routes. Unlike the strategic ones, these routes were not designed to have
shorter routes but to connect the most significant number of sectors possible so
that most of the population has access to public transport services and can be
mobilized from anywhere in the city.

The Table 1 and Figure 1 present the set of selected collective public transport
routes.

Table 1. Selected Routes - Collective Public Transportation. Source:
http://181.49.177.91/

Road
Corridor

Origin - Destination Distance [Km]
Approximate
Time [min]

E1
(North - South)
Barrio Dolores –
Universidad de Nariño

10.4 56

E2
(North - South)
Altos de chapalito – Torobajo

9.4 51

C1
(South - North - West)
Obonuco – Altos de
Chapalito

12.1 59

C16
(East - West Outside
of the municipal capital)
Cabrera/La Laguna – Anganoy

14.6 66

2.2 Critical transport hours

Pasto city has three daily rush hours between 6 am and 7 am, 12 pm and 1 pm,
and 6 pm and 7 pm. Likewise, the peak-off hours are between 9 am and 10 am
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Fig. 1. SETP selected routes, a) E1 route, b) E2 route, c) C1 route and d) C16 route.
Source: http://181.49.177.91/

and 3 pm and 4 pm. Table 2 shows the average daily travel people make using
the SETP [12].

Table 2. Average of travel per day in the SETP. Source [12]

Hour 6am - 7am 9am - 10am 12pm - 1pm 3pm - 4pm 6pm - 7pm
Number of travels 13000 4000 14000 4000 10000

The people in Pasto start their activities around 7 am, take lunch at 1 pm,
and return to work or study at 2 pm; finally, they finish the activities at 6 pm.
Due to this schedule, there are three rush hours daily. Instead, while most people
work or study, few people need to get away from home, and the number of travel
is minor. Because of that, there are two peak-off hours daily. This behavior is
taken into account too. Thus the simulations could be more realistic and the
results more accurate.

2.3 Simulation Parameters

The simulation parameters are described in Table 3. The parameters acceleration
and acceleration duration have two values because these are the parameters used
to simulate driving behavior, a regular acceleration is obtained with 2.0 m/s2,
and an aggressive acceleration is obtained with 4.0 m/s2.

The EURO III standard is used since most of the SETP buses in Pasto
comply with this standard as Figure 2 shows [12].
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Table 3. Simulation Parameters

Parameter Value
MaxSpeed [m/s] 16.67
Acceleration [m/s2] [2.0, 4.0]
Deceleration [m/s2] 3.0
Vehicle Mass [kg] 11000
Emission Class HBEFA3/HDV D EU3

Fig. 2. Percentage of buses per European standard in Pasto
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3 Simulations and results

SUMO is used in conjunction with Python to perform the simulations, which
allows for speeding up the process. It is possible to perform a better analysis of
the information through Python. Figure 3 shows an explanatory diagram of the
communication between SUMO and Python.

Fig. 3. Simulation SUMO-PYTHON

3.1 Validation

First, we compared the CO emissions at different speeds to validate that the Euro
III standard is met, for which a trial test was carried out under track conditions.
The result shows that the vehicle complies with the European standard. Once
this was verified, the experiments were carried out with the four selected routes.

The figure 4 shows that all the values are below the maximum value of the
Euro III norm; in this case, the maximum value allowed by the norm is 2.1
[g/kwh] [14]. With this outcome, we can validate the results given by SUMO.

3.2 Results

Figure 5 contains the simulated cases’ outcomes. Each subplot shows the result
for a single variable, for example, fuel consumption in Gl or CO2 emissions in
Kg. Moreover, each subplot has a bar plot with results for aggressive behavior
appointed with ”A” and passive behavior with ”P” on the axis below the figure.
Likewise, there are results related to the traffic, either rush hour or peak-off-
hour traffic. Finally, there are results for each selected route, C1, C16, E1, or
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Fig. 4. For the Euro III norm, CO emissions in g/kWh vs. vehicle speed [km/h].
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E2. Notably, the CO2 emissions are in kilograms scale while the other emissions
are in grams scale, highlighting that CO2 is the most gas emission generated by
fuel combustion in a diesel bus.

Visibly the emissions and fuel consumption are most considerable when the
bus transit in rush hour than peak-off-hour. Because of that, we calculated the
increasing percentage of rush hour fuel consumption and emissions concerning
peak-off-hour. The results were plotted in the figure 6.

It is interesting to observe that the general emissions and fuel consumption
increase around 50% or more, only in the C16 case, the increase is around 20%.
Moreover, the increase is most considerable for passive behavior than aggressive
behavior. The above indicates that rush hour traffic affects passive drivers more;
one possible explanation is that aggressive drivers have high values in both hours
of traffic cases; thus, the increase between each case is not that significant.

Finally, we expected the most significant increase in fuel consumption and
emissions for aggressive behavior than passive behavior. To check it, we calcu-
lated the percentage increase of all aggressive outcomes concerning passive, and
the results were plotted in the figure 7. However, the expected idea was only
fulfilled for fuel consumption, CO2, and NOx emissions, but this idea was wrong
for CO, HC, and PMx emissions.

As figure 7 shows, there are some negative bars. This fact indicates a de-
crease in emissions for aggressive behavior concerning passive behavior. Doing a
literature review, we found two references that support this finding. The articles
show that CO and HC decrease with higher engine loads. The load on the motor
can be assumed to be directly proportional to the acceleration since if the load
is increased, the acceleration must increase so that the force will be greater and
thus maintain the speed approximately constant. In this order of ideas, if the
acceleration increases, the CO and HC tend to decrease. A plausible reason for
the decrease in CO, HC, and PMx emissions could be the increase in combustion
temperature caused by a higher engine load, thereby enhancing the oxidation of
unburnt hydrocarbons in the exhaust. Moreover, aggressive driving character-
ized by rapid acceleration might have required the engine to operate at a higher
peak speed (rpm). A previous study showed that an internal combustion engine
could emit lower concentrations of hydrocarbons with increasing engine speed
[15], [16].

On the other hand, the case of route C1 is different from the others because
this route has more direction changes, which requires a more frequent decelera-
tion and acceleration, preventing the vehicle from reaching a high speed. If the
speed is necessarily low, emissions will be higher in any case. On the other hand,
the other routes do not have as many direction changes, which can allow them
to reach higher speeds through higher accelerations, which is consistent with the
results of HC, CO, and PMx.
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Fig. 5. Total emissions and fuel consumption for each simulated case
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Fig. 6. Percentage increase of emissions and fuel consumption of rush hour traffic
respect peak-off-hour traffic
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Fig. 7. Percentage increase/decrease of emissions and fuel consumption of aggressive
behavior respect passive behavior
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4 Conclusions

The results obtained in the four simulation cases show several generalized be-
haviors. First, fuel consumption and gas emissions are always higher during rush
hours. Regarding fuel consumption costs, moving during rush hours is more ex-
pensive than during peak-off-hours. However, the behavior also influences since
passive behavior has lower fuel consumption and, therefore, a lower fuel expense.

Regarding emissions, moving around a traffic jam harms the environment
since emissions at peak hours are much higher than at off-peak hours, around
50% higher. Regarding behavior, it is impossible to state that passive driving
will be better for avoiding significant emissions of polluting gases. This state-
ment is only correct for CO2 and NOx, but in the case of intermediate driving
behavior between aggressive and passive could have fewer emissions in cases of
mobilization within the cities. This fact could be different if mobilizations on
highways or between cities, where it is possible to reach higher speeds and less
aggressive behavior regarding acceleration.
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Abstract. The increasing world population, world aggregated demand, and raw 
materials extraction (mainly from developing economies), have led society to 
face challenging scenarios characterized by increasing global warming, 
inequality, poverty, injustice, poor governance, and violence. Latin America and 
the Caribbean (LAC) region is not exempt from this global trend. Indeed, the 
Economic Commission for Latin America and the Caribbean (ECLAC) identifies 
that LAC cities, in addition to high levels of urbanization, are facing similar 
issues. The LAC cities are formulating smart city development initiatives to 
mitigate the effects of the problems described. However, how do city managers 
ensure that these initiatives are appropriate? Practitioners, politicians, and 
academics suggest using evaluation mechanisms that objectively and 
TXDQWLWDWLYHO\�PHDVXUH�WKH�FLWLHV¶�HYROXWLRQ��Nevertheless, despite the substantial 
number of available indexes for evaluating smart cities, the literature reveals a 
gap in studies considering specific characteristics of the LAC region. According 
to ECLAC, LAC has a latent need for smart city indicators considering 
Sustainable Development Goals (SDGs) and Digital Transformation (DX). The 
most popular world smart city rankings were reviewed, analyzed, and paired with 
SDGs and the LAC needs characterization based on the ECLAC report. By re-
evaluating those indicators, this research aims to create a set of new indicators 
for a real evaluation of the smartification level of LAC cities. Based on the 
proposed indicators, new ways for enhancing smartification in LAC will be 
identified. By applying the proposed methodology, it may be possible to improve 
the diagnosis for cities by region characterization in the future. 

Keywords: Evaluation Model, Smart City, Latin America and the Caribbean, 
Sustainable Development Goals, KPI. 

1 Introduction 

As the world continues to urbanize, particularly in low-income and lower-middle-
income countries, sustainable development is increasingly dependent on the successful 
management of urban expansion [1]. According to the United Nations (UN), the global 
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population was around 2.6 billion in 1950, and 7.7 billion in 2019, and it is projected 
to reach 9.7 billion by 2050 [2]. Urban administrators and planners will struggle to 
satisfy the needs of their rising urban populations in terms of housing, transportation, 
energy, infrastructure, jobs, and key services such as education and healthcare. 
Therefore, several initiatives have been proposed, including smart city 
conceptualization. 

However, there has been no clear, distinctive, and accepted definition of a smart city. 
A pioneer definition suggests WKDW� D� VPDUW� FLW\� ³makes optimal use of all the 
interconnected information available today to better understand and control its 
operations and optimize the use of limited resources´�[3]. This concept has evolved and 
currently, WKH�(&/$&�VWDWHV�WKDW�³the smart city model is based on the generalized use 
of the Information and Communication Technologies (ICT) that among others allow 
promoting intensive and highly-productive economic activities´� [4]. In addition, the 
ECLAC identifies three primary clusters: i) city and mobility, ii) technology and 
energy, and iii) industrial policy for constructing smart LAC while contributing to the 
achievement of DX and SDGs [5]. During DX, public employees, cities, and residents 
must adapt, employ, and embrace these technologies as allied instruments, not as 
enemies [6],[7],[8]. A DX supported by the gradual introduction of smart city initiatives 
is crucial for developing sustainable solutions geared toward citizens and 
individuals.  The IDB recently released a study on DX as a key driver for cities' 
smartification by identifying the technology needs of LAC as recipients. This study 
created a linkage with those sources to create a multilateral technology transfer process 
[8]. Using this approach, LAC countries developed Urban 2030 Agendas to lead their 
cities for achieving an ecosystem of solutions and standards supporting SDG action 
plans or roadmaps [15][16]. Effective action plan implementation requires to measure 
and to integrate information from city projects with the SDGs, supporting the creation 
of policies aimed to advance a better society and increase citizens' quality of life [11]. 
Therefore, strategic and operational goals must align with automated measurements and 
indicators [12]. The SDGs aim to promote economic growth and satisfy social needs 
like education, health, equality, and job opportunities while fighting climate change and 
preserving seas and forests [1].  

 

 
 

Fig. 1.  Sustainable Development Goals. (Own elaboration) 
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   Some cases focused on SDG 11, "Sustainable Cities and Communities", as the major 
goal for their smart city projects by emphasizing the importance of the urban process 
over global social and environmental problems [9], [14]±[17]. This strategy lacks 
specificity for low- and middle-income nations, which are particularly vulnerable to 
climate change [18]. This papers aims to stablish the smart city projects pillars in LAC 
which must include SDG 11, as aforementioned cases, but also consider other suitable 
SDGs (see Fig. 1). 

 
1.1 LAC Smart Cities Cases 

LAC region is among the most urbanized regions internationally [19]; but it does not 
mean its cities have well-organized growth. Lack of accurate growth plans combined 
with varied features [20] create cities in the region facing difficulties and threats to 
infrastructure, services, sustainability, resilience, economic, social, and environmental. 
     ECLAC's paper "Multidimensional review of urban development in Latin America 
and the Caribbean" notes that LAC region cities face social, economic, environmental, 
infrastructure, and governance concerns that city planners should consider [21]. LAC 
region cities are devising smart city development projects to mitigate the concerns 
stated. Expanding internet connections or incorporating technology into daily life does 
not mean a city has finished the evolutionary process needed to be called "smart." How 
do city administrators know if these programs are successful? Practitioners, 
policymakers, and academics recommend objective, quantitative appraisal of city 
growth [22], [23]. 
    Using evaluation models is one way to determine city growth and interaction with 
enabling technology [24]. The same assessment model can yield various outcomes 
depending on its use [25]. Since their invention, evaluation models have considered 
many elements and qualities that, while acceptable for the region they were designed, 
may not be for another. In this regard, it is vital to evaluate the location where they will 
be deployed and the technologies closely associated to economic, social, and 
environmental development areas that contribute most to local growth. Academics do 
not agree on a precise evaluation framework due to the variety of smart city aspects and 
attributes. Most evaluation frameworks are holistic [26]. The United for Smart 
Sustainable Cities (U4SSC) provides a collection technique for Key Performance 
Indicators (KPI) for Smart Sustainable Cities to evaluate cities' smartification projects 
in compliance with the SDGs [27]. Despite the many existing approaches for evaluating 
smart cities (government, non-government, business, and academy-based) [28], there 
are few studies that address the LAC region's SDGs. This study aims to provide a novel 
diagnostic model, based on a mixed approach considering SDGs, the ECLAC report 
and the U4SSC methodology, suitable to determine the LAC city's position on the road 
to smartification. It is important to highlight that both ECLAC and U4SSC embed the 
SDGs as a key element within their structure. It will serve as a basis for formulating 
strategies and action plans for developing smart cities in LAC. The next section 
describes the relevant academic works and publications. In section 3 the Systematic 
Indexes Crossed-Comparison methodology is described. The Results are listed in 
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section 4; some conclusions are listed in section 5; and some limitations and future 
research are presented in section 6.    

2 Literature Review 

A literature review was conducted to establish what academic publications in LAC 
support the research goal. Web of Science (WoS) and Scopus were chosen since they 
are primary sources for citation-based transdisciplinary scientific data [29],[30]. "Smart 
Cities Index in Latin America" and other synonyms were used to develop search terms. 
,W�UHVXOWHG�LQ�WKH�IROORZLQJ�NH\ZRUGV��µ6PDUW��&LW��LQGH[��PHWULF��LQGLFDWRU��/DWLQ�
America, LAC region, and LATAM region. In the literature review, following equation 
(1), 18 SDSHUV� ZHUH� LGHQWLILHG� DV� UHOHYDQW� WR� VXSSRUW� WKLV� SDSHU¶V� UHVHDUFK� JDS� DQG�
purpose. 
 
Smart* AND Cit* AND (index*OR metric*OR indicator* AND ("Latin America " OR 
"LAC region" OR "LATAM region"))      (1) 
 
The primary findings provide evidence for developing a comprehensive index for LAC 
smart cities and identifying the region's needs. First, several publications stressed the 
importance of evaluation for a city to be considered "smart" [28] [31] [32]. Due to the 
complexity of constituent aspects, "Smart City" evaluation is challenging [28]. 

   Carrion et al (2021) compared 21 variables and suggested EU CITY keys indicators 
for LAC. The study suggested that indicators should include the following criteria: 
relevance, completeness, availability, measurability, reliability, familiarity, non-
redundancy, and independence [28]. In the LAC region, the indicators were not 
applicable due to a lack of data sources [28]. It shows the complexity of measuring and 
the need to adapt international metrics to the LAC region. 

 A different technique to acquiring some indicators involved developing an electronic 
platform based on Boyd Cohen's Smart Cities Wheel (tool) to collect data, simplify 
tracking, measure indicators, and offer reliable information. This platform provides 
access to information with varied degrees of usefulness, helping users to improve their 
quality of life and engage in Smart Cities programs [31]. Nevertheless, LAC data is 
scant, and the platform's trustworthy information was incomplete. 

  Other authors admit that the LAC area is different from the rest of the globe and say 
it needs a tailored model to measure its sustainable efforts [32] or to identify local 
impediments to implementing smart cities [33].The reality of developed economies 
contrasts with the absence of essential services, weak governance, low value for citizen 
participation, and social and political constraints that the LAC region faces [32]. 
Consequently, smart cities in developed countries present higher rankings than the LAC 
smart cities region because of different conditions. 

These regional differences support the statement to identify real needs and link them 
to useful metrics in LAC cities. The authors say LAC cities should design a proper plan 
[33]. This reasoning supports the current study objective of determining LAC concerns 
and linking solutions to smart city master plans. 
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Other scholarly publications for LAC focus on developing indicators only for specific 
areas. For instance, mobility [34], [35] [36], energy [37] [38], [39], e-participation [40] 
living conditions [41], productivity [42], services [43], and transportation [44]. Other 
studies took a more general approach to analyze patterns of mortality [45], diseases 
[46], or health [47] under same parameters of developed countries without 
differentiating variables for LAC countries. This tendency supports the objective of this 
research to establish a comprehensive approach to evaluate the present needs of LAC 
cities and to customize smart city index that help meet those demands and improve the 
quality of life for citizens as outlined in the SDGs. 

2.1 LAC FLWLHV¶ needs in concordance with the Sustainable Development Goals 

ECLAC is a UN regional commission. It was created to boost Latin America's 
economy, coordinate activities, and strengthen economic ties. Later, social 
development promotion was added [48]. 2017 ECLAC report on sustainable growth 
highlighted that inequality hinders healthy urban expansion. Despite a rise in GDP per 
capita and a decline in poverty rates, urban inequality has not decreased [49]. The 
document analyzes situations, difficulties, challenges, and advancements in the LAC 
region framed in the SDGs [49]. 
   Considering that technology drives smart city development and the need to create 
synergy between urban space development and SDG challenges, different authors have 
proposed SDG-based measurement tools to capture and measure the smart city 
contribution to building sustainable and resilient societies. Teixeira et al (2022) 
measured the sustainability and smartness of cities using the SDGs, the Human 
Development Index (HDI), and the Urban Quality of Life (UQoL) indexes. Adam 
Przybyowski says quality of life can be quantified using ISO37120 indicators in the 
SDG context [50]. 
     Giuseppe Grossi and Olga Trunova assess the UN's KPI for smart cities combined 
with the SDGs as a measurement instrument. The authors found that the complexity of 
the smart city concept and the unique characteristics of cities prevent universally 
applying a set of metrics to measure a smart city's core nature [51]. Following this 
approach, Clarissa Lima Loureiro understands the need for accurate measuring items 
that reflect the city's reality. Otherwise, the usability of models such as ISO 37120, 
37122, or 37123 can be non-viable [52]. The U4SSC methodology is the result of the 
organizations described in Annex I, table 5 for giving a standard way to collect data 
and measure performance and progress in the cities' roadmap for becoming more 
innovative and sustainable entities embracing the SDGs [27].  
     In this regard, the U4SSC methodology satisfies the purpose of this work since it 
contextualizes ISO 37120, 37122, and 37123 KPI into the SDGs. Some authors have 
used this method to measure city smartness with inconsistent results. Mashhad, Iran, 
research shows that, according to the U4SSC approach, the city's evolution cannot be 
quantified because it lacks the necessary infrastructure and services. The author also 
discussed the U4SSC methodology's access limits to private organizations' information 
and data [53]. Nora Faroun used U4SSC metrics to measure the transition of Egypt's 
East Mansoura District into a smart and sustainable city. As part of the reported study 
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challenges, the author states that due to their extent, it is challenging to apply all U4SSC 
indicators (eleven KPI) [54]. 
   Although U4SSC has proven to be a complete and normed instrument for the 
smartness, resilience, and sustainability measurement of cities framed in the SDGs [27], 
it is necessary to narrow down its scope and consider those specific indicators that 
reflect the current conditions where it will be applied. On the other hand, the ECLAC 
report analyses the conditions, problems, challenges, and advancements in several 
dimensions in the LAC region framed in the SDGs and the 2030 agenda [21]. 
Considering these premises and having the SDGs as a convergence point, this research 
has included the U4SSC methodology as part of the evaluation indexes proposed for 
the LAC region.  

3 Methodology 
3.1 Smart FLWLHV¶�Systematic Indexes Crossed-Comparison of evaluation for 

LAC region 

The aim of this study is to consider the current limitations in the general implementation 
of smart city indexes over specific populations in LAC. Such kind of limitations may 
include data availability, the smart city complex definition, and the development 
orientation (e.g., agriculture vs. industry) [28] [32]. In addition, the case for the LAC 
region will analyze smart city indexes and methodologies containing the domains and 
indicators that represent the specific needs of the region and pursuing the data integrity 
(relevance, completeness, availability, measurability, reliability, familiarity, non-
redundancy, and independence) as described in the literature review. To approach this 
goal, a Systematic Indexes Crossed-Comparison is proposed, divided into three stages.  

Table 1. SCI-ECLAC Matching Coincidence Index 

 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 238

pmoreno
ISBN 978-9942-44-109-6



7 

First stage: Identification of international Indexes based on multidimensional 
needs for LAC cities. 
 
In this stage, Google was used to find smart cities-related indexes. Due to the large 
number of international rankings results for gauging smart cities, it was required to rank 
the results under the criteria proposed in the ECLAC report. This document uses five 
dimensions to examine LAC needs and issues.   Consequently, fifteen indexes were 
obtained.  Table 1 shows that IMD-SUTD Smart City Index (SCI), City Keys, and IESE 
Cities in Motion Index (ICIM) have the highest coincidence level with the evaluated 
parameters and describes the coincidence level between Smart City Indexes. 
   In other situations, the nomenclature differed, thus a subsequent analysis was 
undertaken by specifying the objectives of each subdimension and establishing the 
similitude degree. See Table 2. Notice that the U4SCC index is also included in this 
list, despite not being found in the search results. The reason for including this index is 
stated in the section 2.1. 

Table 2. ECLAC Dimensions vs Smart Cities Indexes Dimensions 

 
Overcoming inequality is the biggest challenge for the city's development in LAC. This 
socioeconomic distortion goes beyond income and capital inequality. It affects social 
links with gender, ethnicity, age, or religious inequities, which builds up poverty in the 
region. Elders, women, and minorities are the most vulnerable in LAC, making them a 
carefully examined category [55]. The economic dimension assesses not only minority 
economic performance, but also planning and labor engagement. 
     Environmentalists promote a comprehensive approach to societal problems. First, 
urban ecosystems and environmental sustainability are key to citizen well-being. 
Second, environmental services (water, green areas, energy, solid waste disposal) must 
be used in an ecological way. Third, climate-related severe events and environmental 
adversity. Fourth, the present urbanization model is needed as a major aspect of SDG-
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aligned sustainable development. This dimension includes credible information 
regarding environmental services, quality, planning, policies, and waste management. 
     Government dimension measures government and urban citizenship. Urban 
administration, governance, citizenship, and human rights. Examining government and 
governance, particularly institutional capacity indicators, reveals how inequalities 
hinder public engagement. Public engagement is also acknowledged. This includes 
urban alliances. 

Social dimension addresses regional inequalities. Inequality varies across LAC region, 
thus it's necessary to identify its causes. Despite progress in reducing inequality, spatial 
inequalities in urban poverty, informal settlements, and violence remain [49]. This 
dimension covers equity, social cohesiveness, service access, safety, and opportunities. 

  Inequality in society causes poverty clusters, unequal access to housing, public 
services, and urban infrastructure [49]. Therefore, infrastructural indicators are needed. 
Additionally, considering the fourth industrial revolution and its relevance in economic 
processes, governments must take into account the coverage of internet service in all 
urban spaces and how local places are influenced by global ones and vice versa. Thus, 
this dimension includes some metrics for service coverage overall. 

 
Second stage: Nomenclature definition scheme for the indicators.  
To guarantee a unique identity for the indicators, ease of understanding, and 
applicability, the following process was elaborated to create the nomenclature scheme. 
While the smart city indexes implement diverse structures and methodologies, the first 
step to standardize the nomenclature was based on the name of the source document. 
Then, the dimensions were defined, taking as reference the ECLAC report. Each 
dimension contains sub-dimensions that represent the sector of the city. In addition, 
each subdimension includes a category that represents the area in which the index could 
be applied. Lastly, a sequence number is assigned to avoid duplicity. The proposed 
scheme is shown in table 3. 

Table 3. Smart Cities Index Dimensions Vs ECLAC Dimensions 

 
 
 

U4 U4SSC EC Economy E Energy AQ Air Quality HO Housing

CM Cities in Motion EN Environment EH Education, Health 
and Culture

B Buildings IN Innovation

CK City Keys SC Society and Culture EN Environment C Culture ICT ICT Infrastructure
SC IMD Smart City Index GV Government I Infrastructure D Drainage PS Public Sector

IN Infraestructure ICT ICT E Energy PSN Public Spaces and 
Nature

P Productivity ED Education SA Safety

SH
Safety, Housing 
and Social 
Inclusion

EM Employment SI Social Inclusion

EQ Environmental 
Quality

T Transport

ES Electricity Supply UP Urban Planning
FS Food Security WA Waste

H Health WS
Water and 
Sanitation

X(XX):
Category (cont. )

XX:
Document Source

XX : X(XX) : X(XX):
Dimension Sub-Dimension Category
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Third stage: Cross-comparison indexes with ECLAC dimensions. 
The documents source teardown analysis identified more than six hundred indicators 
and fifty categories. It supports the challenges described by [53] and [54] regarding the 
vast number of indicators. Subsequently, indicators and categories were analyzed to 
identify duplicates, synonyms, or similarities in the definitions and targets. The result 
of this process identified five domains with a significant level of closeness with the 
ECLAC report. As stated in 1.1 section, exist different frameworks [28], but not all of 
them align with the SDGs. Therefore, the U4SSC document is suitable since it 
intrinsically incorporates the SDGS [27]. In summary, following the proposed scheme 
for nomenclature and comparing all the relevant indicators a suggested indicators list 
was elaborated and presented in the following section. 

 
4 Results 

Descriptive statistics is utilized to evaluate the relevance of the dimensions from the 
total results of the cross-comparison indexes. As a result, the present research proposes 
a set of five dimensions and one hundred thirteen indicators to measure the level of 
smartification in LAC cities (See table 4).  
   The results demonstrate that for the LAC region, a vast number of indicators belongs 
to the social category (31%), closely followed by the government (30%). These results 
are in concordance with the ECLAC report, that describes that most of the regional 
needs comes from those two categories [49].  
   Economy (13%) and infrastructure (13%) dimensions which contain similar number 
of indicators. This result demonstrates the relevance in these sectors for the LAC region 
smartification process.  
   Results also show the difference between LAC region and developed countries for 
VPDUW�FLWLHV¶�needs. According to the IMD index, the main concerns of high ranked 
cities are related to housing, and environment��ZKHUHDV��ORZHU�UDQNHG�RQHV¶�SULRULWLHV�
are aimed to health and safety issues [56]. Thus, several indicators are proposed to 
measure their smartness in this area [56]. However, in the case of LAC region, the 
applicable number of smart city indicators is lower. This outcome may suggest further 
research to evaluate and investigate the suitable environment (12%) indicators for the 
LAC region.     

The number of indicators in this study is similar to the number used by other indexes 
to measure economic prosperity of cities. A detailed table with the description of 
dimension, sub-dimensions, indicators and the nomenclature are presented in Annex I. 

Table 4. Results according to dimensions, indicators per dimension, and weighted percentage. 
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5 Conclusion 

Despite the fact that many countries in LAC are still developing their economies and 
industries, designing new cities or improving existing ones can be approached, from a 
comprehensive perspective, from the smart city's methodology. This approach 
emphasizes the environmental and social assets to shift the current urbanization trend 
into a more holistic, systematic, organized, human oriented and aligned with the SDGs. 

The international smart city indicators are not suitable for LAC region since there 
exist several differences between developed and developing countries in terms of 
income, infrastructure and technology penetration. This particularity decreases the 
effectiveness of international indexes when evaluating LAC region smart cities. 
Therefore, the current set of dimensions and indicators are proposed to help policy and 
decision makers to identify the milestones in the smartification process for LAC cities. 
   Based on the previous section, infrastructure dimension is a primordial element for 
the development of smart cities and it is gaining importance in the region. However, 
achieving optimal development levels will require more than a 70% increase in 
investment [57]. Although this dimension is important, the current economic conditions 
of the region do not allow reaching the necessary level of investment, slowing down its 
development. This is the main reason the number of indicators under this dimension is 
lower with the number of indicators embedded by the social or governance dimensions. 

Economy dimension indicators describe factors that promote the development of a 
country, region, or city. Many studies consider GDP as the only indicator of growth; 
however, this study propose to consider other indicators that, individually, or as a 
whole, provide spaces for the economic development of cities framed within the Smart 
city concept. 

The present work aims to identify the current societal needs and evaluate the most 
important smart city index in response to the SDG; this methodology could be used as 
a reference in other low- and middle-income countries in Africa, Asia, or Europe. 

6 Limitations and future research 

The aim of the present research is to propose an index evaluation for smartification in 
LAC cities. The literature review revealed flaws within international indexes to cope 
with evaluation in LAC region mainly due to specificity factors. Great efforts were 
done to determine the appropriate indicators and create a comprehensive index for LAC 
region; however, the present research is limited because the needs in the region were 
mainly identified from ECLAC report. Future research may tackle this limitation by 
spanning the documentation source related to the needs in the region.  
  The scope of this research includes economy, environment, government, 
infrastructure, and social dimensions; however, there exist others such as education and 
food. They were not included since the analyzed indexes contain scarce measurements 
items to match up with these dimensions described in the ECLAC report. Therefore, 
future research may identify appropriate indicators to fit with education, food, or more 
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dimensions deriving in results with more significance. To demonstrate the pertinence 
and effectiveness of the proposed set of indicators, it is necessary to define specific 
metrics for each indicator, then evaluate those indicators and compare the results 
between cities in LAC. Further research is needed to determine and stablish the metrics 
and methods for measuring and calculating each indicator. 
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Annex I 

Table 5. International organizations participating in the U4SSC collection methodology 

 
 

Table 6. Indicators contained in the ³(conomy´ dimension 

 
 
 
 
 
 
 

NAME ACRONYM
Convention of Biological Diversity BD
Economic Commission for Latin America and the Caribbean ECLAC
Food and Agriculture Commission FAO
International Telecommunication Union ITU
United Nations Development Programme UNDP
United Nations Economic Commission for Africa UNECA
United Nations Economic Commission for Europe UNECE

Regional Bureau of Sciences in Latin American and the Caribbean of the United Nations 
Educational, Scientific and Cultural Organization

UNESCO

United Nations Environment UN environment
United Nations Environment Programme Finance Initiative UNEP-FI
United Nations Framework Convention for Climate Change UNFCCC
United Nations Human Settlements Programme UN-Habitat
United Nations Industrial Development Organization UNIDO
United Nations University-Operating Unit on Policy-Driven Electronic Governance UNU-EGOV
United Nations Entity for Gender Equality and Empowerment of Women UN-Women
World Meteorological Organization WMO

# Dimension Sub-Dimension Indicator Nomeclature
1 ECONOMY Economic performance Productivity U4:EC:P:IN:18
2 ECONOMY Economic performance Productivity U4:EC:P:IN:20
3 ECONOMY Economic performance Productivity U4:EC:P:EM23
4 ECONOMY Economic performance Productivity U4:EC:P:EM24
5 ECONOMY Economic performance Productivity U4:EC:P:IN:19
6 ECONOMY Economic performance Productivity U4:EC:P:EM:21
7 ECONOMY Economic performance Productivity U4:EC:P:EM:22
8 ECONOMY Economic performance Productivity CM:EC:P:PS:04
9 ECONOMY Opportunities Young woman with limited labour participation U4:EC:P:EM:22
10 ECONOMY Opportunities Young woman with limited labour participation CM:SC:SH:SI:01
11 ECONOMY Planning Inefficient expansion of the urban sprawl U4:EC:I:UP:45
12 ECONOMY Planning Saturated Urban Sapces CK:EN:EN:PSN:16
13 ECONOMY Opportunities Urban Work CK:EC:P:EM:05
14 ECONOMY Planning The surplus value of urban land CK:EC:SH:HO:11
15 ECONOMY Planning The surplus value of urban land CK:EC:P:PS:12

SSSI4LAC - Economy Smart City Sustainable Indicators for Latinamerica and Caribean Region
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Table 7. Indicators contained in the ³(nvironment´ dimension 

 
Table 8. Indicators contained in the ³Government´ dimension 

 

# Dimension Sub-Dimension Indicator Nomeclature

1 ENVIRONMENT Environmental Services Administration Inefficient water management U4:EC:I:WS:25
2 ENVIRONMENT Environmental Services Administration Inefficient water management U4:EC:I:WS:26
3 ENVIRONMENT Environmental Services Administration Inefficient water management U4:EC:I:WS:27
4 ENVIRONMENT Environmental Services Administration Inefficient water management U4:EC:I:WS:28
5 ENVIRONMENT Environmental Services Administration Inefficient water management U4:EN:EN:WS:51
6 ENVIRONMENT Environmental Services Administration Green areas Protection U4:EN:EN:PSN:57
7 ENVIRONMENT Environmental quality Atmopheric Protection U4: EN:EN:AQ:46
8 ENVIRONMENT Environmental quality Atmopheric Protection U4:EN:EN:AQ:47
9 ENVIRONMENT Waste Improper management of solid waste U4:EN:EN:WA:52
10 ENVIRONMENT Waste Improper management of solid waste U4:EC:I:WS:29
11 ENVIRONMENT Environmental quality Contamination U4:EN:EN:EQ:54
12 ENVIRONMENT Environmental quality Contaminación U4:EN:EN:EQ:53
13 ENVIRONMENT Planning Waste Management U4:EC:I:WS:30
14 ENVIRONMENT Environmental Security Risk Management U4:SC:SH:SA:85

SSSI4LAC - Environment Smart City Sustainable Indicators for Latinamerica and Caribean Region

# Dimension Sub-Dimension Indicator Nomeclature
1 GOVERNMENT Citizenship Citizen participation U4:SC:SH:SI:80
2 GOVERNMENT Citizenship Citizen participation CK:SC:SH:SI:09
3 GOVERNMENT Citizenship Citizen participation CK:SC:SH:SI:10
4 GOVERNMENT Citizenship Citizen participation CK:GV:P:PS:21
5 GOVERNMENT Citizenship Citizen participation CK:GV:SH:SI:22
6 GOVERNMENT Citizenship Citizen participation CK:GV:SH:SI:23
7 GOVERNMENT Citizenship Citizen participation CK:GV:I:SI:06
8 GOVERNMENT Citizenship Citizen participation CK:GV:SH:PS:07
9 GOVERNMENT Citizenship Citizen participation CK:SC:SH:SI:10
10 GOVERNMENT Citizenship Citizen participation CM:GV:SH:SI:03
11 GOVERNMENT Citizenship Citizen participation CK:IN:SH:SI:03
12 GOVERNMENT City City Information U4:EC:I:T12
13 GOVERNMENT City City Information EC:ICT:PS:15
14 GOVERNMENT City City Information CK:EC:I:IN:13
15 GOVERNMENT City City Information CK:EC:I:ICT:17
16 GOVERNMENT City City Information SC:GV:ICT:PS:02
17 GOVERNMENT City City Information SC:GV:SH:PS:03
18 GOVERNMENT City City Information SC:GV:SH:PS:04
19 GOVERNMENT City City Information CM:GV:ICT:ICT:02
20 GOVERNMENT City City Information CK:SC:SH:SA:01
21 GOVERNMENT Governance Institutional Capabilities CK:GV:I:PS:18
22 GOVERNMENT Governance Institutional Capabilities CK:GV:I:PS:19
23 GOVERNMENT Governance Institutional Capabilities CK:GV:I:PS:20
24 GOVERNMENT Governance Urban Financement CK:GV:ICT:PS:15
25 GOVERNMENT Governance Policies and Regulations CK:GV:ICT:ICT:14
26 GOVERNMENT Governance Policies and Regulations CK:GV:SH:SI:24
27 GOVERNMENT Governance Policies and Regulations CK:I:ICT:ICT25
28 GOVERNMENT Governance Policies and Regulations CK:IN:SH:ICT:02
29 GOVERNMENT Governance Policies and Regulations SC:IN:I:T:01
30 GOVERNMENT Governance Strategic Aliance CK:GV:SH:SI:24
31 GOVERNMENT Governance Strategic Aliance SC:GV:ICT:PS:02
32 GOVERNMENT Governance Strategic Aliance SC:GV:SH:PS:03
33 GOVERNMENT Governance Strategic Aliance SC:GV:SH:PS:04
34 GOVERNMENT Governance Citizen participation CK:IN:SH:SI:04

SSSI4LAC - Government Smart City Sustainable Indicators for Latinamerica and Caribean Region
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Table 9. Indicators contained in the ³Infrastructure´ dimension 

 
Table 10. Indicators contained in the ³6RFLDO´�GLPHQVLRQ 

 

# Dimension Sub-Dimension Indicator Nomeclature
1 INFRAESTRUCTURE Environment Public Building Sustainability U4:EC:I:B:42
2 INFRAESTRUCTURE Governance e-Government U4:EC:ICT:PS:16
3 INFRAESTRUCTURE Governance Public Sector e-procurement U4:EC:ICT:PS:17
4 INFRAESTRUCTURE Internet Fixed Broadband Subscriptions U4:EC:ICT:ICT:2
5 INFRAESTRUCTURE Internet Wireless Broadband Subscriptions U4:EC:ICT:ICT:3
6 INFRAESTRUCTURE Internet Wireless Broadband Coverage U4:EC:ICT:ICT:4
7 INFRAESTRUCTURE Services Smart Water Meters U4:EC:ICT:WS:6
8 INFRAESTRUCTURE Services Water Supply ICT Monitoring U4:EC:ICT:WS:7
9 INFRAESTRUCTURE Services Drainage / Storm Water System ICT Monitoring U4:EC:ICT:D:8
10 INFRAESTRUCTURE Services Smart Electricity Meters U4:EC:ICT:ES:9
11 INFRAESTRUCTURE Services Electricity Supply ICT Monitoring U4:EC:ICT:ES:10
12 INFRAESTRUCTURE Services Demand Response Penetration U4:EC:ICT:ES:11
13 INFRAESTRUCTURE Services Integrated Building Management Systems in Public Buildings U4:EC:I:B:43
14 INFRAESTRUCTURE Transportation Traffic Monitoring U4:EC:ICT:T:13
15 INFRAESTRUCTURE Transportation Intersection Control U4:EC:ICT:T:14

SSSI4LAC - Infraestructure Smart City Sustainable Indicators for Latinamerica and Caribean Region

# Dimension Sub-Dimension Indicator Nomeclature
1 SOCIAL Equity and Social Cohesion Economic Inequality U4:SC:SH:SI:78
2 SOCIAL Equity and Social Cohesion Gender Inequality U4:SC:SH:SI:77
3 SOCIAL Equity and Social Cohesion Neigborhood Poverty U4:U4:SC:SH:HO:75
4 SOCIAL Equity and Social Cohesion Neigborhood Poverty U4:SC:SH:HO:76
5 SOCIAL Equity and Social Cohesion Neigborhood Poverty U4:SO:SH:SA:85
6 SOCIAL Equity and Social Cohesion Poberty U4:SC:SH:SI:79
7 SOCIAL Service Access Service Access U4:EN:EN:PSN:55
8 SOCIAL Service Access Service Access U4:EC:ICT:ICT:5
9 SOCIAL Service Access Service Access U4:EC:I:ES:33

10 SOCIAL Service Access Service Access U4:EC:I:ES:31
11 SOCIAL Service Access Service Access U4:EC:I:ES:32
12 SOCIAL Service Access Service Access U4:SO:SH:SA:86
13 SOCIAL Service Access Service Access U4:EN:EN:PSN:56
14 SOCIAL Service Access Service Access U4:EN:EN:PSN:58
15 SOCIAL Service Access Service Access U4:EC:I:T:38
16 SOCIAL Service Access Service Access U4:EC:I:T:35
17 SOCIAL Service Access Service Access U4:EC:ICT:ICT:1
18 SOCIAL Service Access Service Access U4:SO:SH:SA:87
19 SOCIAL Service Access Service Access U4:SO:SH:SA:88
20 SOCIAL Service Access Urban mobility U4:EC:I:UP:44
21 SOCIAL Service Access Urban mobility U4:EC:I:T:37
22 SOCIAL Service Access Urban mobility U4:EC:I:T:39
23 SOCIAL Service Access Urban mobility U4:EC:I:T:40
24 SOCIAL Service Access Urban mobility U4:EC:I:T:41
25 SOCIAL Service Access Urban mobility U4:SO:SH:SA:90
26 SOCIAL Service Access Urban mobility U4:EC:I:T:34
27 SOCIAL Service Access Urban mobility U4:EC:I:T:36
28 SOCIAL Safety Violence U4:SC:SH:SA:89
29 SOCIAL Opportunities Human capital low qualified U4:SC:EH:ED:64
30 SOCIAL Opportunities Human capital low qualified U4:SO:EH:ED:63
31 SOCIAL Opportunities Human capital low qualified U4:SC:EH:ED:65
32 SOCIAL Opportunities Human capital low qualified U4:SO:EH:ED:66
33 SOCIAL Opportunities Employment U4:EC:P:EM:21
34 SOCIAL Opportunities Employment U4:EC:P:EM:22
35 SOCIAL Opportunities Human capital without social protection U4:SC:EH:H:72
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LA IDEA DE CIUDAD INTELIGENTE EN AMÉRICA LATINA: CONCEPTO, 
EXPERIENCIAS Y RAZGOS COMUNES DE IMPLEMENTACIÓN 
 

5\V]DUG�(GZDUG�5R]JD�/XWHU1 
5D~O�+HUQiQGH]�0DU2 

Resumen 
 
El trabajo parte de la característica de la red de asentamientos humanos que 
describen las condiciones de implementación de la idea de Ciudad Inteligente en 
América Latina. El papel importante en esta implementación tiene la existencia de 
las estructuras organizativas en apoyo de implementación, que desempeñan tanto 
las diferentes instituciones supranacionales como algunas nacionales. El objetivo 
de este trabajo consiste en revisar las diferentes experiencias de los principales 
países de América Latina (Argentina, Brasil, Chile, Colombia y México) para tratar 
de responder a la pregunta cuales son los avances en la elaboración de idea de la 
Ciudad Inteligente, cuáles son los ejemplos de pruebas de la construcción de un 
modelo abstracto de ciudad inteligente en América Latina y por consecuencia ¿si 
se puede hablar de un modelo latinoamericano de implementación de la de Ciudad 
Inteligente? Con base en la presentación de algunos modelos abstractos se termina 
con algunas conclusiones referentes al estado actual de la idea del modelo 
latinoamericano de la Ciudad Inteligente y su implementación. 
 
Palabras clave: Ciudad Inteligente, concepto, experiencias, América Latina 
 
Introducción 
 
Los procesos de urbanización que se realizan en América Latina son acelerados, 
caóticos y en la mayoría de los casos con planeación y políticas públicas de 
urbanización insuficientemente efectivas para orientar y organizar este proceso. En 
tal situación hay una búsqueda de nuevas ideas del futuro de la ciudad y una de 
ellas son las pruebas de implementación de la idea de la Ciudad Inteligente (smart 
city) que declara la mayoría de las autoridades de los países de América Latina y 
que se puede considerar como una búsqueda del nuevo paradigma del desarrollo 
urbano. 
 
La idea de la Ciudad Inteligente nació en otros ambientes geográficos, económicos 
y culturales, en los países europeos y en América del Norte   - altamente 
desarrollados, sin embargo, se ha difundido por todo el mundo tomando forma 
desde - las declaraciones comerciales a través de las cuales se realizan las 
iniciativas de grandes corporaciones de la producción electrónica avanzada, de 
vender sus productos a nuevos mercados, pasando por unas propuestas de 
promover el desarrollo tecnológico en los ambientes regionales a través de esta 

 
1� ������� ��� ��������� �����ƴ�����Ǣ� ��������Ǧ������������� ��� ��� ������������ ����ƴ ����� ��������������
�������������ȋ���Ǧ�Ȍ���������	���������Ǣ��Ǥ�����̷������Ǥ���Ǥ���Ǥ�� 
2����������������������������Ǣ���������Ǧ�����������������������������������ƴ ��������������������������
������ȋ���Ǧ�ȌǢ��Ǥ���������̷������Ǥ���Ǥ���Ǥ�� 
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forma de ciudades y regiones inteligentes, hasta llegar a las declaraciones políticas 
en búsqueda de legitimización de los gobiernos y autoridades muchas veces poco 
eficientes en la gestión urbana. 
  
(Q�ORV�SULQFLSDOHV�SDtVHV�PiV�JUDQGHV�GH�$PpULFD�/DWLQD��$UJHQWLQD��%UDVLO��&KLOH��
&RORPELD�\�0p[LFR��SHUR�WDPELpQ�HQ�DOJXQRV�RWURV��(FXDGRU��8UXJXD\��\D�H[LVWHQ�
GLIHUHQWHV� H[SHULHQFLDV� HQ� OD� HODERUDFLyQ� GH� LGHD� GH� OD� &LXGDG� ,QWHOLJHQWH�� ORV�
HMHPSORV�GH�SUXHEDV�GH�VX�LPSOHPHQWDFLyQ�\�SRU�FRQVHFXHQFLD�QDFH�OD�SUHJXQWD�
¢VL� VH�SXHGH�KDEODU�GH�XQ�PRGHOR� ODWLQRDPHULFDQR�GH� OD�&LXGDG� ,QWHOLJHQWH"�/D�
KLSyWHVLV�GH�HVWH�WUDEDMR�HV�TXH�QR�H[LVWH�WDO�PRGHOR�\�ORV�GLIHUHQWHV�SDtVHV�VLJXHQ�
GLIHUHQWHV� SDXWDV� HQ� OD� LPSOHPHQWDFLyQ�� 6LQ� HPEDUJR�� \D� GHVSXpV� GH�
DSUR[LPDGDPHQWH� YHLQWH� DxRV� GH� WDOHV� SROtWLFDV� VH� SXHGH� KDEODU� GH� DOJXQDV�
H[SHULHQFLDV�FRPXQHV�TXH�GHEHQ�VHUYLU�FRPR�LQGLFDFLRQHV�GH�ODV�IXWXUDV�SROtWLFDV�
S~EOLFDV�XUEDQDV� 
 
El objetivo de este trabajo consiste en revisar las diferentes experiencias de los 
principales países de América Latina (Argentina, Brasil, Chile, Colombia y México) 
para tratar de responder a la pregunta cuales son los avances en la elaboración de 
idea de la Ciudad Inteligente, cuáles son los ejemplos de pruebas de la construcción 
de un modelo abstracto de ciudad inteligente en América Latina y por consecuencia 
¿si se puede hablar de un modelo latinoamericano de implementación de la de 
Ciudad Inteligente?   
 
/D� PHWRGRORJtD� TXH� VH� HPSOHD� FRQVLVWH� HQ� OD� UHYLVLyQ� GH� OD� OLWHUDWXUD� \� ORV�
GRFXPHQWRV� GLVSRQLEOHV� VREUH� HO� WHPD�� OD� VLVWHPDWL]DFLyQ� GH� ORV� GDWRV� \� GH� OD�
LQIRUPDFLyQ�\��OD�H[SRVLFLyQ�FUtWLFD�GHO�WHPD�� 
 
/RV� SULPHURV� UHVXOWDGRV�PXHVWUDQ� TXp� LPSOHPHQWDFLyQ� GHO�PRGHOR� GH� OD� FLXGDG�
LQWHOLJHQWH� HQ� SDtVHV� GH� $PpULFD� /DWLQD� VH� OOHYD� D� FDER� GH� PDQHUD� EDVWDQWH�
KHWHURJpQHD�UHDOL]DGD�WDQWR�SRU�ORV�JRELHUQRV�FHQWUDOHV��DXWRULGDGHV�GH�FLXGDGHV�
JUDQGHV�� SHUR� WDPELpQ� SRU� ODV� HPSUHVDV� DEDVWHFHGRUHV� GHO� HTXLSDPLHQWR�
HOHFWUyQLFR� LQIRUPiWLFR�� (YLGHQFLDV� GH� HVR� VRQ� ODV� IRUPDV� GH� RUJDQL]DFLyQ� GH�
GLIXVLyQ�GH�OD�LGHD�GH�OD�&LXGDG�,QWHOLJHQWH��DVt�FRPR�SURPRFLyQ�H�LPSOHPHQWDFLyQ�
GH�OD�LGHD�GH�SDUWH�GH�ORV�RUJDQLVPRV�JXEHUQDPHQWDOHV� 

 
���/D�FDUDFWHUtVWLFD�GH�OD�UHG�GH�DVHQWDPLHQWRV�KXPDQRV�HQ�$PpULFD�/DWLQD� 
 
/DV�FRQGLFLRQHV�JHRJUiILFDV�GH�$PpULFD�/DWLQD�VRQ�EDVWDQWH�KHWHURJpQHDV�\�SRU�
HVD� UD]yQ� WDPELpQ� HO� VLVWHPD� GH� DVHQWDPLHQWRV� KXPDQRV� WLHQH� FDUDFWHUtVWLFDV�
GLIHUHQFLDGDV��(Q�SULPHU� WpUPLQR��KD\�TXH�PHQFLRQDU� UHODWLYD�SRODUL]DFLyQ�GH� ORV�
HOHPHQWRV�GH�OD�UHG�GH�DVHQWDPLHQWRV�KXPDQRV�\D�TXH�HQ�$PpULFD�/DWLQD�DGHPiV�
GH�PHJD�PHWURSROLV3�TXH�HQ�HVWH�PRPHQWR�\D�VRQ�HQWUH���\��� �SDUD������HVWRV�
IXHURQ��&LXGDG�GH�0p[LFR��6DR�3DXOR��%XHQRV�$LUHV��5LR�GH�-DQHLUR�\�/LPD���]RQDV�

 
3�3RU�PHJD�PHWURSROLV�VH�HQWLHQGH�ODV�JUDQGHV�]RQDV�PHWURSROLWDQDV�TXH�FXHQWDQ�FRQ�PiV�GH����
PLOORQHV�GH�KDELWDQWHV� 
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PHWURSROLWDQDV4� \� HO� UHVWR� GH� OD� HVWUXFWXUD� VH� FDUDFWHUL]D� SRU� UHODWLYDPHQWH�
SHTXHxRV� FLXGDGHV� TXH�PXFKDV� YHFHV� QR� VREUHSDVDQ� ����PLO� KDELWDQWHV�� (VWD�
FDUDFWHUtVWLFD�SUREDEOHPHQWH�SURGXFH�TXH�OD�PD\RUtD�GH�OD�SREODFLyQ�XUEDQD�TXH�
FRQIRUPD�DSUR[LPDGDPHQWH�����GH�OD�SREODFLyQ��YLYH�HQ�PHJD�PHWURSROLV�\�]RQDV�
PHWURSROLWDQDV� 
 
6LQ�HPEDUJR��SRU�HVD�UD]yQ�WDPELpQ�ODV�FLXGDGHV�ODWLQRDPHULFDQDV�SUHVHQWDQ�JUDQ�
SRODUL]DFLyQ�GHQWUR�GH�VXV�iUHDV��6RQ�WDQWR� ODV�FRQFHQWUDFLRQHV�GH� OD�SREODFLyQ��
DFWLYLGDG�HFRQyPLFD�\�ULTXH]D��DVt�FRPR�SUHVHQWDQ�DPSOLDV�iUHDV�GH�]RQDV�SREUHV�
\�PDUJLQDGDV�TXH�HQ�GLIHUHQWHV�SDtVHV�REWLHQHQ�GLIHUHQWHV�QRPEUHV��IDYHODV��]RQDV�
PDUJLQDGDV��DVHQWDPLHQWRV�LUUHJXODUHV��HWF��� 
 
7RGR�HVWR�FUHD�OD�VLWXDFLyQ�HVSHFtILFD�SDUD�OD�LPSOHPHQWDFLyQ�GH�OD�LGHD�GH�OD�&LXGDG�
,QWHOLJHQWH��\D�TXH�SUiFWLFDPHQWH� IXHUD�GH�PHJDFLXGDGHV�\�JUDQGHV�FLXGDGHV�HV�
PX\�GLItFLO�KDEODU�VREUH�GHVDUUROORV�PDGXURV�GH�LPSOHPHQWDFLyQ��/D�PD\RUtD�GH�ODV�
SHTXHxDV� FLXGDGHV� ODWLQRDPHULFDQDV� VXIUH� IDOWD� GH� UHFXUVRV� HFRQyPLFRV�� SRFD�
RUJDQL]DFLyQ� GH� OD� YLGD� XUEDQD� \� SRU� FRQVHFXHQFLD� HV� PX\� GLItFLO� KDEODU� GH� OD�
LPSOHPHQWDFLyQ� GH� OD� LGHD�GH� FLXGDG� DYDQ]DGD��6LQ� HPEDUJR�� WRGR� HVWR� QR� QRV�
OLEHUD�GH�FRQVLGHUDU�FXiOHV�SRGUtDQ�VHU�ODV�OtQHDV�IXWXUDV�GH�LPSOHPHQWDFLyQ�GH�OD�
LGHD� GH� &LXGDG� ,QWHOLJHQWH�� WDPELpQ� HQ� DPELHQWHV� GH� FLXGDGHV� SHTXHxDV� \�
PHGLDQDV� 
 
���/D�H[LVWHQFLD�GH�ODV�HVWUXFWXUDV�RUJDQL]DWLYDV�VXSUDQDFLRQDOHV�HQ�DSR\R�GH�
&LXGDGHV�,QWHOLJHQWHV 
 
 
(Q� OD� E~VTXHGD�� SDUD� ODV� QHFHVLGDGHV� GH� HVWH� WUDEDMR�� GH� ODV� HVWUXFWXUDV�
RUJDQL]DWLYDV�VXSUDQDFLRQDOHV�HQ�DSR\R�D�OD�LPSOHPHQWDFLyQ�GH�LGHD�GH�OD�FLXGDG�
LQWHOLJHQWH�� HQ� SULPHU� WpUPLQR�� VH� HQFRQWUy� XQD� SODWDIRUPD� GH� OD� &(3$/� �� /D�
3ODWDIRUPD�8UEDQD�\�GH�&LXGDGHV�GH�$PpULFD�/DWLQD�\�HO�&DULEH�� /D 'LYLVLyQ�GH�
'HVDUUROOR�6RVWHQLEOH�\�$VHQWDPLHQWRV�+XPDQRV GH� OD�&RPLVLyQ�(FRQyPLFD�SDUD�
$PpULFD�/DWLQD�\�HO�&DULEH��&(3$/���HODERUD�HVWXGLRV��SUR\HFWRV�\�SURJUDPDV�GH�
LQYHVWLJDFLyQ�HQ�HO�WHPD�GH &LXGDGHV�,QWHOLJHQWHV�\�6RVWHQLEOHV�� 
 
3RU� RWUR� ODGR�� SDUHFH� TXH� OD�PiV� FRQRFLGD� LQLFLDWLYD� GH� SURPRYHU� OD� LGHD� GH� OD�
&LXGDG�,QWHOLJHQWH�HV� OD�GH�DVRFLDFLyQ�SULYDGR�JXEHUQDPHQWDO� �333��TXH�SURGXMR�
XQD�VHULH�GH�&RQJUHVRV�GH�&LXGDGHV�,QWHOLJHQWHV�([SR�/$7$0��/RV�FRQJUHVRV�VH�
UHDOL]DQ�GHVGH�HO�DxR�������SULPHUR�SRU�FXDWUR�DxRV�HQ�3XHEOD�\�ORV�~OWLPRV�WUHV�
DxRV� HQ� 0pULGD�� <XFDWiQ�� 6PDUW� &LW\� ([SR� /$7$0� &RQJUHVV� HV� HO� HYHQWR� TXH�
LPSXOVD� OD� FRODERUDFLyQ� H� LPSOHPHQWDFLyQ� GH� ODV� DFFLRQHV� TXH�� D� WUDYpV� GH�
WHFQRORJtD� H� LQQRYDFLyQ�� VH� UHTXLHUHQ� SDUD� OD� WUDQVIRUPDFLyQ� \� HYROXFLyQ� GH� OD�
UHJLyQ��WRGR�EDMR�HO�HMH�UHFWRU�³DFWLYDU��DFWXDO��DFHOHUDU´� 
 

 
4�3RU�]RQDV�PHWURSROLWDQDV�VH�HQWLHQGH�ODV�iUHDV�XUEDQDV�GRQGH�YLYH�HQWUH���\����PLOORQHV�GH�
KDELWDQWHV� 
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Según los organizadores, este congreso representa una oportunidad de generar 
networking, promover alianzas estratégicas y debatir tendencias, así como dialogar 
con los actores principales del ecosistema urbano y territorial. Se trata de los 
eventos en los cuales (en el último del año 2022) participaron los representantes de 
más de 300 ciudades de 45 países.5 

'HVGH�KDFH�DOJXQRV�DxRV�VH�UHDOL]DQ�ORV�&RQJUHVRV�,EHURDPHULFDQRV�GH�&LXGDGHV�
,QWHOLJHQWH��,&6&�&,7,(6��SDWURFLQDGRV�SRU�HO�3URJUDPD�,EHURDPHULFDQR�GH�&LHQFLD�
\�7HFQRORJtD� SDUD� HO� 'HVDUUROOR� �&<7('�6�� (O� VLJXLHQWH�4XLQWR� &RQJUHVR� WHQGUi�
OXJDU�HQ�OD�FLXGDG�GH�&XHQFD��(FXDGRU��HQ�QRYLHPEUH�GH�HVWH�DxR� 
 
Las noticias de las redes sociales informan también sobre la instalación el día 3 de 
abril de este año, de la Red Latinoamericana de Ciudades Inteligentes de FLACMA7 
HQ�HO�PDUFR�GHO�HYHQWR�³(;3(5,(1&,$�38(572�5,&2�����´�FX\D�WHPiWLFD�GH�HVWH�
año eran las ciudades inteligentes y sostenibles. 

 
���/DV�FDUDFWHUtVWLFDV�JHQHUDOHV�GH�ODV�FLXGDGHV�LQWHOLJHQWHV�ODWLQRDPHULFDQDV 
 
(Q�HVWD�SDUWH�GHO�WUDEDMR�DQDOL]DUHPRV�GLIHUHQWHV�FDVRV�GH�SDtVHV�ODWLQRDPHULFDQRV�
GRQGH� VH� LPSOHPHQWD� OD� LGHD� GH� OD� FLXGDG� LQWHOLJHQWH�� SRU� OR�PHQRV� GH�PDQHUD�
GHFODUDWLYD��/R�LQWHUHVDQWH�HV�TXH��SRU�OR�PHQRV�HQ�DOJXQRV�SDtVHV��IXQFLRQDQ�R�VH�
GHFODUDQ�SURJUDPDV�JXEHUQDPHQWDOHV�FRPR�VRQ� ORV�FDVRV�GH�$UJHQWLQD��%UDVLO�R�
&RORPELD� 
 
$5*(17,1$ 
 
(Q�$UJHQWLQD�HQ������DSDUHFLy�XQ�GRFXPHQWR�HODERUDGR�SDUD�ODV�QHFHVLGDGHV�GH�
60$57�&,7<�(;32�&85,7,%$������� WLWXODGR��(VWUDWHJLD�DUJHQWLQD�GH�&LXGDGHV�
,QWHOLJHQWHV�� GH� OD� DXWRUtD� GH� &DWDOLQD� 3DODFLR� &RUWpV�� GH� OD� 'LUHFFLyQ� GH�
,QYHVWLJDFLyQ�� ,QQRYDFLyQ� \� &RQWURO�� 6XEVHFUHWDUtD� 3DtV� 'LJLWDO�� 6HFUHWDUtD� GH�
0RGHUQL]DFLyQ�GH�OD�1DFLyQ��3UHVLGHQFLD�GH�OD�1DFLyQ���3DODFLR�&RUWpV�������� 
 

 
5�/RV�SULQFLSDOHV�RUJDQL]DGRUHV�GHO�&RQJUHVR�VRQ��/$7$0��)LUD�%DUFHORQD�0p[LFR�\�OD�8QLYHUVLGDG�
3DQDPHULFDQD�&DPSXV�0p[LFR��83�� 
6�(O�3URJUDPD�,EHURDPHULFDQR�GH�&LHQFLD�\�7HFQRORJtD�SDUD�HO�'HVDUUROOR��&<7('��HV�XQ�SURJUDPD�
TXH�SURPXHYH�OD�FRRSHUDFLyQ�HQ�WHPDV�GH�FLHQFLD��WHFQRORJtD�H�LQQRYDFLyQ�SDUD�HO�GHVDUUROOR�
DUPyQLFR�GH�,EHURDPpULFD��(O�3URJUDPD�&<7('�IXH�FUHDGR�HQ������PHGLDQWH�XQ�$FXHUGR�0DUFR�
,QWHULQVWLWXFLRQDO��HO�FXDO�IXH�ILUPDGR�SRU�HO�JRELHUQR�GH�ORV����SDtVHV�GH�OHQJXD�KLVSDQR��
SRUWXJXHVD��$UJHQWLQD��%ROLYLD��%UDVLO��&KLOH��&RORPELD��&RVWD�5LFD��&XED��(FXDGRU��(O�6DOYDGRU��
(VSDxD��*XDWHPDOD��+RQGXUDV��0p[LFR��1LFDUDJXD��3DQDPi��3DUDJXD\��3HU~��3RUWXJDO��5HS~EOLFD�
'RPLQLFDQD��8UXJXD\�\�9HQH]XHOD���(VWH�3URJUDPD�VH�HQFXHQWUD�LQFOXLGR�D�SDUWLU�GH������HQWUH�ORV�
3URJUDPDV�GH�&RRSHUDFLyQ�GH�ODV�&XPEUHV�,EHURDPHULFDQDV�GH�-HIHV�GH�(VWDGR�\�GH�*RELHUQR� 
7 Federación Latinoamericana de Ciudades, Municipios y Asociaciones Municipalistas (FLACMA)  
es una organización propositiva de libre adhesión que representa a los 16.132 municipios, 
intendencias y prefecturas, a las ciudades y a las asociaciones de gobiernos locales, redes y 
gremios, municipalistas de América Latina y El Caribe. 
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(Q� HVWH� GRFXPHQWR� VH� SUHVHQWD� XQ� GLDJQyVWLFR� TXH� VH� KDFH� SRU� PHGLR� GH� OD�
DSOLFDFLyQ�GHO� ³0RGHOR�GH�&LXGDGHV� ,QWHOLJHQWHV�GH�3DtV�'LJLWDO´��(O�PRGHOR�HVWi�
FRPSXHVWR� SRU� �� GLPHQVLRQHV�� *REHUQDQ]D�� $PELHQWH�� 'HVDUUROOR� +XPDQR��
3ODQHDPLHQWR�8UEDQR�\�&RPSHWLWLYLGDG��&DGD�GLPHQVLyQ�HVWi�HVWUXFWXUDGD�SRU���
(MHV��H[FHSWXDQGR�'HVDUUROOR�+XPDQR�TXH�WLHQH���HMHV��\�FDGD�(MH�HVWi�FRPSXHVWR�
SRU� )DFWRUHV� �XQ� SURPHGLR� GH� �� )DFWRUHV� SRU� FDGD� (MH��� /D� XQLGDG� PtQLPD� GH�
PHGLGD�HV�HO�LQGLFDGRU�\�HO�PRGHOR�FXHQWD�FRQ�PiV�GH�����GH�HOORV�HQWUH�FXDOLWDWLYRV�
\�FXDQWLWDWLYRV� LQWHUQDFLRQDOPHQWH�XVDGRV�\� UHFRQRFLGRV�� �,ELG���6LQ�HPEDUJR��HQ�
HVWH� GRFXPHQWR� QR� VH� SUHVHQWDQ� QLQJXQRV� FDVRV� HVSHFtILFRV� GH� ODV� &LXGDGHV�
,QWHOLJHQWHV�� 
 
(VWH� WLSR�GH�HYDOXDFLyQ�GH� OD�VLWXDFLyQ�HQ�$UJHQWLQD�HQFRQWUDPRV�HQ�RWUD� IXHQWH�
GRQGH�VH�SUHVHQWD�HO�VLJXLHQWH�GLDJQyVWLFR�� ³6HJ~Q�HO� UDQNLQJ &LWLHV� LQ�0RWLRQ�� OD�
FLXGDG�GH�%XHQRV�$LUHV�RFXSD�HO�SXHVWR����GH�FLXGDGHV�LQWHOLJHQWHV�HQ�HO�PXQGR��
/RV�HVSHFLDOLVWDV�FRLQFLGHQ�HQ�UHVDOWDU�TXH�OD�WHFQRORJtD�D\XGD��SHUR�QR�VXPD��\D�
TXH� OD� FDSLWDO� KD�PDQWHQLGR� HVWH� OXJDU� HQ� ODV� ~OWLPDV� WUHV� HGLFLRQHV��  (O� iPELWR�
SRUWHxR�SRVHH�EXHQDV�SXQWXDFLRQHV�HQ�PDWHULD�GH�³JREHUQDQ]D´�SHUR�IDOOD�HQ�tWHPV�
FRPR�OD�³JHVWLyQ�S~EOLFD´�\�OD�³HFRQRPtD´���7ULGLD������� 
 
También en publicaciones de este índice (Cities in Motion) aparecen otras ciudades 
en como Córdoba y Rosario, en los puestos 107 y 139 respectivamente. La capital 
de la provincia cordobesa se destaca por su nivel tecnológico y planificación urbana, 
superando a la propia ciudad de Buenos Aires. Además, estas dos ciudades hacen 
lo propio en el ámbito medioambiental dejando a los porteños muy por detrás. 
(Ídem). 
 
¿Pero cuál es el panorama de las Smart Cities en Argentina? Sebastián García 
Marra, uno de los fundadores de Less, empresa argentina dedicada al desarrollo 
del monitoreo inteligente, explicó que la ciudad de Buenos Aires es una isla dentro 
del país ya que en la capital federal hace mucho tiempo que se vienen 
implementando soluciones inteligentes, como el smart lighting, pero el resto del país 
queda a la espera de estas acciones. El mismo entrevistado quien trabaja para 
diseñar dispositivos capaces de medir una gran cantidad de variables que pueden 
ayudar a diferentes industrias, explica que en Argentina hay grupos trabajando en 
aplicaciones específicas que están al nivel de cualquiHU�RWUR�SDtV�GHO�PXQGR��³1RV�
IDOWD�HVH�JUDQ�SDVR�TXH�HV�TXH�VH� WRPH�XQD�GHFLVLyQ�GH�JUDQ�HVFDOD´ (Ibid.). Se 
puede entender que el entrevistado se refiere a las decisiones que ampliarían la 
idea de Ciudad Inteligente a otras ciudades argentinas. Siguiendo ³El panorama de 
las Smart Cities en Argentina es muy prometedor ya que el capital humano se 
encuentra disponible para avanzar en soluciones que mejoren la vida de la 
ciudadanía. Mediante la optimización de procesos y el aumento de eficiencia, 
las soluciones tecnológicas se presentan como una gran vía para aumentar 
la eficiencia energética de las ciudades�´ (Tridia, 2022). Sin embargo, podríamos 
concluir que por lo pronto la idea de Ciudad Inteligente se mantiene en ambiente de 
las tres ciudades mencionadas. 
 
%5$6,/ 
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El programa Pró-Cidades de Brasil, que fue lanzado en 2019 con 4 mil 
millones de reales, disponibles para financiar proyectos de rehabilitación y 
modernización tecnológica en zonas urbanas, aparentemente debería 
permitir al país avanzar en el proyecto de ciudades inteligentes. Dicho 
proyecto fue preparado por el Ministerio de Desarrollo Regional (MDR) y el 
Ministerio de Ciencia, Tecnología, Innovaciones y Comunicaciones (MCTIC). 
(Careño, 2020) 

(Q�HVWH�FRQWH[WR�HV�LQWHUHVDQWH�HO�³5DQNLQJ�GH�&LXGDGHV�,QWHOLJHQWHV�&RQHFWDGDV´�
que es un estudio desarrollado por la empresa Urban Systems para el evento 
homónimo, concebido por la misma empresa y Necta y celebrado desde 2015, y 
donde también se creó una plataforma de discusión y negocios sobre las Smart 
Cities. Con siete ediciones ya realizadas, versiones de 2015 a 2021, el Ranking de 
Ciudades Inteligentes Conectadas es un esfuerzo en la comprensión de los 
sistemas urbanos y definición de los indicadores que señalan la etapa de las 
ciudades brasileñas para su desarrollo inteligente, sostenible y KXPDQR�´ 
(Connected Smart Cities Ranking, 2021) 
 
El Ranking consta de 11 ejes temáticos, y 75 indicadores que se conectan entre sí 
y presentan la clasificación de 100 municipios de Brasil clasificados en 3 grupos 
(más de 500 mil habitantes, entre 100 y 500 mil y menos que 100 mil). La 
clasificación de los primeros municipios de cada grupo presenta la Tabla 4. 
 
Tabla 4: Los primeros 20 municipios clasificados en 3 grupos del ranking de 
100 municipios de Brasil, según el Ranking de Ciudades Inteligentes 
Conectadas, 2021. 
 
más de 500 mil 
hab. 

6DR�3DXOR������)ORULDQySROLV������&XULWLED������%UDVLO������5LR�GH�
-DQHLUR� ����� &DPSLQDV� ����� 1LWHUyL� ����� 6DOYDGRU� ������ &DPSR�
*UDQGH�������%HOR�+RUL]RQWH�������*RLDQLD������ 

entre 100 y 500 
mil hab. 

9LWyULD� ����� 6DR� &DHWDQR� GR� 6XO� ����� %DUXHUL� ������ %DOQHDULR�
&DPERULX�������6DQWRV�������%OXPHQDX�������-DUDJXD�GR�6XO�������
-XQGDt������ 

entre 50 y 100 
mil hab. 

-DJXDUL~QD����� 

)XHQWH��(Ranking Connected Smart Cities, 2021) 
 
/D�7DEOD���GH�OD�FODVLILFDFLyQ�GH�ORV�SULPHURV����PXQLFLSLRV�GHO�5DQNLQJ�GH�&LXGDGHV�
,QWHOLJHQWHV�&RQHFWDGDV�� UHDOL]DGR�SDUD������SURSRUFLRQD�XQD�EXHQD�RULHQWDFLyQ�
VREUH�HO�UXPER�GHO�GHVDUUROOR�GH�HVWH�WLSR�GH�FLXGDGHV��(Q�SULPHU�WpUPLQR��VH�SXHGH�
QRWDU� TXH� SUHGRPLQDQ� ODV� FLXGDGHV� JUDQGHV� SRU� DUULED� GH�PHGLR�PLOOyQ��PXFKR�
PHQRV�UHSUHVHQWDGRV�VRQ�ODV�FLXGDGHV�GHO�WDPDxR�PHGLDQR��HQWUH�����\�����PLO�
KDELWDQWHV��\�SUiFWLFDPHQWH�QR�DSDUHFHQ�ODV�FLXGDGHV�SHTXHxDV�SRU�DEDMR�GH�����
PLO��(Q�VHJXQGR� WpUPLQR��QRWDPRV�TXH�HQWUH� ORV�SULPHURV����PXQLFLSLRV� VyOR� VH�
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HQFXHQWUD�XQ�PXQLFLSLR�GHO�QRUHVWH�GH�%UDVLO��TXH�HV�OD�FLXGDG�GH�6DOYDGRU��FDSLWDO�
GH�OD�SURYLQFLD�%DKtD� 
 
6REUH� ODV� FDUDFWHUtVWLFDV� GH� ODV� iUHDV�HQ� ODV� FXDOHV� VH�GHVDUUROODQ� ODV� FLXGDGHV�
LQWHOLJHQWHV� HQ� %UDVLO� QRV� LQIRUPD� HO� PLVPR� 5DQNLQJ� GH� &LXGDGHV� ,QWHOLJHQWHV�
&RQHFWDGDV��\D�TXH�HQWUH�VXV�RQFH�HMHV�GH�HYDOXDFLyQ�SUHGRPLQDQ�ODV�UHODFLRQDGDV�
FRQ�HO� GHVDUUROOR� XUEDQR� WDOHV� FRPR��0RYLOLGDG��8UEDQLVPR��*REHUQDQ]D� \� RWURV�
FLQFR�SDUHFLGRV��PLHQWUDV�TXH�D� ODV�FXHVWLRQHV� WHFQROyJLFDV�\�HFRQyPLFDV�HVWiQ�
GHGLFDGDV� VyOR� WUHV� HMHV�� TXH� VRQ�� 7HFQRORJtD� H� ,QQRYDFLyQ�� (FRQRPtD� \�
(PSUHQGHGXULVPR��(VWR�VXJLHUH�FODUDPHQWH�TXH�HQ�FDVR�GH�%UDVLO�OD�LGHD�GH�&LXGDG�
,QWHOLJHQWH�WLHQH�SULQFLSDOPHQWH�FRPR�REMHWLYR�HO�GHVDUUROOR�XUEDQR�\�HQ�PHQRU�JUDGR�
OD�SURPRFLyQ�GH�WHFQRORJtD�H�LQQRYDFLyQ� 
 
 
&KLOH 
 
Según las fuentes consultadas, 'LMPI� HIWHI� LEGI� TSV� PS� QIRSW� ��� EʫSW� ƈHVWi�
FRPHQ]DQGR�D�LQFXUVLRQDU�HQ�HO�WHPD�GH�&LXGDGHV�,QWHOLJHQWHV�\�HVWi�LPSXOVDQGR�
YDULDV� LQLFLDWLYDV� DO� UHVSHFWR�� (QWUH� pVWDV�� VH� HQFXHQWUDQ��$JHQGD� 'LJLWDO� ������
FUHDFLyQ�GH�OD�0HVD�,QVWLWXFLRQDO�GH�6PDUW�&LWLHV�\�0HVD�7pFQLFD�GH�6PDUW�&LWLHV��
DPEDV�RUJDQL]DGDV�SRU�)XQGDFLyQ�3DtV�'LJLWDO�\�&HSDO�´��&RKHQ�\�2EHGLHQWH��������
��� 
 
/D�VLWXDFLyQ�HV�EDVWDQWH�HVSHFtILFD�HQ�HVWH�SDtV�TXH�WLHQH�XQD�UHG�GH�DVHQWDPLHQWRV�
KXPDQRV�GLVSHUVD�FRQ�OD�PD\RUtD�GH�ODV�FLXGDGHV�PHQRUHV�\�SUHGRPLQDQFLD�GH�OD�
=RQD�0HWURSROLWDQD� GH� 6DQWLDJR�� 3RU� HVD� UD]yQ� HQ� OD� FODVLILFDFLyQ� GH�&LXGDGHV�
,QWHOLJHQWHV�GH�&KLOH�QR�DSDUHFH�QLQJXQD�FLXGDG�TXH�QR�HV�HO�iUHD�PHWURSROLWDQD� 
 

7DEOD����/RV�SULPHURV����iUHDV�PHWURSROLWDQDV� 
GH�&KLOH�VHJ~Q�WDPDxR�GH�SREODFLyQ 
 
*UDQ�6DQWLDJR ��������� 
*UDQ�&RQFHSFLyQ ������� 
*UDQ�9DOSDUDtVR ������� 
*UDQ�/D�6HUHQD ������� 
$QWRIDJDVWD ������� 
*UDQ�7HPXFR ������� 
*UDQ�,TXLTXH ������� 
*UDQ�5DQFDJXD ������� 
*UDQ�3XHUWR�0RQWW ������� 
$ULFD ������� 

 
 
/D�)XQGDFLyQ�3DtV�'LJLWDO�\�OD�8QLYHUVLGDG�GHO�'HVDUUROOR��GHVDUUROODURQ�HO�HVWXGLR��
GRQGH�VH�XWLOL]DURQ����LQGLFDGRUHV�UHSDUWLGRV�HQ�VHLV�HMHV�R�FRPSRQHQWHV�TXH�VRQ��
PHGLR�DPELHQWH��PRYLOLGDG��JRELHUQR��HFRQRPtD��VRFLHGDG�\�FDOLGDG�GH�YLGD��(VWH�
HVTXHPD�KD�VLGR�XWLOL]DGR�SDUD�PHGLU�HO�DYDQFH�GH�OD�LGHD�GH�&LXGDG�,QWHOLJHQWH��
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'HQWUR� GHO� HVWXGLR� UHDOL]DGR� HQ� ������ KD\� XQD� FODVLILFDFLyQ� GH� ODV� FLXGDGHV�
LQWHOLJHQWHV�GRQGH�VH�WRPD�HQ�FXHQWD�ODV�VLJXLHQWHV�RQFH�FLXGDGHV��ËGHP�� 
 
 
7DEOD����5DQNLQJ�GH�ODV����FLXGDGHV�GH�&KLOH�FRQVLGHUDGRV�PiV�LQWHOLJHQWHV������ 
 
&,8'$' 3817$-( &,8'$' 3817$-( 
��6DQWLDJR ����� ���$QWRIDJDVWD ����� 
���3XHUWR�0RQWW ����� ���7DOFD ����� 
���7HPXFR ����� ���&KLOODQ ����� 
���&RTXLPER�/D�6HUHQD ����� ����5DQFDJXD ����� 
���&RQFHSFLyQ ����� ����$ULFD ���� 
���9DOSDUDtVR �����   
)XHQWH���&RKHQ�\�2EHGLHQWH���������� 
 
9DOH�OD�SHQD�VXEUD\DU�TXH�ODV�~QLFDV�GRV�FLXGDGHV�TXH�QR�VH�UHSLWDQ�HQ�ODV�7DEODV�
��\����VRQ�HO�iUHD�PHWURSROLWDQD�GH�*UDQ�,TXLTXH�\�OD�FLXGDG�GH�$ULFD��OR�TXH�PXHVWUD�
FODUDPHQWH�TXH�OD�SROtWLFD�GHO�GHVDUUROOR�GH�ODV�FLXGDGHV�LQWHOLJHQWHV�HVWi�GLULJLGD�D�
ODV�JUDQGHV�iUHDV�PHWURSROLWDQDV�GHO�SDtV�� 
 
3RU�RWUR�ODGR��HQ�HO�������HO�&RUIR8�DQXQFLy�TXH�³Antofagasta, Valparaíso, Chillán, 
Concepción y Temuco serán las ciudades en que se comenzará a aplicar desde 
2019, el Plan Nacional de Ciudades Inteligentes. El Plan Nacional de Ciudades 
Inteligentes responde al interés de Corfo por promover y facilitar las condiciones 
para el desarrollo de ciudades más innovadoras, sostenibles y competitivas, como 
también más habitables para sus ciudadanos. En una segunda etapa de la 
propuesta se evaluará VX�H[WHQVLyQ�D�RWUDV�FLXGDGHV�GHO�SDtV�´��(VSLQR]D���������
Sin embargo, como vemos las 5 ciudades anunciadas para promover en dicho Plan, 
se encuentran entre 11 ciudades consideradas que mejor implementan la idea de 
Ciudad Inteligente. 
 
3RU�~OWLPR��YDOH�OD�SHQD�PHQFLRQDU�TXH�WDPELpQ�GHQWUR�GHO�0LQLVWHULR�GH�7UDQVSRUWHV�
\� &RPXQLFDFLRQHV� H[LVWH� 8QLGDG� GH� &LXGDGHV� ,QWHOLJHQWHV� TXH� VXSXHVWDPHQWH�
DFW~D�GH�DFXHUGR�FRQ�OD�LGHD�GH�6PDUW�&LW\��8QLGDG�GH�&LXGDGHV�,QWHOLJHQWHV���������
6LQ� HPEDUJR�� VL� KXELpUDPRV� WUDWDGR� GH� HYDOXDU� OD� SROtWLFD� GHO� GHVDUUROOR� GH� ODV�
FLXGDGHV�LQWHOLJHQWHV�HQ�&KLOH�WHQGUtDPRV�TXH�OOHJDU�D�OD�FRQFOXVLyQ�SDUHFLGD�D�ORV�
GRV� FDVRV� DQWHULRUHV� �$UJHQWLQD�� %UDVLO�� GH� TXH� OD� LGHD� VH� WUDWD� EiVLFDPHQWH�
LPSOHPHQWDU�HQ�ODV�FLXGDGHV�JUDQGHV� 
 
&2/20%,$ 
 
7DPSRFR� HQ� HO� FDVR� GH� &RORPELD�� HQ� ODV� FRPSDUDFLRQHV� LQWHUQDFLRQDOHV� GHO�
GHVDUUROOR�GH�ODV�FLXGDGHV�LQWHOLJHQWHV��DSDUHFHQ�RWUDV�FLXGDGHV�TXH�OD�FDSLWDOLQD�
FLXGDG� GH� %RJRWi� \� 0HGHOOtQ�� 6LQ� HPEDUJR�� ³(O� 0LQLVWHULR� GH� 7HFQRORJtDV� GH�

 
8�/D�&RUSRUDFLyQ�GH�)RPHQWR�GH�OD�3URGXFFLyQ��&RUIR��HV�OD�DJHQFLD�GHO�*RELHUQR�GH�&KLOH��
RUJDQLVPR�GH�iPELWR�PXOWLVHFWRULDO��HQFDUJDGR�GHO�IRPHQWR�GH�OD�SURGXFFLyQ�QDFLRQDO�\�SURPRWRUD�
GHO�FUHFLPLHQWR�HFRQyPLFR�UHJLRQDO�� 
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,QIRUPDFLyQ�\�GH�&RPXQLFDFLRQHV��7,&��GLR�D�FRQRFHU�HO�DxR�SDVDGR�ORV�PXQLFLSLRV�
TXH� SUREDEOHPHQWH� VH� FRQYLHUWDQ� HQ� ³FLXGDGHV� LQWHOLJHQWHV´�� VRQ� PiV� GH� ���
FLXGDGHV� TXH� HO� 0LQLVWHULR� GH� 7,&� SURPHWH� LPSXOVDU� SDUD� TXH� VH� FRQYLHUWDQ� HQ�
WHUULWRULRV�LQWHOLJHQWHV��HQWUH�HOODV�VH�HQFXHQWUDQ�YDULDV�FDSLWDOHV��DVt�FRPR�RWURV�GH�
PHQRU�SREODFLyQ��SHUR�ORV�FXDOHV�SUR\HFWDQ�JUDQ�FUHFLPLHQWR�HQ�ORV�SUy[LPRV�DxRV��
�«�� 
 
(O�0LQLVWHULR�7,&�SODQHD� OD�HMHFXFLyQ�GH�XQ� ³PRGHOR�GH�PHGLFLyQ�GH�PDGXUH]�GH�
FLXGDGHV� \� WHUULWRULRV� LQWHOLJHQWHV´� TXH� SHUPLWLUi� LGHQWLILFDU� RSRUWXQLGDGHV� \�
SULRULGDGHV�SDUD�GHILQLU�XQD�YLVLyQ�IXWXUD�\�XQD�KRMD�GH�UXWD�FRQFUHWD�\�YLDEOH�SDUD�
HO�SURFHVR�GH�WUDQVIRUPDFLyQ�GLJLWDO��H�LQYLWD�D�ORV�HPSUHVDULRV��OD�SREODFLyQ�FLYLO��ODV�
LQVWLWXFLRQHV�HGXFDWLYDV�\�ODV�HQWLGDGHV�JXEHUQDPHQWDOHV�D�H[SUHVDU�VXV�SXQWRV�GH�
YLVWD�SDUD�FRODERUDU�HQ�OD�LPSOHPHQWDFLyQ�GH�HVWH�SURFHVR�´��+DGGDG��������(V�DVt�
TXH�� 
 

³3RU�VHJXQGD�YH]�HQ�HO�SDtV��HO�0LQLVWHULR�GH�7HFQRORJtDV�GH�OD�,QIRUPDFLyQ�\�
ODV�&RPXQLFDFLRQHV� �0LQ7,&��� DSOLFD�HO�0RGHOR�GH�0DGXUH]�HQ�&LXGDGHV�\�
7HUULWRULRV� ,QWHOLJHQWHV� SDUD� UHFRQRFHU� ODV� FDSDFLGDGHV� \� RSRUWXQLGDGHV� GH�
PHMRUD� GH� ���� WHUULWRULRV� GH� &RORPELD�� HQ� UHODFLyQ� FRQ� VX� UXWD� GH�
WUDQVIRUPDFLyQ� GLJLWDO� WHUULWRULDO� SDUD� VHU� XQ� WHUULWRULR� LQWHOLJHQWH�� (VWH�
GHVSOLHJXH�KD�SHUPLWLGR�LGHQWLILFDU�H�LQWHJUDU�DO�GLVHxR�GHO�PRGHOR�GH�&LXGDG�
,QWHOLJHQWH�� OD� YLVLyQ� TXH� VXV� KDELWDQWHV� WLHQHQ� VREUH� HO� GHVDUUROOR� GH� VXV�
WHUULWRULRV�� D� ILQ� GH� FRQVWUXLU� XQ� PRGHOR� SOXUDO� H� LQFOX\HQWH� TXH� UHIOHMH� ODV�
RSLQLRQHV�H� LQWHUHVHV�GH�TXLHQHV� OD�FRQIRUPDQ�´� �0LQLVWHULR�GH�7HFQRORJtDV��
����� 

 
/RV� UHVXOWDGRV� GH� DSOLFDFLyQ� GH� HVWH� PRGHOR�� DTXt� SUHVHQWDGDV� VyOR� SDUD� ODV�
SULPHUDV����DOFDOGtDV�SUHVHQWD�OD�7DEOD��� 
 
7DEOD����/DV�SULPHUDV����DOFDOGtDV�GH�&RORPELD��VHJ~Q� 
HO�ËQGLFH�GH�&LXGDGHV�\�7HUULWRULRV�,QWHOLJHQWHV������ 
'HSDUWDPHQWR (QWLGDG�7HUULWRULDO ËQGLFH� GH�

0DGXUH] 
���$QWLRTXLD� 6DEDQHWD� ��� 
���$QWLRTXLD� ,WDJ�t� ��� 
���&XQGLQDPDUFD� 6RSy� ��� 
���7ROLPD� ,EDJXp� ��� 
���$QWLRTXLD� 0DULQLOOD� ��� 
���$QWLRTXLD� 6DQ�-HUyQLPR� ��� 
���6DQWDQGHU� 2Q]DJD� ��� 
���$QWLRTXLD� 0HGHOOtQ� ��� 
���%R\DFi� 3DLSD� ��� 
����$QWLRTXLD� &DXFDVLD� ��� 
)XHQWH���0LQLVWHULR�GH�7HFQRORJtDV����������� 
 
0X\�LQWHUHVDQWH�HV�HO�GRFXPHQWR�HPLWLGR�HQ�HO�DxR�������HQ�VX�YHUVLyQ�GH�ERUUDGRU��
SRU�HO�*RELHUQR�GH�&RORPELD��WLWXODGR��³'RFXPHQWR�GH�OLQHDPLHQWRV�GH�SROtWLFD�GH�
&LXGDGHV�,QWHOLJHQWHV��9HUVLyQ�%RUUDGRU´� �'RFXPHQWR���������(Q�HVWH�GRFXPHQWR�
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VH�SUHFLVD�HO�DSR\R�D� OD� LQWURGXFFLyQ�GH� OD� LGHD�GH�&LXGDG�,QWHOLJHQWH�GH� ORV�GRV�
LQVWUXPHQWRV�H[LVWHQWHV�TXH�VRQ��HO� ËQGLFH�GH�&LXGDGHV�0RGHUQDV� �7DEOD� ��� \�HO�
0RGHOR�GH�0HGLFLyQ�GH�0DGXUH]�GH�&LXGDGHV�\�7HUULWRULRV�,QWHOLJHQWHV�� 
 
7DEOD����/DV�SULPHUDV����FLXGDGHV�GH�&RORPELD�� 
VHJ~Q�HO�ËQGLFH�GH�&LXGDGHV�0RGHUQDV������ 
&LXGDG� ËQGLFH 
%RJRWi� �� 
0HGHOOtQ �� 
0DQL]DOHV �� 
7XQMD �� 
%DUUDQTXLOOD �� 
%XFDUDPDQJD �� 
&DOL �� 
3HUHLUD �� 
$UPHQLD �� 
&DUWDJHQD �� 
)XHQWH���2EVHUYDWRULR������� 
 
(Q�HVWH�VHQWLGR�SRGHPRV�REVHUYDU�TXH�OD�SROtWLFD�GH�LPSOHPHQWDFLyQ�GH�OD�LGHD�GH�
FLXGDG�LQWHOLJHQWH�HQ�&RORPELD�SDUHFH�EDVWDQWH�PDGXUD�\�DYDQ]DGD��(Q�GLIHUHQWHV�
GHSHQGHQFLDV�GHO�JRELHUQR�GH�&RORPELD�VH�GHVDUUROODQ�GLIHUHQWHV�LQLFLDWLYDV�SDUD�
SURPRYHU�HVWD�LGHD�DGHPiV�GH�WUDWDU�GH�GHVDUUROODU�VX�SURSLR�FRQFHSWR� 
 
 
0(;,&2 
 
(Q�0p[LFR� QR� H[LVWH� QLQJ~Q� SODQ� JXEHUQDPHQWDO� SDUD� SURPRFLyQ� GH� OD� LGHD� GH�
&LXGDG� ,QWHOLJHQWH� \� WDPSRFR� PXFKDV� FLXGDGHV� PH[LFDQDV� DSDUHFHQ� HQ� ODV�
FRPSDUDFLRQHV� LQWHUQDFLRQDOHV��/D�~QLFD�FLXGDG�TXH�DSDUHFH�FRQVWDQWHPHQWH�HQ�
HVWDV�FRPSDUDFLRQHV�HV�OD�&LXGDG�GH�0p[LFR��DXQTXH�ODV�LQLFLDWLYDV�SDUD�SURPRYHU�
OD�LGHD�GH�ODV�&LXGDGHV�,QWHOLJHQWHV�VH�SXHGHQ�HQFRQWUDU�SRU�OR�PHQRV�HQ�RWUDV�WUHV�
JUDQGHV�FLXGDGHV�GH�0p[LFR� 
 
El día 16 de febrero 2016 se firmó acta de constitución de La Asociación Mexicana 
de Ciudades Inteligentes (AMECI) que se realizó en el marco de Smart City Expo 
Puebla (México) (Se constituye AMECI, 2016). La AMECI tiene entre sus objetivos 
impulsar en los municipios mexicanos el uso de infraestructura de innovación y 
tecnología para disminuir el consumo energético y reducir las emisiones de CO2, 
mejorar la gobernanza, la movilidad y el capital humano. Esta asociación forma 
parte de la Conferencia Nacional de Municipios de México (CONAMM). Hoy día este 
mismo organismo aparece como Asociación Mexicana de Municipios y Ciudades 
Inteligentes ± diluyendo so objetivo original. 

'H� OD� UHYLVLyQ� EiVLFDPHQWH� GH� IXHQWHV� KHPHURJUiILFDV�� HQFRQWUDPRV� HQ� HVWH�
PRPHQWR�TXH�KD\�SRU�OR�PHQRV�FLQFR�FDVRV�GH�SUXHEDV�GH�LPSOHPHQWDFLyQ�GH�OD�
LGHD� GH� &LXGDG� ,QWHOLJHQWH�� DXQTXH� GpELOPHQWH� GRFXPHQWDGRV�� $xDGLHQGR� ORV�
H[SHULPHQWRV�HQ�OD�&LXGDG�GH�0p[LFR��VHJ~Q�1LHYHV��������S������H[LVWHQ�SUR\HFWRV�
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GH�&,�WDOHV�FRPR��&LXGDG�0DGHUDV��4XHUpWDUR��&LXGDG�&UHDWLYD�'LJLWDO��*XDGDODMDUD��
7HTXLOD�� -DOLVFR� \�� 6PDUW� 3XHEOD�� 3XHEOD�� (VWRV� FXDWUR� SUR\HFWRV� VH� SXHGHQ�
FRQVLGHUDU� FRPR� PiV� FRQVLVWHQWHV� \� \D� HVWDEOHV� GHVGH� KDFH� DOJXQRV� DxRV��
5HYLVDQGR�HVWRV�FDVRV��WUHV�VRQ�HMHPSORV�GH�FLXGDGHV�JUDQGHV��&LXGDG�GH�0p[LFR��
*XDGDODMDUD�\�3XHEOD��XQD� LQLFLDWLYD�GHQWUR�GH�XQD�FLXGDG�PHGLDQD�TXH�HV� OD�GH�
&LXGDG�0DGHUR�GH�4XHUpWDUR�\�XQ�HMHPSOR�TXH�SDUHFH�PiV�FRPR�H[SHULPHQWR��HQ�
HO�PXQLFLSLR�GH�7HTXLOD��-DOLVFR� 
 
/D�RSLQLyQ�JHQHUDO�TXH�SRGHPRV�SUHVHQWDU�GHVSXpV�GH�UHYLVDU�EUHYHPHQWH�HVWRV�
FLQFR� FDVRV� HV� TXH� HQ� 0p[LFR� ORV� SUR\HFWRV� GH� &LXGDG� ,QWHOLJHQWH�� PiV� VH�
HQFXHQWUDQ� HQ� OD� HVIHUD� GH� ORV� GHVHRV� SROtWLFRV� \� SUXHEDV� SDUFLDOHV� GH�
LPSOHPHQWDFLyQ� GH� DOJXQRV� HOHPHQWRV� GH� OD� LGHD�� HVSHFLDOPHQWH� UHIHUHQWH� D� OD�
FUHDFLyQ�GH�ODV�LVODV�GH�LQQRYDFLyQ��&LXGDG�0DGHUDV�R�&LXGDG�&UHDWLYD�'LJLWDO��R�
SUXHEDV�GH�PHMRUDPLHQWR�GH�DOJXQD�LQIUDHVWUXFWXUD�R�VHUYLFLRV�S~EOLFRV��DOXPEUDGR�
HQ�3XHEOD��� 
 
 
���+DFLD�XQ�PRGHOR�ODWLQRDPHULFDQR�GH�OD�LGHD�GH�&LXGDG�,QWHOLJHQWH 
 
(Q� OD� UHDOLGDG� ODWLQRDPHULFDQD� VH� KDQ� UHDOL]DGR� DOJXQDV� SUXHEDV� GH�
FRQFHSWXDOL]DFLyQ�DEVWUDFWD�GHO�PRGHOR�GH�&LXGDG�,QWHOLJHQWH��(Q�OD�UHYLVLyQ�GH�OD�
OLWHUDWXUD�VH�HQFRQWUy�UHDOPHQWH�WUHV�GH�HVWH�WLSR�GH�PRGHORV�TXH�VH�SUHVHQWDQ�D�
FRQWLQXDFLyQ��)LJXUDV������\���� 
 
)LJXUD����(O�PRGHOR�����(OHPHQWRV�GH�XQD�FLXGDG�LQWHOLJHQWH�\�VRVWHQLEOH 
 

 
 

Ciudad Inteligente    

Gobierno/Gobernanza DIGITAL 
(e-Gobierno)   

Infraestructura no física: 
*Datos abiertos  

*Computación en la nube 
(Big Data)    

Infraestructura física: 
*Internet de las cosas   

Tipos de ciudades 
inteligentes

*Creadas  *Transformadas

Metas y objetivos: 
*Convergencia tecnológica 
*Sostenibilidad *Cohesión 

social *Competitividad  
*Seguridad
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ϭϮ 
 

)XHQWH���$OYDUDGR�/ySH]��������D�SDUWLU�GH�%RXVNHOD�HW�DO����������/DVWUHV�\�&DVVLRODWR���������8QLyQ�
,QWHUQDFLRQDO�GH�7HOHFRPXQLFDFLRQHV���������&RPLVLyQ�GH�&LXGDGHV�'LJLWDOHV�\�GHO�&RQRFLPLHQWR�
�������\�&iPDUD�GH�&RPHUFLR�GH�0HGHOOtQ�SDUD�$QWLRTXLD�������� 

 
(Q�HO�SULPHUR�GH� ORV�PRGHORV�SUHVHQWDGRV� �)LJXUD�����HV�GLItFLO� HQFRQWUDU�DOJXQD�
OyJLFD� IXHUD� GH�SUREDU� GH�HQXPHUDU� HOHPHQWRV�GH� OD� FLXGDG� LQWHOLJHQWH�� WLSRV�GH�
HVWDV�FLXGDGHV�\�VXV�PHWDV�\�REMHWLYRV� 
 

)LJXUD����(O�PRGHOR�����$UTXLWHFWXUD�GH�XQD�FLXGDG�R�WHUULWRULR�,QWHOLJHQWH 

 
 
)XHQWH��'HSDUWDPHQWR�1DFLRQDO�GH�3ODQHDFLyQ����������� 
 
El segundo de los modelos (Figura 2) presenta los principales elementos 
conceptuales que son: las Estructuras físicas, la Sociedad y las interacciones entre 
ellos.  
 
El tercero de los modelos (Figura 3) presenta la lógica bastante diferente ya que se 
trata de diseñar las etapas de implementación de la idea de Ciudad Inteligente en 
los países de América Latina. 
 
Resumiendo, esta parte podemos decir que hay algunos avances en las pruebas de 
encontrar un modelo abstracto de Ciudad Inteligente en América Latina, sin 
embargo, como se puede observar en estos modelos el papel de tecnología es 
claramente secundario. 
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ϭϯ 
 

)LJXUD� ��� 0RGHOR� GH� OD� &LXGDG� ,QWHOLJHQWH� �&,�� �� ±(VFDODEOH� SDUD� ORV� SDtVHV�
HPHUJHQWHV 

 

 
)XHQWH�� 5R]JD� /XWHU� \� +HUQiQGH]� 0DU� ������� FRQ� EDVH� HQ� �$OYDUDGR� /ySH]�� ������� �6LNRUD�
)HUQiQGH]����������6WDZDV]�\�6LNRUD�)HUQiQGH]��������\��&RODGR�*DUFtD�HW��DO��������� 
 
&RQFOXVLRQHV 
 
Si analizamos las urbes latinoamericanas que aparecen, primero, en los rankings 
de Ciudades Inteligentes (Smart Cities), debemos tener en cuenta que la mayoría 
de ellas (Buenos Aires, Santiago de Chile, Sao Paulo, Ciudad de México) son mega-
metropolias de más de 10 millones de habitantes. Sin embargo, para muchos 
ideólogos de Smart Cities, las grandes «manchas» urbanas son la antítesis de la 
idea y valores de una Ciudad Inteligente. 
 
En su camino hacia la a implementación de nuevas tecnologías las autoridades y 
los tomadores de decisiones de la política pública de las ciudades no siempre 
actúan de manera coordinada con la agenda nacional de innovación y los 
reguladores sectoriales. Esto puede responder, entre otras causas, a que poseen 
otra estructura de incentivos, alineamientos políticos divergentes, o simplemente, a 
que no comparten los objetivos. 
 

ETAPA 1: CI 
INCIPIENTE
Objetivos:
- Convergencia 
tecnológica
- Competitividad
- Seguridad
Actores básicos:
Lideres locales, 
ciudadanía y 
empresa
------------------------
REDES SOCIALES

ETAPA 2: CI EN 
PROCESO
Objetivos:
- Convergencia social
- Convergencia 
tecnológica
- Competitividad
- Seguridad
Actores básicos:
Autoridades locales, 
lideres locales, 
ciudadanía y empresa
-----------------------------

REDES SOCIALES

ETAPA 3: CI EN 
MADURACIÓN
Objetivos:
- Sustentabilidad
- Convergencia social
- Convergencia 
tecnológica
- Competitividad
- Seguridad
Actores básicos:
Autoridades centrales 
y locales, lideres 
locales, ciudadanía y 
empresa
-----------------------------

REDES SOCIALES
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Respondiendo a la pregunta de Introducción de este trabajo ¿si se puede hablar de 
un modelo latinoamericano de implementación de la de Ciudad 
Inteligente?  Podemos decir que no existe modelo latinoamericano de la ciudad 
inteligente y los diferentes países siguen diferentes pautas en la 
implementación de esta idea. 
 
En diferentes países latinoamericanos  se usa el modelo general (de seis áreas) de 
la Ciudad Inteligente, así como se promueve diferentes propuestas de su 
implementación. En términos generales estos modelos podríamos caracterizar 
como modelos de implementación de las nuevas tecnologías para facilitar 
funcionamiento de las ciudades y mejorar la calidad de vida de sus ciudadanos. Por 
otro lado, en los modelos de implementación, lo que se busca es la gradualidad, 
que permite su mejor realización. 
 
Resumiendo, se puede decir que Los primeros resultados muestran qué 
implementación del modelo de la ciudad inteligente en países de América Latina se 
lleva a cabo de manera bastante heterogénea realizada tanto por los gobiernos 
centrales, autoridades de ciudades grandes, pero también por las empresas 
abastecedores del equipamiento electrónico informático. Evidencias de eso son las 
formas de organización de difusión de la idea de la Ciudad Inteligente, así como 
promoción e implementación de la idea de parte de los organismos 
gubernamentales. 
 
%LEOLRJUDItD 
 
&DEHOOR��6HEDVWLiQ���������(O�FDPLQR�GH�GHVDUUROOR�GH�ODV�FLXGDGHV�LQWHOLJHQWHV�8QD�
HYDOXDFLyQ�GH�%RJRWi��%XHQRV�$LUHV��&LXGDG�GH�0p[LFR�\�6mR�3DXOR��'RFXPHQWRV�
GH�3UR\HFWRV��/&�76�����������6DQWLDJR��&RPLVLyQ�(FRQyPLFD�SDUD�$PpULFD�/DWLQD�
\�HO�&DULEH��&(3$/�� 
 
&DUHxR�� ,W]HO� �������������� ³%UDVLO� DYDQ]D� FRQ� FLXGDGHV� LQWHOLJHQWHV� D� WUDYpV�GHO�
SURJUDPD�3Uy�&LGDGHV´��'3/�1HZV��&RQVXOWDGR�HO�GtD������������HQ�� 
KWWSV���GSOQHZV�FRP�EUDVLO�DYDQ]D�FRQ�FLXGDGHV�LQWHOLJHQWHV�D�WUDYHV�GHO�
SURJUDPD�SUR�FLGDGHV���a�WH[W %UDVLO���DYDQ]D���FRQ���FLXGDGHV����
LQWHOLJHQWHV���D���WUDYpV���GHO�GH���UHFRQRFLPLHQWR���IDFLDO���SDUD���H
O���iUHD���GH���VHJXULGDG� 
 
&RKHQ�� %R\G� \� (OL]DEHWK� 2EHGLHQWH� �������� (VWXGLR� ³5DQNLQJ� GH� &LXGDGHV�
,QWHOLJHQWHV� (Q� &KLOH´�� )XQGDFLyQ� 3DtV� 'LJLWDO�� 8QLYHUVLGDG� GHO� GHVDUUROOR�� �V�O���
&RQVXOWDGR� HO� GtD� ����������� HQ�� KWWSV���GJ����IKHO�F��FORXGIURQW�QHW�3'�ZS�
FRQWHQW�XSORDGV���������5DQNLQJ�&LXGDGHV�,QWHOLJHQWHV�HQ�&KLOH�SGI 
 
'HSDUWDPHQWR� 1DFLRQDO� GH� 3ODQHDFLyQ� �������� ³'RFXPHQWR� GH� OLQHDPLHQWRV� GH�
SROtWLFD�GH�&LXGDGHV� ,QWHOLJHQWHV��9HUVLyQ�%RUUDGRU´�� ��������������'HSDUWDPHQWR�
1DFLRQDO�GH�3ODQHDFLyQ��*RELHUQR�GH�&RORPELD��&RQVXOWDGR�HO�GtD������������HQ��
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ϭϱ 
 

KWWSV���GQS�JRY�FR�'131�'RFXPHQWV�%RUUDGRU�/LQHDPLHQWRV�&LXGDGHV�
,QWHOLJHQWHV�SGI� 

(VSLQR]D�� )HOLSH�� �������������� ³&KLOH� DQXQFLD� HO� 3ODQ� 1DFLRQDO� GH� &LXGDGHV�
,QWHOLJHQWHV´�� /$� 1(7:25.�� &RQVXOWDGR� HO� GtD� ����������� HQ��
KWWSV���OD�QHWZRUN�FKLOH�DQXQFLD�SODQ�QDFLRQDO�GH�FLXGDGHV�LQWHOLJHQWHV� 
 
;�*OREDO� 6PDUW� &LW\� ,QGH[� ����� �������� &RQVXOWDGR� HQ��
KWWSV���DV\SDUNJURXS�FRP�VWXGLHV�FLWLHV�RI�WKH�IXWXUH�HQ� ������������ 
 
+DGGDG��0LFKHOH���������������³&LXGDGHV�LQWHOLJHQWHV�HQ�&RORPELD´��'LVHxR�:HE�	�
0DUNHWLQJ� 'LJLWDO�� &RQVXOWDGR� HO� GtD� ����������� HQ��
KWWSV���LQWHUQHWHGDGLQHUR�FRP�FLXGDGHV�LQWHOLJHQWHV�HQ�FRORPELD� 
 
;�,0'�6PDUW�&LW\�,QGH[��������&LW\�3HUIRUPDQFH�2YHUYLHZ����������&RQVXOWDGR�HQ��� 
KWWSV���ZZZ�LPG�RUJ�VPDUW�FLW\�REVHUYDWRU\�KRPH��BERRN�������������� 
 
;�ËQGLFH� ,(6(�&LWLHV� LQ�0RWLRQ� ������ �������� ,6(� %XVLQHVV� 6FKRRO� 8QLYHUVLW\� RI�
1DYDUUD��&RQVXOWDGR�HQ��KWWSV���PHGLD�LHVH�HGX�UHVHDUFK�SGIV�67������SGI�� ������
������� 
 
0LQLVWHULR�GH�7HFQRORJtDV�GH�ODV�,QIRUPDFLRQHV�\�ODV�&RPXQLFDFLRQHV���������³ËQGLFH�
GH� &LXGDGHV� \� 7HUULWRULRV� ,QWHOLJHQWHV�� ����´�� 0LQ7,&�� *RELHUQR� GH� &RORPELD��
&RQVXOWDGR� HO� GtD� ����������� HQ��
KWWSV���JRELHUQRGLJLWDO�PLQWLF�JRY�FR�SRUWDO�,QLFLDWLYDV�&LXGDGHV�\�7HUULWRULRV�
,QWHOLJHQWHV� 
 
1LHYHV�/DKDED��<DGLUD�5RVDULR���������³&LXGDGHV�LQWHOLJHQWHV��XQD�RSRUWXQLGDG�SDUD�
OD� FLHQFLD� GH� OD� LQIRUPDFLyQ�´� &,(1&,$� 8$1/��������� SS�� �������
GRL�RUJ����������FLHQFLDXDQO������� 
 
2EVHUYDWRULR� GH� 6LVWHPD� GH� &LXGDGHV�� '13�� �VHSWLHPEUH� ������� ³,QGLFH� GH�
&LXGDGHV�0RGHUQDV������´��2EVHUYDWRULR�GH�6LVWHPD�GH�&LXGDGHV��'HSDUWDPHQWR�
1DFLRQDO�GH�3ODQHDFLyQ��*RELHUQR�GH�&RORPELD��&RQVXOWDGR�HO�GtD������������HQ��
WWSV���FRODERUDFLRQ�GQS�JRY�FR�&'7�3UHQVD�,,QGLFHB&LXGDGHVB0RGHUQDVB�����SGI� 

3DODFLR�&RUWpV��&DWDOLQD�� �������� ³(VWUDWHJLD�DUJHQWLQD�GH�&LXGDGHV� ,QWHOLJHQWHV´��
�V�O���'LUHFFLyQ�GH�,QYHVWLJDFLyQ�� ,QQRYDFLyQ�\�&RQWURO��6XEVHFUHWDUtD�3DtV�'LJLWDO��
6HFUHWDUtD�GH�0RGHUQL]DFLyQ�GH�OD�1DFLyQ��3UHVLGHQFLD�GH�OD�1DFLyQ��&RQVXOWDGR�HO�
GtD� ����������� HQ�� KWWSV���ZZZ�DUJHQWLQD�JRE�DU�VLWHV�GHIDXOW�ILOHV�HVWUDWHJLDB�
DUJHQWLQDBGHBFLXGDGHVBLQWHOLJHQWHV�SGI� 
 
Ranking Connected Smart Cities, (2021), Urban Systemas, NECTA, &RQVXOWDGR�HO�
GtD� ���� ���� ������ HQ� KWWSV���UDQNLQJ�FRQQHFWHGVPDUWFLWLHV�FRP�EU�VREUH�R�
UDQNLQJ�SKS� 
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ϭϲ 
 

5HTXHQD��&DUORV����������&LXGDG0;������0RGHOR�GH�FLXGDG�LQWHOLJHQWH��/,'�(GLWRULDO�
0H[LFDQD��0p[LFR�'�)� 
 
Se constituye AMECI, la Asociación Mexicana de Ciudades Inteligentes, 
(22.02.2016), eSmart City. Es. Todo sobre Ciudades Inteligentes, Consultado el día 
06.06.2022 en: https://www.esmartcity.es/2016/02/22/se-constituye-ameci-
asociacion-mexicana-ciudades-inteligentes#:~:text=La%20Asociación% 
20Mexicana%20de%20Ciudades%20Inteligentes%20%28AMECI%29%20es,la%2
0movilidad%20y%20el%20capital%20humano%2C%20entre%20otros. 
 
7ULGLD��,QJHQLHUtD�\�(ILFLHQFLD��5HYLVWD�(OHFWUyQLFD��������³¢&XiO�HV�OD�VLWXDFLyQ�GH�
ODV� 6PDUW� &LWLHV� HQ� $UJHQWLQD"´�� &RQVXOWDGR� HQ��
https://ingenieriayeficiencia.com/smart-cities-en-argentina/ (2022-06-03) 
 
8QLGDG� GH� &LXGDGHV� ,QWHOLJHQWHV�� 0LQLVWHULR� GH� 7UDQVSRUWHV� \� &RPXQLFDFLRQHV��
*RELHUQR� GH� &KLOH� �������� &RQVXOWDGR� HO� GtD� ����������� HQ��
KWWSV���ZZZ�PWW�JRE�FO�S\G�XQLGDG�GH�FLXGDGHV�LQWHOLJHQWHV 
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Abstract: Watermills have played an important role in the ancient industrial de-
velopment. The invention of the steam engine and later the electric motor to-
gether the electricity price reduction, gave rise to the abandonment of most wa-
termills. It is estimated that more than 350,000 watermills existed in Europe at 
one time or another. These infrastructures have low water head and low power 
configuration. So, the watermills restoration may be an attractive solution for mi-
cro-mini hydropower application. This paper shows the methodology implement 
in a project whose aim is the localization of the different ancient watermills lo-
cated in Soria, a province of Spain with 10,306 km2. The choose of several 
sources has been one of the project keys since it has allowed a complete water-
mills localization. Ignoring duplicate information in the several sources used, the 
present methodology has allowed the identification of 1,265 potential watermills. 
This assumes a density of 123 watermills per 1.000 km2. The current project sta-
tus is at an early stage and future work will involve field work that allow to create 
datasheets about the watermill and identify duplicate information between the 
several analysed sources.   

Keywords: Watermill, Micro hydropower. 

1 Introduction: Watermill overview   

Rivers and streams have been significant impact in the human history of technology 
and economics. The watermill has played a significant role in the European industrial-
ism from the Late Middle Ages [1]. Not only has the watermill probably been the first 
mover in the human hand, but also the oldest turbomachine. Moreover, these devices 
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had a great territorial diffusion, being used by the Roman, Egyptian, and Greek civili-
zations among others [1].  

A watermill is a device that converts the potential energy of the water into mechan-
ical energy which can be used in order to mill grain into flour (gristmills), oil extraction 
(oil mills), cloth production (fulling, cotton mills and textile mills), paper production 
(paper mills) or cut timber into lumber (sawmills). The appearance and diffusion of 
watermills represented a great advance in the ancient industrial processes. For example, 
a mill moved by two persons could produce 5 kg of flour per hour while a typical low 
head gristmill exceeded 100 kg of flour per hour [2]. 
 Watermill is not a uniform concept. There are several kinds of watermill because 
each one has been designed contingent on orography, water head and water flow. How-
ever, watermill can be classified in two main types, according to the relative position 
of the water wheel: horizontal axis water wheels and vertical axis water wheels [3]. The 
main feature of the horizontal axis wheel relies on the rotation mainly under the action 
of the gravity of the water. Three types of wheels can be found among horizontal axis 
water wheels (see Fig.1.). The choice of wheel depends on the conditions of the place: 
water head and water flow mainly. Overshot wheels fit with a low water flow and a 
high-water head while undershot wheels are ideal for low water head and a high-water 
flow. Breastshot wheels are variant of undershot wheels that can improve the device 
efficiency.  

 
a) Undershot 

 
b) Overshot 

 
c) Breastshot 

   
 

Efficiency: 60-70% 
Water head: 0.5-3 m 

Flow: 300-900 l/sec·m 

 

Efficiency: 60-80% 
Water head: 3-10 m 

Flow: 75-150 l/sec·m 

 

Efficiency: 70%-80% 
Water head: 0.5-3 m 

Flow: 300-900 l/sec·m 
Fig. 1. Types of horizontal axis water wheels [1], [3]. 

Horizontal axis water wheel was the first wheels used in the ancient watermills. Later, 
technological development gave rise to vertical axis water wheels, devices that shows 
more similarities to modern water turbines. This water wheels have a higher efficiency 
and a great diffusion through the Mediterranean area [1]. Most Spanish watermills, that 
were mostly built during the first half of the 20th century, have a vertical axis water 
wheel configuration [4], [5]. 
 To the pioneers of water-milling, the water supply was not a problem. The real chal-
lenge was how to control the water in order to achieve the highest possible efficiency. 
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Initially, the water wheels were fixed in river or brooks flow at specific level. Never-
theless, this is not the most optimal configuration because the water level tends to rise 
in winter and early spring and drop in summer and early autumn. Moreover, it is im-
possible to stop the water wheel for repairs. The derivation of a mill race from a natural 
watercourse allow to protect the water wheel from to high water levels. This also allow 
to control the water flow through the mill race using a sluice-gat. Secondly, weirs could 
be built in other to raise the water level and achieve the enough water head for an opti-
mal water wheel performance. An example of a vertical waterwheel configuration is 
shown below (see. Fig. 2.).  
 

 
Fig. 2. Vertical axis waterwheel mill configuration. 

It is estimated that more than 350,000 watermills may have exist in Europe at one time 
or another [3]. Most watermill were abandoned due to several reason like the changes 
in streams water flows. Furthermore, the invention of the steam engine and later the 
electric motor together low prices of electricity, explain the watermill abandonment. 
However, some spots were adapted to produce electrical energy.  

These ancient watermills have a great potential for hydropower generation. Most 
watermill are low water head with potentials below 40 kW [6]. Gristmills for flour pro-
duction, one of the most common artefacts within watermills, had an average 3 kW 
power [3]. These low water head and power configuration fits perfectly with micro-
mini hydropower generation. Low head micro-hydropower stations present an attrac-
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tive and efficient way for electricity generation in rural and remotes areas [7]. In addi-
tion, there are turbines designed specifically for low water head and water flow config-
urations such as Turgo, crossflow, Kaplan, Francis, or Archimedes screw turbine [7]. 
 The ancient watermills restoration for micro-mini hydropower applications could be 
an attractive way for a clean and cheap electricity generation and recovering industrial 
heritage at once. Ancient watermills restoration for hydropower applications has other 
advantages such as the promotion of distributed generation or the electrical generation 
in isolated areas of the grid [8]. Micro-mini hydropower turbines installation in ancient 
watermills involves a cost reduction because watermills have already part of the civil 
works built. This is interesting because civil works are 40% of the levelized cost of 
energy (LCEO) in micro-mini hydraulic power stations [7].  Nevertheless, watermills 
restoration presents several challenges. First, heritage issues must be considered. Sec-
ondly, the rivers flow decrease in last years may make it unfeasible the hydropower 
exploitation in the smallest streams. Finally, each spots requires a different design of 
the generation and control system in function of the water head, water flow, terrain 
orography or heritage considerations.  
 Historical and non-powered weirs or dams could also be an attractive solution for 
micro-mini hydropower generation [9], [10]. Many of the monetary costs and environ-
mental impacts of weirs have already been incurred at non-powered weirs, so adding 
power to the existing weir structure can often be achieved at lower cost, with less risk, 
and in a shorter timeframe than development requiring new weir construction.  

RESTOR Hydro [11] is a project whose aim is to increase the renewable energy 
production from micro-mini hydropower, by identifying and restoring suitable histori-
cal watermills, weirs, or inoperative hydropower stations. RESTOR Hydro database 
contains 67,500 potential micro-mini hydropower sites in the European Union. None-
theless, some countries such as Spain have a low density of potential hydro sites. It 
evidences the low-quality database of these countries and show the challenge of iden-
tifying historic watermills in large tracts of land. 

This paper explains the methodology used in a project whose purpose is to locate 
watermills in the province of Soria. The second paper section show an overview of 
Soria province and its hydrological configuration. The third section present the imple-
mented methodology while the fourth section show the first result of the research. Fi-
nally, the conclusion and futures work are presented in the fifth section.  

2 Soria province  

The province of Soria is located at the northeastern end of the Spanish plateau (see Fig. 
3). Its physiognomy resembles a great natural amphitheatre between the Iberian Moun-
tain Range, to the north and northeast, and a series of mountainous thresholds -append-
ages of the Central System- to the south. This arrangement configures the structure of 
its river network [12]. The province sits on the headwaters of two basins: one wider, 
the Duero, and another in a border arch that runs from northeast to southeast, which 
drains into the Ebro River (see Fig. 3.). This river system irrigates a territory of more 
than 10,000 km2, with a large area traditionally dedicated to the cultivation of cereals. 
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The source of the Duero River is located in Urbión peaks, at 2,100 m altitude. It runs 
through the mountainous region of Pinares heading east and changes path around Soria 
city, heading west through the sedimentary basin in the interior of the province. Its head 
runs between mountains of high rainfall, which allow a contribution of de rains and 
snowy. In this first section it receives several tributaries that collect the waters of large 
sub-basins. On the left bank, the Revinuesa, Tera and Merdancho; on the right bank, 
the Ebrillos. In the central section, flatter and with less power source, it receives on the 
left bank the rivers that descend from some outer mountain ranges of the Ibérica and 
from the moorlands of the south. The rivers Rituerto, Escalote, Talegones, Caracena 
and Pedro stand out. On the right bank, also with its source in some outer mountains, 
the Izana, Fuentepinilla and, above all, the Ucero river stand out. 

The rivers that descend to the Ebro basin along the eastern slopes of the Iberian peaks 
are short and steep. To the northeast, the headwater sections of the Cidacos, Mayor, 
Alhama and Queiles rivers stand out. To the southeast appears a somewhat larger sub-
basin, that of the Jalón River, which has two important tributaries, the Henar and the 
Nágima. 

 
 

Fig. 3. Soria province location at Spain and Soria province hydrologic configuration. [13] 

3 Methodology   

The project is in an early stage. Although the sources searching is done, most of the 
performance that involves field labours have not been carried out yet. The project called 
³,QIUDVWUXFWXUH�QHWZRUN�IRU�PLOOLQJ�DQG�RWKHU�XVHV�LQ�6RULD�SURYLQFH�ULYHUV´ (RIOS-SO) 
aim to search and localize all the ancient watermills in the Soria province (10,306 km2) 
for futures applications such as the watermill restoration for hydropower applications. 
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The methodology that has been used in the current project is schematized bellow (see 
Fig. 4.).  

 

 
Fig. 4. Flow diagram of the watermill localization methodology used. 

The methodology starts with the sources searching. Here, different sources have been 
identified.  

x ³CNIG´ database: ³CNIG´ is the geographic information national centre in Spain. 
This centre has a watermill database throughout the territory of Spain.  

x Historical bibliographic sources: different historical sources have been used for the 
water mill localization. Among them we find the following ones.  
ņ Madoz: It is a statistical dictionary that was carried out between 1835 and 1850. 
ņ 1910 document: a document about the industrial infrastructures in Soria in 1910 

has been found.  
x Hydrographic confederation documentation: both hydrographic confederations have 

ancient itineraries that were carried out during the S. XIX. These itineraries were 
done in the main rivers of Soria province and show the kilometric point of different 
artifacts along the rivers.  

x Heritage JCyL office documentation: a study about the industrial heritage in Soria 
have been found. The study has a database that show information about several in-
dustrial infrastructures like gristmills, sawmills, or fullings.  
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x Letters to municipalities: Soria is a province divided into 183 municipalities. Letters 
to each municipality have been send in order to identify persons that know about the 
existence of watermill in their respective municipalities.  

After sources searching it is needed a proper sources analysis that allows to distinguish 
infrastructures of interest. Moreover, in some cases, sources analysis enables to identify 
data duplication in different sources.  

Geographical coordinates of the watermills identified and located are added to a GIS 
map together the watermill main features such us stream or river in which it is situated, 
state of conservation, type of infrastructure and (gristmill, sawmill, fulling, power sta-
tion and other). So, it is created a database that are able to collect all the information 
achieved.  

On the one hand, some sources have geographic information that allows to create a 
GIS map where watermills are localized. This watermill localization allows to arrange 
the field work to visit watermills. On the other hand, other sources do not allow direct 
localization. So, it is needed a previous field work for the watermill localization on the 
GIS map. Before each field work it is important to identify all the potential watermills 
of the nearby area that is going to be visited. This makes easier the location of water-
mills that sources do not provide their coordinates. Tours of riverbeds, oral sources with 
local people and drone flights will play an important role in order to locale these wa-
termills.  

Finally, field work allows to collect information about the watermill for completing 
the GIS map database and creating datasheets. These datasheets collect deeper details 
about the watermills like machinery description, year of construction, history of the 
watermill and pictures of the watermill elements among others.  

4 Results  

After the sources analysis many potential watermills spots have been identified. Table 
1 shows the several sources used and the number of watermills identified. Moreover, 
each source provides different data that help in the watermill localization. Some sources 
like CNIG database or JCyL Industrial Heritage study provide the exact coordinates 
where the watermills are place. Secondly, rivers itineraries just provide the name of the 
river and the kilometric point where the watermills are places. This allow a partial lo-
calization because it has been detected significant errors in the kilometric points. Fi-
nally, historical sources just show the river or the village where the watermills were 
place. In this case, direct watermills localization is impossible and even more field and 
researching work is required for the emplacement.  
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Table 1. Watermills identified by sources. 

Source Number of 
watermills 

Geographic information about 
watermills 

1910 document  358 River and village  
Madoz document  279 Village 
JCyL Industrial heritage study  134 Coordinates 
Duero rivers itineraries 310 River and kilometric point 
Ebro rivers itineraries  66 River and kilometric point 
CNIG database  97 Coordinates 
Letters to municipalities  21* - 

*  A few municipalities been contacted so far. So, an increase in the number of watermills is expected. 
 
A total 1,265 potential watermills have been identified among the several sources ana-
lysed. However, it is needed a further analysis and field works that allow to eliminate 
all the duplicate information and a proper localization. The status of the GIS map that 
place all the watermills located is shown in the Fig. 5. Field work will allow to improve 
the GIS map and locate new watermills.  

 
Fig. 5. GIS map of watermills located in Soria province. [13] 
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As mentioned in the introduction, there are several types of watermills. The Fig. 6. 
shows the different types of infrastructures identified. The most common by far are the 
gristmill, followed by fullings and sawmills. The study has also identified some ancient 
hydropower stations. In fact, some of these hydropower stations were ancient gristmills 
that were adapted for electricity production. Finally, other infrastructures such as tex-
tiles mills, flour factories or other kind of water wheels.  

 

 
Fig. 6. Types of infrastructures identified. 

5 Conclusions and future work  

Watermill localization could be a great challenge in those studies whose aim is to ana-
lyse a large land extension. The methodology shown in this paper has allowed the iden-
tification of a large number of watermills in a total land of 10,306 km2. The first project 
phase has identified a total of 1,265 potential watermills sites before duplicate infor-
mation checking. It assumes a density of 123 watermills per 1,000 km2. The most com-
mon infrastructure identified are the gristmills, followed by fullings, sawmills and 
power stations. Restoring these watermills and powers stations could be an attractive 
solution for micro-hydropower applications and heritage recovery. 

Although there is duplicate or triplicate information in the several sources analysed, 
each one present information about some watermills that cannot be identified with the 
rest of the sources. Indeed, choosing a wide variety of sources allows a correct and 
complete watermills identification.  

The sources analysis will allow arranging the field work. Future works will involve 
different visits in order to collect data about watermills already located. Moreover, field 
works will play an important role to localize watermills whose coordinates do not ap-
pear in the used sources. The result of the project will be a database that collet 
datasheets about all the watermills in Soria province. These study results will play a 
key role for different issues that could revive local and rural economies: 

 

83%

6%
4%

4% 3%

Gristmills
Fullings
Sawmills
Power stations
Other uses
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ņ Identify potential sites for micro-mini hydropower applications. 
ņ Restore ancient watermills for other uses such as rural hotels, restaurants, or muse-

ums. 
ņ Create tourist routes in those river and areas with a large number of well-preserved 

mills. 
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Abstract. In this work, clustering of daily photovoltaic production profiles reg-
istered in a photovoltaic installation located at CIC-IPN in north of Mexico City 
was carried out. Data was collected for a period of 14 months, with a sampling 
frequency of 5 min. The electricity production profiles were grouped into four 
different categories using the k-means clustering algorithm, implemented in Py-
thon. Clustering was performed considering two options: the first one considers 
the daily production profile, while the second one considers summary statistics 
obtained from daily photovoltaic production, irradiance, module temperature, 
and ambient temperature. Clustering can help to better understand the state of the 
installation and classify the electricity production behavior at a specific site 
trough the months of a year. This in turns can be used to train more complex 
algorithms with the aim of making predictions of the energy production from 
solar photovoltaic plants. 
 

Keywords: Photovoltaic production profile, Clustering algorithm, Energy gen-
eration, Solar photovoltaic. 

1 Introduction 

Solar photovoltaic (SPV) is a type of power generation that directly converts light into 
electrical energy using solar panels. Due to the cost reduction of solar panels and their 
increase of power generation efficiency, SPV electricity generation is attracting atten-
tion as one of the renewable energy sources that can replace existing fossil fuel-based 
power generation. 

Data clustering of power generation profiles of SPV plants is becoming increasingly 
popular because it allows to characterize SPV systems at a specific site without exten-
sive analysis and simulation. Furthermore, clustering is considered as the first stage for 
reliable SPV power generation prediction. In this paper, clustering of SPV production 
profiles data, registered from a SPV installation located at Centro de Investigación en 
Computación, Instituto Politécnico Nacional (CIC-IPN) in north of Mexico City, is pre-
sented. Data was collected for a period of 14 months, with a sampling frequency of 5 
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min. The classification was performed considering two options; the first one considers 
the daily production profile, while the second one considers summary statistics obtained 
from photovoltaic production, irradiance, module temperature, and ambient tempera-
ture. SPV production data are classified into clusters by the k-means clustering algo-
rithm. The remaining of the paper is organized as follows, Section 2 presents related 
research on SPV data clustering and production analysis; Section 3 presents the SPV 
plant from which data was collected; Section 4 presents the results of applying k-means 
clustering to the collected SPV data; finally, Section 5 presents the conclusion and fu-
ture work. 

2 Related work 

Nowadays green power generation, such as SPV is becoming of great interest. Never-
theless, there are some points to be considered when it comes to generate energy by this 
means and get connected to the grid. One problem is that solar photovoltaic generation 
is not constant; therefore, there is the need for a reliable photovoltaic power prediction, 
where clustering analysis is a first step. The authors in [1] propose a clustering analysis, 
which enhances the accuracy of the prediction model of RBF (Radial Basis Function) 
photovoltaic power. The method is divided into time series analysis method, artificial 
neural networks, support vector machine, etc. Then, meteorological information is fed 
to the RBF and the back propagation (BP) neural network in order to predict the pho-
tovoltaic power generation.  Although the method is quite accurate there are still some 
issues that need to be considered, for example, improve data processing, strengthening 
clusters analysis and enhancing extraction modes. 

In [2] the authors search and propose a new methodology to classify data of off grid 
solar energy. They analyzed the curves of the voltage and current obtained from a pho-
tovoltaic station formed of 24 solar panels for three years in order to understand the 
behavior of the energy obtained. They classified 5 types of situations which led to a 
better understanding of the solar station to develop robust prediction algorithms. For 
the study the authors divided the day into two, daytime taken as charge, and the dis-
charge when there were no generation or sunlight. And instead of processing the whole 
curves that were produced during WKH�GD\� WKH\� WRRN� VHYHQ� FXUYHV¶�FKDUDFWHULVWLFV� WR�
train the algorithm. For pattern recognition, cluster search and database visualization, 
SOM (Self Organized Maps) was used. 

Prediction of solar radiation is quite important for photovoltaic power generation. In 
[3] the authors propose the use of neural networks to model such prediction. The ro-
bustness of the neural network depends on the type of data obtained from the photovol-
taic network study. Then, the type of data used to train the neural network is important 
as well as the way this data is processed. Pre-processing and dividing the data gives a 
better approximation model. To pre-process the data usually clustering is used for train-
ing a neural network. In their work, the authors proposed a prediction model for soiled 
photovoltaic modules, as it was observed that dust on the panels may lead to power loss 
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of up to 30%. They considered soil characteristics such as physical, chemical, or spec-
tral properties and used specialized data processing techniques to improve the accuracy 
of prediction. 

Connecting photovoltaic power into the electrical grid requires an accurate analysis 
and simulation as the power output fluctuation may have negative effects to the grid. In 
the work presented in [4], the ideal number of clusters for photovoltaic power patterns 
data is determined that would achieve the best results. Here, a combination of conven-
tional clustering algorithms and bio-inspired optimization clustering algorithms was 
presented. Clustering of photovoltaic power patterns is realized by utilizing a pattern 
recognition methodology on historical data such as irradiance and ambient temperature 
for a couple of years. 

Trying to predict solar radiation for photovoltaic power generation brings about the 
big problem that even small changes in weather conditions really affect radiation. That 
is why modelling forecasting is so important and will help in the determination of the 
best possible number of clusters. First, time forecasting is divided into different condi-
tions so modelling can be applied to specific environments, at this point two processes 
are required: clustering and classification. Clustering (unsupervised process) consists 
in characterize and label the types of each time period in the training data. Classification 
(supervised process) identifies the category of a time period in the forecasting stage. In 
[5] the authors propose an enhanced solar data clustering, pattern recognition and fore-
casting learning abilities simultaneously for an accurate weather forecasting. A cluster-
ing method is developed that only uses global horizontal radiance. After that, pattern 
recognition identifies the cluster to which a forecasting day belongs with first few 
KRXU¶V�GDWD��)LQDOO\��D�WZR-layer machine learning based multimodel forecasting frame-
work is developed to strengthen learning abilities for the machine learning models. 

3 Solar Photovoltaic Electricity Generation Data Clustering 

In this section, the solar photovoltaic electricity generation plant installed at CIC-IPN 
is described, along with the electricity generation data that have been obtained since the 
activation of the SPV plant. Afterwards, data clustering of the collected data is per-
formed and the results obtained are presented. 

3.1 Solar Photovoltaic Plant 

The data used were obtained from the solar photovoltaic (SPV) electricity generation 
plant installed at CIC-IPN [6], located in north Mexico City, 19° 30' 11.1" North-lati-
tude, 99° 08' 52.1" West-longitude at 2,243 m altitude, see Fig.1. The SPV plant has 
186 solar panels (Canadian Solar CS3U), connected to three inverters (each Fronius 
Symo, 22.7 kW) with a maximum power capacity of 66.96 kW. 
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Fig. 1. SPV electricity generation plant installed at CIC-IPN. 

3.2 SPV Data 

Data collected from this SPV plant includes several parameters, but the ones used in 
this research include photovoltaic production (Wh), irradiance (W/m2), ambient tem-
perature (°C), and panel temperature (°C). There are data corresponding to 14 months, 
from April 2021 to May 2022, sampled every 5 minutes. Fig. 2 shows the plot of the 
values corresponding to the daily photovoltaic production (Wh), daily irradiance 
(W/m2), daily average ambient temperature (°C), and daily average panel temperature 
(°C). 

 

Fig. 2. Plots of (a) daily Photovoltaic Production (Wh), (b) daily Irradiance (W/m2), (c) daily 
average Ambient Temperature (°C), and (d) daily average Panel Temperture (°C). 

(a) 

(b) 

(c) 

(d) 
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For a clear sky day, the photovoltaic production has a pattern as the shown in Fig. 3, 
this pattern changes depending if a given day is clear, cloudy or rainy. Hence, a first 
intuitive analysis is to average the photovoltaic production profile of every month, the 
resulting averaged production profiles are shown in Fig. 4. 

 

 
Fig. 3. Hourly distribution of photovoltaic production for the day 27/05/2022. 

 
Fig. 4. Daily photovoltaic production profile averaged by month for a year. 
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From Fig. 3, can be deduced that, depending on the month and the season of the year, 
the production profiles change. Hence, clustering algorithms can be applied to explore 
if effectively there are profiles that can be grouped together and if they correspond to a 
determined season of the year. This is performed in the next section. 

4 Clustering analysis 

In this section the k-means clustering algorithm is applied to the collected SPV data. 
Clustering is performed considering two scenarios, the first one applies the k-means 
clustering algorithm to the data points of daily photovoltaic production (the daily pro-
duction profiles, considered as vectors with 288 elements for every day, see Section 
4.2). The second case applies k-means clustering to summary statistics of daily photo-
voltaic production, irradiance, ambient temperature, and panel temperature. 

4.1 K-means Clustering Algorithm 

One of the most popular unsupervised learning algorithms that solve the well-known 
clustering problem is the k-means clustering algorithm [7]. Let X = {x1�«��xn} be a data 
set in a d-dimensional Euclidean space Թd. Let A = {a1�«��an} be the c cluster centers. 
Let z = [zik]n×c, where zik is a binary variable (i.e. zik � {0, 1}) indicating if the data point 
xi belongs to k-th cluster, k = 1�«� c. The k-means objective function is ܬሺݖǡ ሻܣ ൌ
σ σ ݔԡݖ െ ܽԡଶ

ୀଵ

ୀଵ . The k-means algorithm is iterated through necessary condi-

tions for minimizing the k-means objective function J(z, A) with updating equations for 
cluster centers and memberships, respectively, as: 

 

       ܽ ൌ
σ ௭ೖ௫ೕ

సభ
σ ௭ೖ

సభ

  and              (1) 

ݖ        ൌ ቊ
ͳ ݂݅�ԡݔ െ ܽԡଶ ൌ � ���

ଵஸஸ
ԡݔ െ ܽԡଶ

Ͳ ����������������������������������������݁ݏ݅ݓݎ݄݁ݐ
�     (2) 

 
where ԡݔ െ ܽԡ is the Euclidean distance between the data point xi and the cluster 

centre ak.  
There exists a difficult problem in k-means, i.e., the number of clusters, the k, needs 

to be defined a priori. To solve this problem, the elbow method [8] is usually used to 
select the best k. The elbow method calculates the squared difference of different k 
values. The performance of the algorithm is calculated for different numbers of cen-
troids and the percentage of variance is explained as a function of the number of clus-
ters. Hence, a number of clusters is chosen so that adding another cluster does not give 
much better modelling of the data. The percentage of variance explained by the clusters 
is plotted against the number of clusters. The first clusters will add much information, 
but at some point, the marginal gain will drop dramatically and will produce an angle 
in the graph. The correct ³k´ i.e., the number of clusters, is chosen at this point, from 
here is the "elbow criterion". 
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Hence, in the next subsections the k-means clustering algorithm is applied consider-
ing the two cases explained before and using the elbow criterion to determine the opti-
mum number of clusters. 

4.2 Clustering Using Daily Production Profiles 

To cluster daily production profiles, it was verified that the data points for every day 
have the same number of points. This was done by comparing the data length of all 
days, observing that the length is 288, which corresponds to the sample rate of 5 
minutes. It is important to notice that at the start and at the end of the day all production 
values drop to 0, as can be verified in Fig. 3. Anyway, the 288 points of photovoltaic 
production for every day were considered for clustering purposes. Therefore, the k-
means clustering algorithm was applied to the data. The optimum number of clusters 
was determined using the elbow method, from which the values obtained are shown in 
Fig. 5. As can be seen, according to this method, the optimum number of clusters is 4.  
 

 
Fig. 5. Elbow method applied to choose the number of clusters for daily photovoltaic production 
profiles. 

Once the k-means clustering algorithm has been applied, and considered the 4 clus-
ters determined by the elbow method, the histogram of daily photovoltaic production 
profiles for each one of the four clusters is shown in Fig. 6. As can be seen in the figure, 
cluster 1 is the one with most daily production profiles, while cluster 0 is the one with 
less daily production profiles. To verify this, a plot with all the production profiles for 
every one of the clusters is presented in Fig. 7.  
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Fig. 6. Histogram of daily photovoltaic production profiles for each one of the four clusters. 

 
Fig. 7. Plot of all the daily production profiles among the four groups obtained. 

From Figs. 6 and 7, it seems that the groups correspond to each one of the four sea-
sons of the year. To investigate this, the cluster distribution by date of daily photovoltaic 
production was plot, as shown in Fig. 8. Furthermore, Fig. 9 shows the distribution of 
daily photovoltaic production profiles according with the cluster at which each daily 
production profile has been grouped and the season of the year. 

From Figs. 8 and 9, it seems clear that at least two groups are clearly defined, the 
first one, marked in green color corresponding to cluster group 2, concentrate the daily 
production profiles corresponding to spring; while the second one, marked in purple 
color corresponding to cluster group 1, concentrate the daily production profiles corre-
sponding to winter. For the other seasons, it seems that autumn tends to have similar 
production profiles than winter; however, summer contains profiles from all the groups. 
In what respects to daily production, it is clear that the days with higher production 
were grouped in clusters 1 and 2; while the days with lesser production were grouped 
in clusters 0 and 3. However, it seems that group 0 contains the profiles with the least 
production, which by the patter of the daily profile, see Fig. 7, seems to correspond to 
rainy or cloudy days. 
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Fig. 8. Cluster distribution by date of daily photovoltaic production. 

 
Fig. 9. Distribution of daily photovoltaic production profiles according to clusters and seasons. 

4.3 Clustering Using Summary Statistics of Photovoltaic Production 

The summary statistics used correspond to the variables photovoltaic production (Wh), 
irradiance (W/m2), ambient temperature (°C), and panel temperature (°C); and the sta-
tistics used are the mean, median, standard deviation, and daily totals for each variable. 

Conceptually, it makes sense to have three clusters to cluster the days into categories 
like High Production, Medium Production, and Low Production. However, using the 
elbow method to find the optimum number of clusters, four clusters were obtained, see 
Fig. 10, similar to the number of clusters for the previous case. 

The clustering algorithm was performed on the summary statistics to group them 
into four clusters. Fig. 11 shows the histogram of daily photovoltaic production profiles 
for each one of the four clusters. Fig. 12 shows the plot of all the daily production 
profiles among the four groups obtained. Fig. 13 shows the cluster distribution by date 
of daily photovoltaic production profiles. Finally, Fig. 14 shows the distribution of daily 
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photovoltaic production profiles according with the cluster at which each daily produc-
tion profile has been grouped and the season of the year. 

From Figs. 12 and 13, as suspected, clustering based on the statistic of the data has 
produced four groups from higher production, cluster 2, followed by cluster 3, followed 
by cluster 0, to lower production, cluster 1. From Figs. 13 and 14, it seems that in this 
case there is not a clear relationship between the clusters and the seasons. However, 
again it is clear that the days with higher production are in the spring season. Also, in 
this case cluster 1, seems to contain the days rainy or cloudy, whit the lower production 
per day.  

 

 
Fig. 10. Elbow method applied to choose the number of clusters for summary statistics. 

 

 
Fig. 11. Histogram of daily photovoltaic production profiles for each one of the four clusters 
using summary statistics. 
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Fig. 12. Plot of all the daily production profiles among the four groups obtained from summary 
statistics. 

 

 
Fig. 13. Cluster distribution by date of daily photovoltaic production (clustering summary statis-
tics). 

To evaluate the separation between clusters in each of the two cases presented, the 
Davis-Bouldin index was used [7]. The lower the score the better the clusters are de-
fined. For the first case, clustering of the daily production profiles, the score obtained 
was 1.6866. For the second case, clustering of the summary statistics, the score was 
0.5374. Hence, although the clusters for the second case are better determined, these do 
not have a clear relationship with the season of the year.  
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Fig. 14. Distribution of daily photovoltaic production profiles according to clusters and seasons 
(clustering summary statistics). 

5 Conclusions and Future Work 

In this work, a first approach to applying k-means clustering to data collected from the 
SPV plant installed at CIC-IPN in north Mexico City, is presented. The data used in-
clude photovoltaic production, irradiance, ambient temperature, and panel temperature. 
K-means clustering was performed considering two cases. In the first case, the daily 
photovoltaic production profiles were grouped. In the second case, summary statistics 
of daily photovoltaic production, irradiance, ambient temperature, and panel tempera-
ture were grouped. 

For the first case, it was found that two of the clusters seem to correspond to the 
seasons of spring (cluster 2) and winter (cluster 1). For the other clusters, it seems that 
autumn tends to have similar production profiles than winter; however, summer con-
tains profiles from all the clusters. Clusters 1 and 2 clearly contain the days with higher 
production, while cluster 0 contains the profiles with the least production, and seems to 
correspond to rainy (or cloudy) days. 

For the second case, it was not found that the clusters correspond to the seasons of 
the year. However, the clusters are better defined, as the Davis-Bouldin idex showed. 
The clusters produced in this case clearly formed groups corresponding to higher to 
lower photovoltaic production, higher production corresponds to cluster 2, followed by 
cluster 3, followed by cluster 0, to lower production corresponding to cluster 1. 

In the two cases considered here, two groups are clearly distinguished from the oth-
ers, the one with correspond to profiles of higher photovoltaic production and the one 
which corresponds to the lower photovoltaic production.  

Future work includes using the k-means clustering results into a scheme to perform 
predictions of photovoltaic production, for which neural and deep neural networks are 
going to be compared. Furthermore, other clustering methods will be applied to the 
data, for example, fuzzy C-means.  
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Abstract. Emissions from the smokestacks of the different types of shipping 

transport at the port level are closely linked to the ambient air quality in the areas of 

influence to the ports, and also to the aquatic ecosystems. The objective of this study is 

to demonstrate the potential concentrations of sulfur emitted by ships from burned die-

sel oil, and the presence of atmospheric sulfur in the ports of Guayaquil. Results are 

presented from the calculation of sulfur emissions and atmospheric sulfur using passive 

samplers during the period 2018 - 2019. The study consisted of analyzing databases 

from the Maritime and Port Information Management System (SIGMAP) and applying 

the Atmospheric Pollutant Emissions guide, in addition to the collection of 208 data 

from 16 sampled sites, categorized as urban, industrial and protected natural areas, in 

the area of influence of the Port of Guayaquil. The data were analyzed with a simple 

one-way Anova and the Kruskal-Wallis test for hypothesis testing with a p-value of 

0.05.  The sulfur concentrations emitted by the ships ranged from 297.14 to 976.77 kg, 

with the tugboats contributing the most pollution. The sulfur present in the atmosphere 

ranges from 52 - 172 mg/L, which is related to meteorological conditions such as winds 

and rain; during the dry season, the highest concentration is 211.6 mg/L as sulfate ion. 

Emissions of gases from shipping vessels are data obtained in real time from the port 

of Guayaquil by fuel consumed.  

Keywords:  plum ship, diesel oil, sulfur. 
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1 INTRODUCTION  

Worldwide, commercial maritime transport is generally recognized as the most widely 
used mode of international trade and accounts for 90% [1], being one of the main causes 
of pollution both as a route of entry of harmful substances into the oceans and as a 
source of air pollution [2]. 
 
In maritime transport, two types of fuels are mainly used, diesel oil and fuel oil, with 
the use of gas oil being limited to fast, low-power engines for electric power generation 
and recreational vessels; the latter are vessels dedicated to pleasure trips. Additionally, 
it is considered that the type of fuel consumed is 80% fuel oil and 20% diesel oil [3]. 
 
Greenhouse gas (GHG) emissions, originating from the different transport systems on 
a global scale, are subdivided as follows: Land transport (11.9 %) derived from gasoline 
and diesel consumption: which includes cars, trucks, motorcycles and buses. Aviation 
(1.9%) are emissions from passenger and freight air transport, and domestic and inter-
national aviation. Maritime transport (1.7%), due to fuel consumption in ships [4].  
 
With the objective of reducing air pollution generated by ships in mind, the Interna-
tional Maritime Organization (IMO), through the Marine Environment Protection 
Committee (MEPC), amends Annex VI of the MARPOL Convention and introduces a 
new maximum limit, expressed as a percentage by mass, for sulfur content in marine 
fuel oil. This new value reduces the sulfur content to 0.50% by mass for ships operating 
outside designated emission control areas [5]. 
 
Sulfur oxide is a colorless and non-flammable gas, with a strong and irritating odor, 
under normal conditions it is 6-112 x 106, its half-life in the atmosphere is about 2 to 4 
days, but it remains in the atmosphere for up to 13 days, where it is converted into 
secondary pollutant gases such as SO4H2, and practically half of these emissions are re-
deposited on the surface, while others are transformed into sulfate ions. With time in 
contact with air and humidity, it is converted into sulfur trioxide which is soluble in 
water forming an acidic solution [6]. 
 
Sulfur oxides are a group of gaseous compounds recognized by the problems of envi-
ronmental pollution, the affectation to human health are linked to the quality of life of 
people and ecosystems, the latter in the case of the oceans, the acidification processes 
are caused by sulfuric acid that is present in the atmosphere as the main strong acid and 
is largely neutralized by the gaseous phase of ammonium that passes to the aqueous 
phase in the form of ammonium ions (NH4 + ) [7]. One of the many reasons for its 
concentration is related to port emissions from the chimneys of ships, which do not 
comply with the use of filters or a cleaning system that is standardized by the countries 
where they operate [8]. 
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Studies carried out by [9] analyzed the effects on the quality of the mangrove forest 
surrounding the port of Guayaquil, showing that there is a close relationship between 
sulfur concentrations in Kg/ha/year and photosynthetic pigments, including proteins.  
Greenhouse gases are related to the global warming of the earth and how water-soluble 
organic matter aerosols (WSOM) are key in the role of climate [10], i.e. they influenced 
the increase in temperature by approximately 0.6ºC between 1850 and 2000 [11]. 
 

The increase in global maritime traffic, the opening of new shipping lines with 
emerging countries, such as China and India, and short sea shipping through the Nordic 
region have led to an increase in emissions of pollutants to Europe. This emission of 
toxic gases causes problems such as acid rain, increased causes of the greenhouse effect 
and more elements that deplete the ozone layer [12].  

 
The majority of NOx, SOx, and particulate matter emissions in the coastal areas of 

the EU (European Union) are emitted by ships with a cargo capacity exceeding 500 
GRT (Gross Registered Tonnage), of which about 45% of the emissions are from ships 
flying flags of EU countries and about 20% of the emissions are within 12 miles of 
territorial waters. It should be noted that the gas emitted by ships can travel hundreds 
of kilometers, so even in areas where the city and/or land on the coast is not accessible, 
it can cause air quality problems [12]. 

 
Greenhouse gases are elements generated from anthropogenic activities, one of them 

is SO2 in normal conditions is 6-112 x 106, and is maintained for 6 to 13 days in the 
atmosphere, where it is converted into secondary pollutant gases such as SO4H2, one of 
the many reasons for its concentration is linked to the emissions of port origin from the 
chimneys of ships, which do not comply with the use of filters or a cleaning system, 
which is regulated in the country where they dock [8]. 
 

The Port of Guayaquil is on the border of the city of the same name, in the estuary 
of the Guayas River and the distance to the exit to the Pacific Ocean is approximately 
150 km. It began operations in 1958, and is considered the most important port of Ec-
uador for the approximate cargo volume of six hundred thousand tons. [13], 85% cor-
responds to containers with bulk products in general (solids and liquids), registering a 
total of 2583 shipments by 2019, and tourist cruises, Guayaquil Port Authority [14]. 
 

According to data from the Directorate of Maritime Traffic Control of the APG, 
public and private termini-nals in the port of Guayaquil received 231 ships of different 
types in November 2019 [14]. The concentrations of sulfur emissions generated by die-
sel oil-burning ships docking at the Port of Gua-yaquil have not been studied, nor how 
it influences the health of the surrounding populations. The diversification of port op-
erations impacts the environment to different degrees, such as prolonged fumes with 
high concentrations of gases, particles, and soot, as well as the presence of particulate 
matter in the port areas, to which port personnel are exposed. These fumes can cause 
respiratory problems and skin problems that in many cases can be irreversible [15].  
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The main objective of this research is to analyze the contributions of sulfur to the 
atmosphere from the burning of fuel oil burned by ships and the existing contributions 
in urban areas around the Port of Guayaquil, in the period 2018-2019. 

2 Methodology   

2.1 Study area    

 
The study area comprised 18282 ha of the city of Guayaquil, within six urban par-

ishes in the south, northwest and northeast, influenced by anthropogenic activities such 
as industries, shipping transportation, and motor vehicles, which border the Estero Sa-
lado [16] and Santay Island [17] Protected Natural Areas, in the study are considered 
as the control or witness, since it is within the city. (Fig. 1).   

 
 
 

Fig. 1. Study area in the city of Guayaquil. 

2.2 Research Design 

The method is composed of two parts: the first consisted of placing passive samplers in 
areas with the highest vehicular, shipping, and industrial activity in the city of 
Guayaquil and in nearby places such as Cantón Durán. The passive samplers are used 
to determine the sulfate ions present in the atmosphere and are useful for both the dry 
and rainy seasons; they are placed in open places without interruption of adjacent build-
ings, roofs or vegetation, for 22 to 30 days, they are changed and replaced, in total 16 
samplers were placed during 13 months from April 2018 to May 2019, a total of 208 
samples were obtained (Table 1). 

 
Table 1. Geographical location of study sites 
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The second stage consisted of tabulating the information on fuel consumed contained 
in the Maritime and Port Information Management System (SIGMAP) provided by the 
National Directorate of Aquatic Spaces (DIRNEA) of the National Navy of Ecuador, 
information that contains data on the amount of fuel consumed, Gross Registered Ton-
nage (GRT) of the ships, distances traveled, port of departure and arrival, which was 
tabulated in an Excel spreadsheet.   

2.3 Passive samplers 

Los muestreadores pasivos o througfall (trampas de caída) [18] su ventaja es que 
pueden ser usados por largos periodos de tiempo, son de bajo costo porque utilizan 
materiales que pueden ser fácilmente remplazados en campo, su número por áreas hace 
factible caracterizar patrones espaciales  [19], [20], [21]. 

 

2.4 Determination of sulfur concentration 

 

1 3 Bocas x 6157558 97535508

2 Pto.  Guayaquil x 6219745 97478440

3 Trinipuerto x 6208584 97500126

4 COGUAR x 6195417 97487390

5 Centro cívico x 6230208 97555852

6 Chongón x 6024519 97533016

7 San Eduardo x 6191502 97583086

8 Inst. Invest. UG x 6220198 97592057

9 Cenest Harvard x 6122010 97588200

10 El Recreo x 6335901 97598993

11 Eva Adriana x 6084713 97576688

12 Terra Nostra x 6110796 97583124

13 Floresta x 6231947 97499716

14 Acacias x 6219133 97545263

15 Primavera 1 x 6291116 97611544

16
Control 

Isla Santay y El 
Salado* x 6270231 97542720

Shipping 
industry

Vehicular 
landyard

City

* Protected natural areas ** Southern hemisphere  Zone 17

Samples Land use Sites Sulfur East (X)** North (Y)
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The [22] presents to the NMX-AA-074-1981 standard, the samplers are suspended 
previously in a universal support, previously the glass wool is extracted from the upper 
part of the tube, to which a tube of 30 cm is coupled, and the valve is closed. It is poured 
100 ml of distilled water, and it is left to rest for 20 minutes, then the valve is opened 
so that the washing water flows at a speed of two drops per second for 10 minutes, this 
water of the first washing is discarded. The second wash is added 100 ml of ClK2N 
(149.1 gauged to 1 liter) for 10 minutes, the valve is opened slightly so that the speed 
of dripping is of two drops per second until it comes out all, a volume of approximately 
100 ml is collected in polyethylene bottles and they are refrigerated until their analysis. 
The stock solution is used to calculate the calibration curve whose R2 value was 0.9813. 

 

2.5 Conditioning solution 

For sulfur determination, 50 ml of glycerol is mixed with a solution containing 30 
ml of concentrated hydrochloric acid, 300 ml of water, 100 ml of 95% ethyl or isopropyl 
alcohol and 75 g of sodium chloride, barium chloride (ClBa) in crystals and the sulfate 
standard solution (NMX-AA-074-1981). 

 
In the THERMO spectrophotometer model Genesys 10 UV, in a quartz cuvette, 3 

ml of the following solution are read: 40 ml of the washed solution and 2 ml of the 
conditioning solution, which is placed in a magnetic stirrer, once it begins to stir, a 
teaspoon with crystals of ClBa is poured in 1 minute.  

reading should be made in the spectrophotometer at 30-second intervals for 4 
minutes at 420 nm.   

 
Quantification is done by mathematical methods where they are expressed using 

equations: 
ࡻࡿ൫࢟                                                      

ି൯ ൌ ሾࢇሺࣅሻ െ  (1)     ࢈ሿȀࢇ
 
b: corresponds to slope. 
a: origin. 
Į(Ȝ): Absorbance reading of sulfate ion samples at wavelength Ȝ. 
y Ȗ(SO4 2-): Concentration of sulfate ion expressed in mg/L of SO4 2-. 
  
For the estimation of reservoir flows, it involves established variables and basic vol-

umetric equations. 
 
 
Aliquot value 
Sulfate concentration 
Funnel area 
Exposure period 
Equations: 
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2.6 Sulfur determination in diesel oil fuel 

 
The SIGMAP tabulation corresponding to the 2018 - 2019 study period, the fuel 

consumption by ships was determined which were classified by GRT (Gross Registered 
Ton) weight, and tabulated with the Air Pollutant Emission Inventory Guidelines 
(EMEP/EEA) [23] for its acronym in English. The respective equations were applied 
to determine the sulfur content in grams per liter of fuel consumed. The sulfur concen-
tration to be used is 3.5 ppm %mass, a regulatory value obtained from the regulations 
[24] Annex VI of the IMO. The sulfur concentration in ppm % mass was converted to 
mg/L to perform the necessary calculations. 
 

 
Equations: 
                                                       � ൌ �  �ሾ�ሿ                           (2)כ

ܕ ൌ ������������������������������� 
܄ ൌ ��������������������������������� 

ሾ�ሿ ൌ ��������������������������� 
 
Conversion factors were used to arrive at required units. 

� ൌ � כ �ᅗ 
�ܕ ൌ �������������������������� 
� ൌ ���������������������������������� 
ɏ ൌ ��������������������������������������� 

 
                                           ��� ൌ σ ሺ	�� כ �	�ǡ�ሻ୫                (3) 

۳ܑ ൌ �������������������������������� 
ܕ۴۱ ൌ ���������� 
EFim = emission factor for the pollutant in kilograms / tonne 
m = fuel type 

 
 
Equation 3 was obtained from EMEP/EEA, this standard also contains the specific 

emission factor for sulfur ʹ Ͳ� ୩
୲୭୬୬

  , indicating that this value can be taken as a reference 
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for those countries where the inventory of atmospheric emissions has not yet been car-
ried out or updated. 

2.7 Statistic 

To demonstrate the robustness of the data, they were examined by one-way analysis 
of variance (ANOVA), and significant differences between sampling sites, seasonality 
and, by land use, validated with the Kruskal, & Wallis 1987 test, with a confidence 
level of 95% (p < 0.05) using Statgraphic CENTURION XVI software. The whisker 
box was used to observe the dispersion of sulfur in the study area and by land use.  

Results 

The concentrations of sulfur emitted into the atmosphere at the Port of Guayaquil are 
related to the volume of diesel oil fuel burned by the ships, the highest values fluctuate 
between 297.14 to 976.77 kg of sulfur emitted. The analysis of sulfur in the atmosphere 
determined by passive samplers is related to the atmospheric conditions at that time, 
and the contribution of gases from other anthropogenic activities, thus proximal differ-
ences are marked between July, September and October with respect to the concentra-
tions of 211.6; 145, 6; and 179, 6 mg / L respectively are the highest during the dry 
season, the lowest values coincide with the rainy season from January to May.  (Table 
2).  

 
Table 2. Sulfur concentrations in diesel oil in the port of Guayaquil and its area of 

influence during 2018-2019. 
 

Month Fuel consu-
med (L) 

(g) S in the 
fuel consumed  

Sulfur emis-
sions (Kg) 

[ ] S in the  
atmosphere  * 

(mg/L) 

May 28.149,05 83,88 478,53 71,6 
Jun 23.569,20 70,24 400,67 39,6 
Jul 17.479,13 52,09 297,14 211,6 
Ago. 21.407,96 63,8 363,93 65,6 
Sep. 21.149,07 63,02 359,53 145,6 
Oct 57.457,81 171,22 976,77 179,6 
Nov 38.102,08 113,54 647,73 127 
Dic 33.537,37 99,94 570,13 127 
Ene 52.481,30 156,39 892,18 97 
Feb 31.570,69 94,08 536,7 172 
Mar 20.896,99 62,27 355,25 109,5 
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Abr 63.345,02 188,77 926,85 109,5 
May 30.581,29 91,13 519,88 52 
 
The atmospheric conditions related to rainfall for the study period between January 

- March 2019, in the case of rainfall were between the minimum and maximum ranges 
of 168.7 to 432.8 mm. (National Institute of Meteorology and Hydrology. 2011) The 
accumulated values presented by INAMHI relating to the INOCAR weather station 
have been considered because it is the closest to the Port of Guayaquil, the values for 
2018 were only considered to present April and May for comparisons. (Table 3). 

 
Table 3.  Atmospheric conditions accumulated during the study periods. 
 
 2018 2019 

Factors Factors 
Wind 

(m) 
Rain 

(acumulada) 
mm 

Tempe-
rature ºC 
mín/ max 

Wind  
(m) 

Rain (accu-
mulated) 
 mm 

Temperature 
ºC mín / max 

Jan    2-3 SW 168,7 23,3 ± 32,9 

Febr    2-2 SW 100,4 22,7 - 30,4 

Mar    1-4 SW 316,3 23,8 - 32,2 
April 1-3 SW 10,9 21,3 - 

34,0 
1-3 SW 2,6 22,2 ± 34,4 

May 1-3SW 55,3 21,3 ± 
31,6 

1-3 SE 2,6 23,7-34,6 

Source: (National Institute of Meteorology and Hydrology. 2018b; 2019a). 
 
Sulfur emissions ranged from 130 kg to 210.7 kg for domestic transit vessels, as 

opposed to international vessels whose values ranged from 19.48 to 190.4 kg. The out-
liers were recorded for the tugboats (GRT 3281), which are the most polluting. 

 
Ships with GRT 3830 - 3999 produced the most sulfur emissions during 2018-2019 

with 210.7 kg of sulfur emissions followed by Tier 2 GRT 490 - 3500 which emitted 
190.48 kg. The ports of departure with the highest sulfur emissions are Guayaquil and 
Galapagos. 
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Fig 2. Sulfur emission in kg per diesel oil burned in the port of Guayaquil. 
 
From the analysis of the medians with the Kruskal-Wallis test there is no statistically 

significant difference between the sulfur concentrations emitted in 2018 - 2019 by die-
sel oil burned by ships, their distribution is homo-generic in the study area since the P-
value is greater than or equal to 0.05. 

 
Fig. 3. Annual sulfur distribution in kg/ha/year period 2018 -2019. 
 
From the analysis of the thirteen monthly data corresponding to the period 2018 - 

2019 the means reflect statistically significant differences, since the P-value is less than 
0.05; with a level of 95.0% confidence, with respect to the months of study, and the 
relationship with atmospheric conditions and land use, noting outlier data up to 10 kg/ha 
/year corresponding to the Port of Guayaquil (Figure 3). 
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Fig. 4 Sulfur concentrations during dry and rainy seasons. 
 
Sulfur concentrations during the dry season are higher than during the rainy season, 

showing differences between the medians with values of 3.0 to 1.5 kg/ha/year respec-
tively in the city of Guayaquil during the study period (Figture 4).   

              

 
Fig. 5. Sulfur distribution categorized by land use. 
 
With respect to land use, the sites that potentially contribute SO2 to the atmosphere 

were identified and categorized as shipping zone, industrial, urban and control (natural 
protected area), obtaining that the distribution of sulfur in these sites is homogeneous 
since there is no statistically significant difference between the medians, the p-value is 
0.139 with a confidence level of 95.0% according to the Kruskal-Wallis test (Figture 
5). 

Discussion 
 

The maritime activity during 2018-2019, presents moments in which there is higher 
fuel consumption with ranges of 63,345.02 - 52. 481.30 L, these as the most significant 
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and are not presented in any increasing or decreasing order, with respect to sulfur cal-
culated in mg/L for the atmosphere, the highest concentrations are presented in the 
months when it does not rain, independent of the high com-fuel consumption that oc-
curs in the rainy months; also the GRT, the distances traveled by the ships and the type 
of vessel.   

 
The sulfur present in the exhaust gases derived from the burning of diesel oil depends 

entirely on its concentration in the fuel, the combustion of this compound is complete 
and much of the sulfur is released into the atmosphere as SO2 and by continuing to react 
with the air continues to form sulfates causing much of the acid rain, the latter causes 
molecular reactions that affect mangrove forest ecosystems and infrastructure such as 
monuments or buildings [28]. 

 
Acid deposition in the port of Guayaquil responds to a regional distribution of SO2, 

and is therefore related to sulfur concentrations in kg emitted by the burning of diesel 
oil from ships, as well as to the annual distribution in kg/ha/year of sulfur during the 
study period. [29] identified and prioritized interdisciplinary research at the air-ocean 
interface because of analyses of the impact of ships worldwide, data needed to improve 
understanding of the impact of stack gas emissions.  

  
This study contributes to the port of Guayaquil for future studies and revisions of 

current regulations, as well as their enforcement, since concentrations affect the quality 
of life of people living near the port and the mangrove ecosystem on which the local 
economy depends.  

 
The rules established by the IMO regarding the reduction of sulfur emissions in port 

centers and maritime traffic in general have not been fully implemented by the public 
authorities in the face of the global growth of maritime trade [30]. Even if the sulfur 
content of marine fuels is lowered without stricter oil control and release resolutions, 
emissions will more than double today's values by 2050, keeping pace with the growth 
in shipping traffic. 

 
 
The International Plant Protection Convention (IPPC) indicates that the threshold for 

sulfur emissions is 150 tons in total per year, only for the Port of Gua-yaquil - Ecuador 
produced about seven tons of SOx, one of the regulations imposed by the IMO to miti-
gate SOx emissions is that from January 1, 2020 the concentration of sulfur must fall 
from 3.5 ppm to 0. 5 ppm, % mass/mass, a rule that does not yet apply in Ecuador 
because it has not complied with all the requirements necessary to become a signatory 
to MARPOL Annex VI. 
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Abstract. This article presents a global energy balance solution for a
one-dimension wall of multiple nodes in an unsteady state by diffusion
in the context of energy efficiency and sustainability. The studied system
considered Dirichlet boundary conditions. Experimental validation com-
pares the proposed energy balance with an analytical solution reported
in the literature. The main results indicate that the energy balance so-
lution approximates the analytical solution in 6.81% when using a time
step of 0.1s, and in 0.006% when using a time step of 0.0001s.

Keywords: Global energy balance, energy efficiency, thermal comfort in build-
ings

1 Introduction

Nowadays, human activities are related to energy production and consumption
for economic and social interests. New advances in human welfare and societies
have permitted the World population increases with considerable acceleration.
According to the United Nations Department of Economic and Social Affairs,
demographic growth expectations will increase from 7.7 billion in 2020 to 9.7
billion persons in 2050 [15]. The demographic growth implies an increase in elec-
trical energy consumption for the following years. Exclusively, electrical energy
consumption in the residential sector has been increasing over the years, mainly
due to active refrigeration and air conditioning systems that provide thermal
comfort to the interior. Recently, electrical energy consumption in the residential

This article is dedicated to the memory of our friend Jesús Perfecto Xamán Villaseñor
(academically known as J. Xamán), who was the forerunner of this work.

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 306

pmoreno
ISBN 978-9942-44-109-6



2 C. Torres, P. Moreno, J. Xamán, S. Nesmachnow and L. Cisneros

sector was quantified at 27.1% of world energy consumption [7]. As an alterna-
tive to active systems, passive systems provide thermal comfort in buildings, in
a sustainably and environmentally friendly manner [3,6,9,19].

The use of passive elements to provide thermal comfort in buildings posi-
tively has a positive impact on the reduction of the use of natural resources
such as fossil fuels, which on the one hand are scarce resources and on the other
hand are an important source of environmental pollution. Thermal comfort for
buildings involves different physical processes, including solar radiation, ther-
mophysical, optical, thermal, etc., which interact with the environment. For this
reason, it is required to carry out energy analysis of the building through exper-
imental or theoretical studies of its thermal behavior. Experimental analysis are
recommended for tangibly studying the phenomena such as heat transfer and
fluid mechanics that correspond to passive systems. Nevertheless, building scale
models or mock-ups demands a considerable economic investment and time for
development [13]. On the other hand, theoretical analysis implies mathematical
modeling of the phenomena of interest. Theoretical analysis is performed through
an analytical solution. The analytical or exact solution of the governing equa-
tions of the physical phenomenon under specific realistic boundary conditions is
hard to determine, especially when complex mathematical models are needed to
properly model realistic situations and problem instances. Therefore, an approx-
imate solution permits addressing complex physical phenomenon models when
the analytical solution is unknown or hard to determine.

Numerical methods allow addressing problems of fluid dynamics, heat trans-
fer, and systems of partial differential equations when the analytical solution is
complex to obtain due to real-life conditions or when it is not possible to fund
ad-hoc experimental analysis [18]. Such physical phenomena are complex due
to strong nonlinearity, complex geometry, sensitive fluid-property variations or
complicated boundary conditions. However, numerical solution must be verified
and validated to determine if the results represent the reality of the physical
phenomenon. Occasionally, the mathematical model admits more than one nu-
merical solution, and it is not easy to determine whether the numerical solution
corresponds to reality. Hence, the verification can be performed through ex-
perimental analysis, the analytical solution of the mathematical model, or by
comparing some theoretical solutions reported in the literature [14].

Advanced computational infrastructures and the development of custom nu-
merical solutions employing Computational Fluid Dynamics (CFD) are neces-
sary to address complex energy problems in buildings; however, accessible tools
such as the Global Energy Balance (GEB) methodology are used as an alter-
native to studying building energy efficiency. GEB models based on thermal
resistance theory have been used to address non-stationary state heat transfer
problems in short computational times [1,5,8,17]. The GEB information consists
of the temperature of every device component considered in the energy balance.
Although GEB is unable to compute the vector field of the velocity of fluids,
the model provides an overall estimation of the thermal system under steady
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or unsteady conditions. Indeed, GEB is used as the primary tool in commercial
software like DesignBuilder or open-source software like Energy Plus.

In this line of work, this article presents a GEB solution for a one-dimension
wall of multiple nodes in an unsteady state by diffusion in the context of energy
efficiency in buildings. The studied system considered Dirichlet boundary con-
ditions and an iterative methodology to solve non-linear effects of the system,
considering multiple nodes in the system to model. The experimental validation
compares the proposed energy balance with an analytical solution reported in
the literature. The main results indicate that the GEB solution approximates
the analytical solution in 6.81% when using a time step of 0.1s, and in 0.006%
when using a time step of 0.0001s. Results of the study system indicate that the
GEB solution is capable of providing an acceptable solution at every time in the
context of energy efficiency analysis.

The article is organized as follows. Section 2 describes the heat transfer by
diffusion, and the energy balance methodology for a one-dimension wall of mul-
tiple nodes in an unsteady state. Section 3 presents the analytical solution and
the solution methodology for diffusion heat transfer through energy balances of
the evaluated system. The experimental evaluation and discussion of the numer-
ical solution approach are described in section 4. Finally, section 5 presents the
conclusions of the research and formulates the main lines for future work.

2 Global energy balance applied to heat diffusion

This section describes the heat transfer by diffusion. Also, the energy balance
methodology for a one-dimension wall of multiple nodes in an unsteady state is
described.

2.1 Diffusion and heat transfer

In nature, non-uniform physical properties in bodies that influence each other
tend to balance through transport phenomena. The transport phenomenon de-
pends on the nature of a physical property, e.g., the thermal diffusivity for heat
conduction, a degree of imbalance, and the characteristics of the medium through
which the transport is carried out [4]. The transport of energy or heat transfer
plays an essential role in studying those processes that provide well-being to
people, to satisfy their basic requirements such as health, food, and comfort in
the home.

Energy is a property determined through its effects. The temperature that a
system has in the heat transfer over time is a quantifiable magnitude.

The transfer of energy is carried out through three transport mechanisms:
diffusion, convection, and radiation. The diffusion of properties occurs in dense
matter or in bodies that contact each other through molecular interactions,
such as heat conduction. The conduction or diffusion of heat relates the speed
with which heat is transmitted with the temperature difference and with the
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properties of the system through a series of equations of conservation of mass,
momentum, energy, concentrations, chemicals, etc. [10,18]

In this context, the study of energy transfer in buildings is of interest to
analyze the energy consumption that satisfies the need for thermal comfort.

2.2 Global energy balance

GEB method emerges as an alternative to model complex problems that de-
mand higher performance from computing platforms, i.e., finite difference, finite
element, and finite volume methods. The GEB method uses thermodynamic
principles that do not depend on space, as with CFD. In the GEB method, the
variable of interest in the energy analysis in buildings is the scalar variable of
temperature. Temperature variable allows for estimating the heat fluxes through
an element of a system [18,4]. Next, the equation of the energy conservation prin-
ciple of the first law of thermodynamics on which the GEB method is based is
presented.

The first law of thermodynamics states the principle of energy conservation:
“energy is neither created nor destroyed; it only changes from one form to an-
other”. Energy (Ė) can be transferred in a system in three modes: heat (Q̇),
work (Ẇ ), and mass flow (Emass). The difference between the amounts trans-
ferred into (in) and out (out) of the system determines the amount of net energy
transfer [2]. Eq. 1 and Eq. 2 determine an energy balance of a general system.

Ėin − Ėout = (Q̇in − Q̇out) + (Ẇin − Ẇout) + (Emass,in − Emass,out) (1)

Ėin − Ėout︸ ︷︷ ︸
Net transfer of energy by heat, work, and mass

= ∆Ėsystem︸ ︷︷ ︸
System energy rate of change

(2)

When the heat transfer in an adiabatic system is zero, the work transfer in a
system without any work interaction is zero, and the mass transfer in a system
without mass flow in its boundaries is zero. This is defined as a closed system.
A stationary system is a closed system that keeps the speed and elevation of
the gravity center constant; the kinetic (KE) and potential (PE) energy do not
experience changes, ∆KE = ∆PE = 0. Therefore, the total energy change of a
closed system is equal to the change in its internal energy (U), ∆E = ∆U .

Eq. 3 expresses the energy balance of a system considering the three energy
transfer mechanisms.

Q̇− Ẇ +
∑

Emass,in −
∑

Emass,out = ∆Ėsystem (3)

Considering the change in internal energy without varying the state of matter,
the change in internal energy by involving the enthalpy is expressed as Q̇−Ẇ =
mCp∆T . In the expression of internal energy change involving enthalpy, m is
the mass of the object or substance, Cp is the specific heat (Jkg−1K−1), and
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∆T is the change in temperature (T ). The situation that does not consider work
(W = 0) in the energy balance, and there is variation over time is expressed as
Q = mCp

(
δT
δt

)
. Q represents the transmission mechanisms of heat transfer and

the transmission mechanisms are represented by Qcond for diffusion, Qconv for
convection, and Qrad for radiation.

Based on the principle of energy conservation, a GEB method applies only
to the components of the physical model of a system. GEB method determines
the amount of energy exchanged and stored in a system from a macroscopic
perspective. The GEB method aims to determine the global effects of a system
without analyzing the phenomenology details from the conditions between the
system and its environment[16].

A GEB model is based on the analogy of thermal resistances from electrical
circuit theory (Ohm’s law) [2]. Thermal resistance (RT ) is analogous to elec-
trical resistance (I). The heat transfer mechanisms through thermal resistance
represent the heat flow (q) in the thermal system. Thermal resistances in the
GEB model are represented as conductive thermal resistance (Rcond

T ), convective
thermal resistance (Rconv

T ), and radiative thermal resistance (Rrad
T ). Fig. 1 shows

the representation of an energy flow in an element and an electrical resistance.

(a) Thermal resistance element (b) Electrical resistance element

Fig. 1: Heat flow or energy flux through an system element

Fig. 1a shows the representation of thermal resistance. In Fig. 1a, x represents
the coordinate in the x direction, Hx represents the dimension or length of the
system, T1 and T2 represent the temperature at the edges of the system, qx
represents the heat flux in direction x, and λ represents the thermal conductivity.
Fig. 1b shows the representation of electrical resistance. In Fig. 1b, I represents
the electrical current, V1 and V2 the input and output voltage, respectively, and
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R the resistance of the electrical circuit. From Fig. 1a and Ohm’s Law resistivity
equation the heat flux equation is expressed as q = λ∆T

Hx = T1−T2
Hx
λ

= T1−T2
RT

.

The difference in electrical potential is analogous to the temperature differ-
ence between two points in the system. The resistance is equal to the density of
the material factor of the inverse of material thermal conductivity (only for heat
conduction). Applying Fourier’s law, each heat flux equation element is substi-
tuted by its respective analog in an electrical circuit. In this context, conductance
is expressed as C = 1

RT
= λ

Hx .
The correct location of the nodes to evaluate the temperature difference is in

the center of the element (node) of the system. The analysis of the heat flux in the
system can be performed in a steady state or a transient (unsteady) state. The
system element of interest is a thin plate represented by a node centered inside
the element. A node at the center of an element is a generalization susceptible to
an erroneous estimation of the temperature value in an energy balance. However,
a GEB method allows analyzing heat flow in an element as an alternative to
CFD.

2.3 Physical and mathematical model for a wall of multiple nodes
in an unsteady state

Next, using GEB, physical and mathematical models of a one-dimension wall of
multiple nodes in an unsteady state are presented.

Physical model. Fig. 2 shows the physical model of a one-dimension system
in an unsteady state where the heat transfer will be analyzed in an established
modeling time under homogeneous boundary conditions. In addition, the system
will not have a source of heat generation inside, and the properties of the system
are constant.

Fig. 2a shows the physical model of a solid element with multiple nodes. The
solid element is subjected to first-class boundary conditions, where Tb > Ta.
The behavior of the system is evaluated by the conduct of temperatures in a set
time (Fig. 2b). Therefore, equation 4 expresses the energy balance adjustment
for each node of the system element over time.

qin − qout = ρCp
∂T

∂t
∆x (4)

The input and output flux of energy difference is equal to the energy accumu-
lated in the element; for this reason, the temperature variation term concerning
time (t) is considered in the equation. The temperature-time analysis introduces
a finite-difference approximation for the first derivative term in time by an im-
plicit low-order approximation (Euler’s method) in a backward scheme. The
approximation used increases the stability of the solution through higher time
intervals. The first derivative is replaced by the difference between the central
node information at the current time (unknown) and the central node informa-
tion at a previous time divided by the established time interval (Eq. 5).
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(a) Physical model (b) Approximation of temperature in time

Fig. 2: Physical model of a system in an unsteady state

∂T

∂t
=

T t
i − T t−∆t

i

∆t
(5)

This way, Eq. 6 expresses the substitution of Eq. 5 in Eq. 4.

qin − qout = ρCp

(
T t
i − T t−∆t

i

∆t

)
∆x (6)

Mathematical model. The heat transfer by diffusion for a one-dimension
wall of multiple nodes in an unsteady state by energy balances is expressed
mathematically next. Eq. 7 and Eq. 8 express the global energy balance for node
1:

qin(2−1) − qout(1−a) = ρCp

(
T t
1 − T t−∆t

1

∆t

)
∆x (7)

(
1

∆x
2λ2

+ ∆x
2λ1

)
(
T t
2 − T t

1

)
−
(

1
∆x
2λ1

)
(
T t
1 − Ta

)
=

(
ρCp

∆t
∆x

)(
T t
1 − T t−∆t

1

)
(8)

Eq. 9 and Eq. 10 express the global energy balance for node i :

qin(Ni+1−Ni) − qout(Ni−Ni−1) = ρCp

(
T t
i − T t−∆t

i

∆t

)
∆x (9)
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(
1

∆x
2λi+1

+ ∆x
2λi

)
(
T t
i+1 − T t

i

)
−

(
1

∆x
2λi

+ ∆x
2λi−1

)
(
T t
i − T t

i−1

)
=

(
ρCp

∆t
∆x

)(
T t
i − T t−∆t

i

)
(10)

Eq. 11 and Eq. 12 express the global energy balance for node Nx :

qentra(b−(Nx)) − qsale(Nx−(Nx−1)) = ρCp

(
T t
Nx − T t−∆t

Nx

∆t

)
∆x (11)

(
1
∆x

2λNx

)
(
Tb − T t

Nx

)
−
(

1
∆x

2λNx
+ ∆x

2λNx−1

)
(
T t
Nx − T t

Nx−1

)
=

(
ρCp

∆t
∆x

)(
T t
Nx − T t−∆t

Nx

)
(12)

Eqs. 8, 10 and 12 are grouped in a matrix which represents a linear equation
system:





(a1 + a2 + aP0,1a1a2) (−a2) 0 0 0
. . .

. . .
. . . 0 0

0 (−b1) (b1 + b2 + aP0,ib1b2) (−b2) 0

0 0
. . .

. . .
. . .

0 0 0 (−c1) (c1 + c2 + aP0,Nxc1c2)









T t
1
...
T t
i
...

T t
Nx





=





a1Ta + aP0,1a1a2T
t−∆t
1

...
aP0,ib1b2T

t−∆t
i

...
c2Tb + aP0,Nxc1c2T

t−∆t
Nx





(13)

In Eq. 13, coefficients are expressed as:

a1 =

(
1

∆x
2λ2

+ ∆x
2λ1

)
; a2 =

(
1
∆x
2λ1

)
; aP0,1 =

(
ρ1Cp,1

∆t
∆x1

)

b1 =

(
1

∆x
2λi+1

+ ∆x
2λi

)
; b2 =

(
1

∆x
2λi

+ ∆x
2λi−1

)
; aP0,Nx =

(
ρiCp,i

∆t
∆xi

)

c1 =

(
1
∆x

2λNx

)
; c2 =

(
1

∆x
2λNx

+ ∆x
2λNx−1

)
; aP0,Nx =

(
ρNxCp,Nx

∆t
∆xNx

)

(14)
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Eq. 13 allows evaluating massive materials with multiple nodes to achieve
grid and temporal independence. Eq. 8 and 12 describe the global energy balance
considering first-class boundary conditions (Dirichlet condition), whereas Eq. 10
refers to the internal elements of material divided into a discrete number of
elements. The arrangement of elements of Eq. 13 in the coefficients matrix refers
to a tridiagonal shape of the elements that can be solved using a direct method
like the Tridiagonal Matrix Algorithm.

Next section describes the experimental analysis using energy balances for a
one-dimension wall of multiple nodes in an unsteady state and the comparison
with the analytical solution.

3 Numerical solution and verification

This section describes the analytical solution for verification of the mathematical
model of the evaluated system. Also, the solution methodology for diffusion heat
transfer through energy balances for a wall of multiple nodes in an unsteady state
is presented.

3.1 Analytical solution

The analytical solution for the proposed GEB application was reported in the
literature. Eq. 15 expresses the analytical solution for verifying the evaluated
multimodal system [12].

T (x, t) = T0e
−αβ2t sin(βx) 0 ≤ x ≤ Hx; t > 0 (15)

In Eq. 15, α = λ
ρCP

and β = π
Hx . Eq. 16 expresses the initial condition for

numerical solution.

T = T0 sin(πx) 0 ≤ x ≤ Hx; t = 0 (16)

3.2 Energy balance method for a wall of multiple nodes in an
unsteady state

Numerical solution based on GEB implements an iterative solver (Jacobi method)
to analyze boundary conditions and properties, generating non-linear equations.
Precisely, the characteristics of system and how easy the study case can be con-
verted into a non-linear problem are the main reasons to consider a iterative
solver like Jacobi´s method or Gauss-Seidel.

Jacobi’s method starts to discretize the equation of grouping coefficients by
aPφP = aWφW + aEφE + b. Eq. 17 expresses the Jacobi method to obtain the
variable φ on each node at any element of the system, including boundary nodes.
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φP =
aWφW + aEφE + b

aP
(17)

Summarizing, Jacobi’s method consists of the following steps:

1. a distribution of the variable (φ∗
P ) is guested in the computational domain

2. coefficients of computational nodes are calculated: aW , aE , aP , b

3. φP is calculated by Eq. 17 using guest values of step one φP = aWφ∗
W+aEφ∗

E+b
aP

;
it applies to all discrete nodes, one by one

4. a convergence criterion is applied; if the criterion is satisfied, then φP is the
problem solution; otherwise, the φ variable is renamed φ∗

P = φP , and step
two is executed iteratively until the convergence criterion is satisfied

Algorithm 1 presents the iterative procedure to solve the system of multiple
nodes in an unsteady state using a GEB method.

Algorithm 1: GEB method for solving a wall of multiple nodes in an
unsteady state
Data: Nx,Hx,λ, Cp, TA, TB , ε
Result: Temperature Matrix φ

1 Set variables (T ), properties and boundary conditions of system
2 Fill matrix φ = Tguest

3 Generate mesh ∆x = Hx
Nx−2

4 k = 0
5 while t ≤ tmodeling do
6 Rename matrix φ = φt

7 t = k∆t

8 while Rk
φ ≥ ε do

9 Computing coefficients aW , aE , aP , b

10 Jacobi solver aP = aW φW+aEφE+b
aP

11 Rename matrix φ∗ = φ

12 Compute residual Rk
φ =

∑i=Nx
i=1 [aPφP − (aEφE + aWφW + b)]

13 end
14 k = k + 1

15 end
16 Print temperature matrix φ

In Algorithm 1, aE corresponds to the terms of the right side of the main
diagonal of the coefficient matrix, aW represents the terms of the left side of
the main diagonal of the coefficient matrix, aP corresponds to the terms on the
main diagonal, and b is the resultant vector of Eq. 13. Steps 1-3 correspond
to the declaration of system characteristics and other considerations, like the
number of nodes that divides the system into small elements. Step 5 initializes
the iterative process of time steps for the unsteady state of the system. Step 6
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initializes the temperature variable by renaming the current variable with the
new temperature value in time. Step 7 calculates the time step according to the
specific time rate of interest. Step 8 initializes the iterative process of the Jacobi
solver until the residual calculated at each iteration is greater or equal to an
epsilon specified as a stop criterion. Step 9 calculates the matrix coefficients for
been used in the Jacobi solver. Once the Jacobi solver finalizes, step 11 renames
the new variable with the value of temperature calculated. Step 12 calculates
the residual for the stop criterion. Finally, the temperature matrix results are
printed with the heat transfer behavior for the system of multiple nodes in an
unsteady state.

Next, the experimental analysis and results of the GEB solution for a wall
of multiple nodes in an unsteady state are discussed.

4 Experimental analysis and discussion

This section reports the experimental analysis for a one-dimension wall of multi-
ple nodes in an unsteady state by diffusion. Also, the development and execution
platform are described. Finally, the computational efficiency results are reported
and discussed.

4.1 Development and execution platform

The numerical codes were implemented in the ANSI-C programming language.
The experimental evaluation was performed on the high performance computing
infrastructure of National Supercomputing Center (Cluster-UY), Uruguay [11].

4.2 Problem features

Next, the problem features are presented. The one-dimension wall is divided into
five nodes (Nx = 5). The wall length was established at 1m (Hx = 1m). Thermal
conductivity was λ = 2.0 WmK−1, density was ρ = 1 kgm−3, and specific heat
was CP = 1WmK−2°C−1. The first class boudary values were Ta = 0°C and
Tb = 0°C. The initial temperature was T0 = 20°C, which is part of the initial
condition (Eq. 16).

The modeling time for this study was 0.1s, while the time steps evaluated
were ∆t = 0.0001, 0.001, 0.01 and 0.1 seconds. The problem conditions were
selected to solve temperature variations in a short time in an ideal case since the
purpose stated the effectiveness of the GEB methodology to analyze unsteady
state conditions by heat conduction.

4.3 Results and discussion

Numerical results computed by the GEB method using different time steps
were compared with the analytical solution (exact) of the mathematical model
(Eq. 15).
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Table 1 reports the numerical solutions obtained by GEB at different time
steps for a wall of multiple nodes in an unsteady state.

Table 1: Energy balance and exact solution comparison four time steps for
∆t=0.0001s

Position T[°C] T[°C]

x[m] Exact sol. GEB sol.

t=0.0001s; Percentage difference [%]=0.006

0.1 6.16 6.16

0.3 16.14 16.14

0.5 19.96 19.96

0.7 16.14 16.14

0.9 6.16 6.16

t=0.05s; Percentage difference [%]=3.35

0.1 2.30 2.38

0.3 6.03 6.23

0.5 7.45 7.70

0.7 6.03 6.23

0.9 2.30 2.38

t=0.08s; Percentage difference [%]=5.41

0.1 1.27 1.34

0.3 3.33 3.51

0.5 4.12 4.34

0.7 3.33 3.51

0.9 1.27 1.34

t=0.1s; Percentage difference [%]=6.81

0.1 0.85 0.91

0.3 2.24 2.40

0.5 2.77 2.96

0.7 2.24 2.40

0.9 0.85 0.91

Results in Table 1 indicate that GEB is capable of obtaining a numerical
solution for a wall of multiple nodes in an unsteady state, approximating the

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 317

pmoreno
ISBN 978-9942-44-109-6



Global energy balances for energy analysis in buildings 13

analytical solution in 6.81% for time step t=0.1s. The percent difference was
reduced in 0.006% when using a time step of t=0.0001s.

Fig. 3 graphically summarizes the profile temperatures for different times
along the wall. Fig. 3 shows the behavior of heat transfer for a wall of multiple
nodes in an unsteady state for times t=0.1s, t=0.01s, t=0.001s, t=0.0001s and
the value obtained by the analytical solution of the mathematical model.

Fig. 3: Temperature condition for t = 0.1s

Different time steps were proposed, since the correct value which achieves
the independence time of the system is unknown. However, Fig. 3 shows that
the temperature profile is better adaptable to the analytical solution as the time
step was reduced.

Summarizing, results of the experimental evaluation demonstrate that the
percentage difference was reduced until achieving 6.81% respect for the analytical
solution for a time step of t=0.1s, and it was reduced in 0.006% when using a
time step of t=0.0001s, which is acceptable for an energy efficiency buildings
analysis.

The results were also affected by the approximation of the temporal term in
the energy balance (Eq. 12) and the non-uniform temperature distribution as
the initial condition. Therefore, as an alternative solution, a future study must
evaluate the effect of high-order approximations of the differential term, which
is the temporal variation of temperature for each node or element, to improve
the accuracy of the numerical results using GEB.
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5 Conclusions and future work

This article presented a global energy balance solution for a one-dimension wall
of multiple nodes in an unsteady state by diffusion in the context of energy
efficiency analysis.

The proposed GEB methodology solved the heat conduction in an unsteady
state for relevant energy efficiency analysis in buildings. The studied system
considered Dirichlet boundary conditions with a generic structure for multiple
nodes to permit heat conduction in materials with high thermal inertia.

The experimental validation compares the proposed GEB for a wall of mul-
tiple nodes in an unsteady state with an analytical solution reported in the
literature.

The main results indicate that the percentage difference between the numer-
ical solution (GEB) and the analytical solution was in 6.81% when using a time
step of 0.1s, and in 0.006% when using a time step of 0.0001s. GEB behavior was
expected to be similar to computational fluid dynamic solutions. The proposed
study demonstrated the GEB capacity to obtain a suitable heat conduction so-
lution through an iterative solution (linear equation system) at different time
steps.

The main lines for future work are oriented to extend the proposed GEB
methodology to include non-linear terms in the coefficients. Also, the GEB
method can determine the temperature variation of a wall or building with ther-
mal and thermodynamic properties in temperature function using phase change
materials (PCM) or insulating layers. Likewise, the GEB method can address
system boundary conditions in function of time, e.g., a building exposed to exter-
nal environmental conditions. Finally, CFD and GEB comparison is of interest to
analyze heat transfer with a suitable accuracy for energy efficiency applications.
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Abstract. This document presents an analysis of the impact of vehicle-to-grid 
(V2G) technology implementation in a distribution network, taking as reference 
an urban residential area of Cuenca (Ecuador), belonging to feeder, owned by 
Empresa Eléctrica Regional Centrosur (EERCS). A specialized software for dis-
tribution systems (CYME) provided by EERCS was used for this study. For the 
power flow simulations, the hourly demand over one day was considered.  The 
analysis is focus on the distribution lines and distribution transformers load level, 
feeder demand, feeder losses and voltage level. For this, the use of the electric 
vehicle (EV) has been modeled and its main electrical parameters have been de-
termined. The analysis is carried out based on 14 study scenarios, based on pen-
etration level of EVs, behavior of electrical demand, type of EV and charging 
strategy. From the results obtained, it was possible to evaluate the behavior of the 
distribution network with V2G, and to compare between the scenarios proposed. 

Keywords:  Electric vehicle, Feeder, V2G, demand, loading.  

1 Introduction 

The concept of distributed generation refers to generating electricity close to loads, es-
pecially from renewable energy sources, since the resource is widely available, and due 
to technological advances, the market has greater access to renewable generation de-
vices. Globally, the incursion of generation by renewable sources reached 2 537 GW 
in 2019, showing an increase of 176GW compared to 2018 [1], not only with large-
scale projects, but also including micro-generation. 
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Similarly, the adoption of electric vehicles (EVs) has increased in recent years as an 
alternative to the use of internal combustion vehicles (ICEV), that use fossil fuels for 
their operation and also generate polluting gases. However, the EV is a high demand 
load, which can cause overloads in the electrical network, so it becomes necessary to 
manage the load and the development of new technologies that allow the working of 
the electrical network. 

The vehicle-to-grid (V2G) technology that refers to the bidirectional energy transfer 
between the EV and the grid [2] is currently in the development and research stage, 
with some pilot projects being carried out such as Zem2All in Spain or Miraflori in 
Italy  [3, 4], which seek the integration of EVs with renewable generation and the dis-
tribution electric network. electricity grid. However, various investigations have iden-
tified barriers to face in the implementation of V2G  [5, 6], from the technological point 
of view requires further development in electricity networks, communication and con-
trol systems, energy conversion, battery degradation  [7±10]; in the regulatory frame-
work it is necessary to implement policies and incentives for the participation of EVs 
(such as energy storage systems) in the electricity market  [11, 12]. 

V2G is shown as an alternative to the adoption of EVs, which remain inactive 96 % 
of the time [13], so in addition to the use for transportation could provide services to 
the grid, such as: frequency regulation, voltage regulation, integration with renewable 
energies, energy storage, among others  [6, 14, 15]. 

The power flow can be unidirectional (G2V), from the grid to the EV or bidirectional 
(G2V/V2G) where the EV injects active power or reactive power into the grid [16±18]. 
Therefore, V2G requires a more complex structure for its operation, however, it can 
provide greater benefits to both users and the network, being necessary optimization 
algorithms focused on reducing costs and losses in the network and managing the 
charging and discharge of EVs [19±25]. 

Some studies have analyzed the impact of the charge of EVs on distribution networks 
[26±28], while in this research has been conducted a steady state analysis of the impact 
of V2G on distribution networks, focused on the loading of distribution transformers 
(DT), loading of the distribution network (primary and secondary), demand curve and 
losses of the primary network, as well as voltage levels. 

2 Modeling and simulation 

2.1 Components of the study 

For the study has been selected an urban-residential area of the City of Cuenca (Ecua-
dor) with an extension of 0.413 km2, which is supplied by a distribution network at 
22 kV in medium voltage (MV), and 220/240V in low voltage (LV), belonging to the 
0324 feeder (numbering of the EERCS). In this area have been identified 42 DT that 
supply energy to 2182 customers, mostly residential, this information, as well as the 
model of the distribution network was obtained from the electric distribution company 
of the area. The typical demand curve of 0324 feeder for a working day (Monday-Fri-
day) and semi-working day (Saturday) is shown in Fig. 1. 
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Fig. 1 0324 Feeder Demand 

 
The vehicles selected for the study are: the KIA SOUL EV model with a capacity of 

27 kWh and the BYD e5 with a capacity of 60.5 kWh, which are already in circulation 
in the country and are of type BEV (battery electric vehicles). 

2.2 General considerations 

1. The average travel of a particular vehicle in the city of Cuenca is approximately 
36 km [29].  

2. Considering the social behavior of the area, it is evident that the mobility require-
ments are given around 07h00 (work, education, etc.) and 18h00 (return home), so 
the following restrictions have been defined: 

ņ All EVs must be fully charged (100%) at 06h00. 
ņ At peak demand hours (18h00 to 22h00) you cannot charge the EV and only V2G 

can be done. Due to the capabilities of the EVs, the KIA Soul EV vehicle will 
perform V2G from 19h00 to 22h00 and the BYD e5 vehicle from 18h00 to 22h00. 

ņ From 22h00 to 06h00 the next day, you can only charge the EV. 

3. The number of EVs in the study area is considered based on the estimate of the 
existing vehicle fleet in 2019. 

Considering the population projection for 2019 in Cuenca according to INEC [30], 
and the relationship between urban and rural density, it has been estimated that the 
population in the urban area is 410 759 inhabitants  (ܾܽܪ). 

Knowing that the area of the city (ܣ) is 70.59 km2 and the study area (ܣா)  is 0,413 
km2, you get 2 407 inhabitants in the study area (ܾܽܪா)  by  the Eq. (1). 

 
ாܾܽܪ ൌ

ሺܣாሻሺܾܽܪሻ
ܣ

 (1) 

The ratio ܾܽܪ ܸ݄݁Τ  (Inhabitants / vehicle) is given by the 92 601 vehicles registered 
for the year 2019 in Cuenca ܾܽܪ ܸ݄݁Τ �[31] and the number of inhabitants previously 
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obtained, resulting in 4,435 ܾܽܪ ܸ݄݁Τ  while the ratio between inhabitant and customer 
in the study area (ܾܽܪ Τ݈ܥ ) is 1.103. Relating these factors is obtained 4.02 ݈ܥ ܸ݄݁Τ  by 
Eq. (2). 

 
݈ܥ
ܸ݄݁

ൌ
ܾܽܪ ܸ݄݁Τ
݈ܥȀܾܽܪ

 (2) 

Finally, in the Eq. (3) the quantity of vehicles per DT (்ܸ݄݁), knowing the custom-
ers connected to each one ்ܸ݄݁(்݈ܥ): 

 
்ܸ݄݁ ൌ

்݈ܥ
݈ܥ ܸ݄݁Τ  (3) 

Obtaining in the study area 539 vehicles (ܸ݄݁ா), according to the Eq. (4). 
 

ܸ݄݁ா ൌ்ܸ݄݁

ସଶ

ୀଵ

 (4) 

2.3 Study scenarios. 

The study scenarios have been raised based on 4 variables: type of EV, demand behav-
ior in the electric network on working day or semi-working day, penetration level (10% 
or 25%), and load strategy with load management (WLM) or without load management 
(WOLM), they are shown in Table 1 

Table 1 Study scenarios 

Day ĺ Working day Weekend 

Type of 
EV WOLM WLM WOLM WLM 

KIA 
3) 10% 5) 10% 7) 10% 9) 10% 

4) 25% 6) 25% 8) 25% 10) 25% 

BYD 
- 11) 10% - 13) 10% 

- 12) 25% - 14) 25% 
Without 
EVs 1) 2) 

For each level of penetration ( ܰ) the EVs are calculated per DT (்ܸܧ ), this being 
an integer, using the Eq. (5). 

 
்ܸܧ  ൌ ሺ ܰሻ�ሺܸ݄݁ாሻ (5) 

The time restriction for G2V/V2G are based on the premise that at peak demand 
hours the charging of EVs is undesirable and that electricity rates are lower outside 
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these hours, in terms of G2V/V2G power, the battery capacity of each EV and the time 
available for charging are consider. To do this, the following process is followed: 

1. The energy consumption per km (CEk) is determined by Eq. (6) considering 
the capacity of the battery (CB) and autonomy (Au).  

 
ாܥ ൌ

ͳͲଷܥ
ൗݑܣ  (6) 

2. With an average travel of 36 km (Rp), when returning home, the EV has a state 
of charge (SoCr) and remaining energy (Er) according to the Eqs. (7) and  (8). 

 
ܥܵ ൌ ቆͳ െ

ሺܴሻሺܥாሻ
ͳͲଷܥ

ቇ כ ͳͲͲΨ (7) 

 
ܧ ൌ ሺܵܥሻሺܥሻ (8) 

3. The energy injected into the grid by each EV (E V2G) is obtained with the Eq. 
(9) in the period (tV2G) and power (PV2G) determined is: 

 
ଶீܧ ൌ ሺ ܲଶீሻሺݐଶீሻ (9) 

4. So, the state of charge (SoCV2G) and remaining energy (ErV2G) after V2G are 
calculated using Eqs. (10)and (11)respectively. 

 
ଶீݎܧ ൌ ܧ െ ଶீܧ  (10) 

 
ଶீܥܵ ൌ

ଶீݎܧ
ܥ

ሺͳͲͲΨሻ� (11) 

A 25% SoCmin has been proposed in order not to significantly affect the life of 
the battery. 

5. Finally, the charging of the EV is achieved in a set time (tG2V) at a charging 
power (PG2V), by means of the Eq. (12). 

 
ଶீݐ ൌ

ܥ െ ଶீݎܧ
ܲீ ଶ

 (12) 

The parameter values for each EV model are presented in Table 2. 

Table 2 Technical parameters of EVs 

Parameter 
KIA BYD 

WOLM WLM WLM 
 ሺܹ݄݇ሻ 27 27 60.5ܥ
 �ሺ݇݉ሻ 200 200 400ݑܣ

 ாሺܹ݄Ȁ݇݉ሻ 135 135 151.25ܥ
ܴ�ሺ݇݉ሻ 36 36 36 
 �ሺΨሻ 82% 82% 91%ܥܵ
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 �ሺܹ݄݇ሻ 22.14 22.14 55.055ܧ

ܲଶீ�ሺܹ݄݇ሻ 5.83 5.83 5.83 
 ଶீ�ሺ݄ሻ 2.64 2.64 4ݐ

 ଶீ�ሺܹ݄݇ሻ 15.39 15.39 23.32ܧ
 ଶீ�ሺܹ݄݇ሻ 25% 25% 52%ܥܵ
 ଶீ�ሺܹ݄݇ሻ 6.75 6.75 31.74ݎܧ
ܲீ ଶ�ሺܹ݇ሻ 5.83 3.375 4.794 
 ଶ�ሺ݄ሻ 3.47 6 6ீݐ

2.4 Modeling of the distribution network and EVs 

The parameters of the components of the distribution network: distribution lines, DT, 
protection devices, capacitor bank and loads, were provided by the distribution com-
pany in the CYME software. 

The EVs were modeled as a BESS (Battery Energy Storage System). On the LV side 
of each DT a concentrated load of the corresponding clients and BESS is connected. 
The main parameters entered for the BESS are: charging and discharging power, charg-
ing performance and battery losses, efficiency and capacity of the converter.   

The efficiency values are estimates based on measurements made in the Microgrid 
laboratory of the University of Cuenca in the KIA vehicle, and a similar behavior was 
assumed for the BYD EV model, they are summarized in Table 3. 

Table 3 Efficiency of EVs components. 

Parameter 
KIA BYD 

WOLM WLM WLM 

Battery G2V/V2G 
efficiency (%) 97.5 97.5 97.5 

Converter 

G2V effi-
ciency (%) 87.4 77.22 83.53 

V2G effi-
ciency (%) 87.4 87.4 87.4 

The simulations were performed on a timely basis (24h) using Newton Raphson's 
method for power flows. To assign the load to each DT has been used the function of 
load distribution based on the energy consumption of each user and the demand meas-
ured at the beginning of the 0324 feeder, obtaining an approximation to the behavior of 
the electrical network. 
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3 Results and discussion 

3.1 DT load level 

The following analysis shows the behavior of the load level of DT #6452 with 50 kVA 
of nominal power. This equipment presented the highest load levels of the DTs ana-
lyzed. The 41 DTs had similar behavior, but with lower load levels.   

When using KIA SOUL EV vehicles, it is observed in Fig. 2 that when introducing 
56 and 137 EVs for the penetration scenarios of 10 % and 25 % respectively, the load 
level at 19h00 decreases to 42.80 % and 31.86 % respectively. First, with 10 % of EVs 
without load management, the DT has a load level of 87.66 % at 22h00 and 75.72 % at 
00h00. For the same hours, but with 25 % of EVs, the DT #6452 is overloaded with 
levels of 121.10 % and 108.70 % respectively. On the other hand, load management 
turns out to be a great relief for the DT because the maximum load level is given at 
00h00 reaching 80.86 % and 62.53 % for EV penetration levels of 25 % and 10 % 
respectively. Therefore, by 00h00 when performing load management with 25 % of 
EVs increases the load level of the DT by 5.14 % compared to the scenario without 
load management with 10 % of EVs (75.72 %). 

When using the BYD EV model the load level of the DT #6452, it is observed that 
when performing V2G from 18h00 contributes to reduce the load level considerably 
for peak hours, however, this makes the BYD e5 EV require a greater load power com-
pared to the KIA SOUL EV and despite the load management that is carried out, the 
load level of the DT in the early hours of the morning increases by approximately 15 % 
compared to the KIA SOUL EV vehicle. 

 
Fig. 2 DT #6452 load level for a working day 
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3.2 Feeder demand curve 

When using KIA SOUL EV vehicles Fig. 3 shows that at the time of performing V2G 
(19h00-22h00) and when introducing 56 EVs (10 %) the peak demand of the entire 
0324 feeder is eliminated and maintained for values below the demand of 18h00 (2 
646.97 kW), on the other hand, a penetration of 137 EVs (25 %), causes a minimum of 
active power demand for the feeder 0324 at 20h00 (2 119.96 kW) and not at 21h00 
where the base demand is lower, this because the KIA SOUL EV vehicle under the 
criteria established for this study can deliver energy to the grid only for 2h38 min. In 
turn, it is observed that without a charging strategy and only introducing 25 % of EVs 
in the assigned study area, the demand at 22h00 exceeds the peak demand of the base 
case, while with load management maintains active power values around 2 MW for the 
entire feeder, much lower than its peak in the base case of 2.9 MW. 

The scenarios with BYD vehicles show that for the scenario of 10 % of EVs the peak 
demand is reduced to 2 626.52 kW with respect to the base case while in the scenario 
of 25 % of EVs the peak demand is reduced to 2 222.08 kW the smart load for this 
scenario does not exceed the base demand of 11h00 (2 487.78 kW) becoming the best 
of the scenarios presented for the 0324 feeder. 

 

Fig. 3 Demand from 0324 Feeder on a Working Day 

3.3 Feeder load level 

Taking as a reference the results shown in the previous section, it can be considered 
that the most critical scenario is for the 25 % penetration of KIA SOUL EV vehicles, 
without load management at 22h00 (Scenario 4), so it is important to know the load 
level of the medium voltage network of the feeder in those conditions, in Fig. 4 case A 
scenario 4 it is observed that the main branch of the feeder has a load level between 20-
30 %, and the secondary branches in their great majority maintain a load level between 
0-5 %. On the other hand, for the base case (case A scenario 1) the load level of the 
main feeder section is between 10-20 % and the secondary branches mostly remain 
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between 0-5 %. This indicates that the effect of EV charging on the load level of me-
dium voltage networks is very slight. 

The load level of the feeder at the peak demand time (19h00), for scenarios 1 and 4 
are shown in case B respectively, For the base case (Scenario 1), the main branch of the 
feeder has a load level between 20-30 % and the secondary branches remains between 
0-5 % mostly, while for Scenario 4 the load level of the main branch of the feeder is 
reduced, which presents values between 10-20 % while the secondary branches do not 
present significant differences. That is to say that the relief of the load level of the 
medium voltage networks in the hours of V2G are very slight. 

 

 
Fig. 4 0324 Feeder load level for base case and scenario 4: A. 19h00, B. 22h00. 

3.4 Feeder losses 

Table 4 shows an increase in losses of active and reactive power compared to the base 
case, this is normal due to the introduction of new load (EVs) in the feeder, however, 
this increase in active losses is very small compared to the number of EVs that is intro-
duced, goes from 2.18 kWh/day for the KIA SOUL EV vehicle with a penetration of 
10 % of EVs in a working day, which represents 0.167 %, and reaches values up to 
38.20 kWh / day for the BYD e5 vehicle with a penetration of 25 % of EVs in a semi-
working day that represents 3.058 %.   
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When comparing the active power losses for the same level of penetration and the 
same day of study, using KIA SOUL EV vehicles it is seen that applying load manage-
ment the losses decrease significantly compared to the scenario without load manage-
ment. With load management for 10 % penetration of EVs losses are reduced on aver-
age 2.73 times, while for a penetration of 25 % EVs losses are reduced on average 1.61 
times.     

Analyzing the losses of active power with load management and for the same level 
of penetration can be noticed a slight increase in losses in the semi-working day com-
pared to the working day, because the base demand is higher in the early morning hours 
(00h00±04h00) for the semi-working day. Therefore, these results become a strong con-
straint if you want to perform a charging strategy that minimizes the losses of active 
power to the maximum in the feeder.  

When comparing between the KIA SOUL EV vehicle and the BYD vehicle for the 
same day and the same penetration it can be observed that the losses are approximately 
1.8 times more using the BYD vehicle than using the KIA SOUL EV vehicle. Reactive 
power losses for the analysis performed above follow the same behavior as active 
power losses. 

 
Table 4 Active and reactive power losses of feeder 0324 on the day for the fourteen study sce-
narios. 

No. Scenarios1 
Difference from 

scenarios 1 and 2. P 
(%) 

Difference from 
scenarios 1 and 2. Q 

(%) 
1 Without EV/Weekday 0.00 0.00 

2 Without EV/Weekend 0.00 0.00 

3 KIA/WOLM/10%/Weekday 0.48 1.56 

4 KIA/WOLM/25%/Weekday 2.44 8.06 

5 KIA/WLM/10%/Weekday 0.17 0.59 

6 KIA/WLM/25%/Weekday 1.36 4.61 

7 KIA/WOLM/10%/Weekend 0.49 1.83 

8 KIA/WOLM/25%/Weekend 2.34 8.70 

9 KIA/WLM/10%/Weekend 0.19 0.76 

10 KIA/WLM/25%/SL 1.64 6.15 

11 BYD/WLM/10%/L 0.31 1.10 

12 BYD/WLM/25%/L 2.59 8.72 

13 BYD/WLM/10%/Weekend 0.47 1.78 

14 BYD/WLM/25%/Weekend 3.06 11.45 

 
1  The scenarios are described with the following structure: EV Type/Charging Strategy/Pene-

tration Level/Day. 
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3.5 Voltage levels 

 
Voltage profiles considering BYD e5 vehicles are shown in Fig. 5 for 19h00., where 
they contribute to improving voltages in a similar way to that carried out in previous 
scenarios with the KIA SOUL EV, while in Fig. 48 for 00h00 the voltage profiles de-
creased with respect to the base case. 
 

 
(a) 

 
(b) 

Fig. 5 Load profiles in Distribution Transformers (a) at 19h00 (b) at 00h00 
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The voltage values observed in the low voltage nodes of the DT in question without the 
presence of EVs are at adequate levels, within the limits established by the regulations 
in force in Ecuador (0.95 p.u ± 1.05 p.u) [32], due to the compensation elements that 
the distribution network has; while, with the insertion of EVs in the study scenarios, 
voltage levels slightly increased in the hours of V2G and were slightly reduced in the 
hours of loading, these variations are in the order of 0.015 p.u, which is not representa-
tive. 
 

4 Conclusions  

Based on the results obtained, only with 10 % penetration of KIA SOUL EV type ve-
hicles with load management was achieved to reduce the DT load level at the peak 
demand hour, without producing a higher demand in another period, which ratifies the 
importance of the charging / discharge power and the number of EVs connected. 

When comparing the scenarios of a working day and semi-working day, the im-
portance of analyzing the social behavior in the study area and the type of client (resi-
dential, commercial, urban, rural) is evident, since based on these variables, different 
strategies for the charging and discharge of the EVs should be proposed.  

Because MV lines in a distribution network are planned in the long term, it is ob-
served that the load level of both the main section and secondary branches is low, which 
is not a limitation for the penetration of EVs, however, the reduction in load level ob-
tained by implementing V2G is not significant. 

The effect of V2G on voltage levels was not representative, due to the modeling of 
EVs as an active power-only storage system. To achieve representative voltage com-
pensation, it is necessary to model the power converter with the possibility of providing 
reactive power, however, in such a case, V2G should focus on sections of the low volt-
age distribution network that present low voltage levels. 
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Abstract. This work presents the study of a solar heating and electricity genera-
tion system using photovoltaic/thermal solar collectors, under a domestic con-
sumption scenario. The climatic conditions where these systems are installed are 
of vital importance to determine their energy feasibility. In locations where am-
bient temperatures are high, the performance and operation of these technologies 
may be limited. In this study, the city of Mexicali, Baja California, Mexico, is 
considered as a case study due to its extreme environmental conditions, and is 
compared energetically with Mexico City, which has stable temperatures 
throughout the year. The TRNSYS program was used to develop a simulator to 
study the systems under typical weather conditions of each scenario and to deter-
mine the energy use that can be achieved. The results show that although Mexi-
cali has a greater solar resource throughout the year, in Mexico City a greater use 
of these technologies is achieved due to the fact that a greater amount of heat is 
required for domestic water heating. This hybrid technology is limited in Mexi-
cali because, due to its high environmental temperatures in summer, its operation 
is interrupted for a period of approximately 4 months, so its energy benefits are 
not exploited throughout the year, unlike in Mexico City. 

Keywords: Solar energy, PVT collectors, Sustainability, Solar heating 

1 Introduction 

Replacing fossil fuels and moving towards an energy matrix based on renewable ener-
gies is one of the main actions to reduce the generation of greenhouse gases in order to 
mitigate the effects of climate change in the world. Countries are increasingly imple-
menting energy policies to decarbonize their different sectors. The main sector gener-
ating polluting gases in the world is the energy sector, which accounts for 73.2% of 
total emissions. Within this sector, energy used in buildings accounts for 17.5% of all 
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pollutant emissions worldwide[1]. This forces the public and private sectors to seek 
technically and economically feasible solutions that promote the sustainable develop-
ment of their activities. The different sectors demand electrical and thermal energy, and 
the fastest way to satisfy this need is with traditional energy sources, such as fossil 
fuels, which has repercussions on environmental pollution. Solar energy is a suffi-
ciently mature technology to be able to meet the need for electrical and thermal energy. 

Photovoltaic-thermal solar collectors (PVT) are a technology capable of satisfying 
the needs for electricity and heat simultaneously, with proven benefits [2]. The perfor-
mance of PVT collectors is better than solar thermal and photovoltaic systems working 
separately [3], due to advantages such as collection area and overall energy conversion 
efficiency (thermal and electrical per collection area). However, one of the main prob-
lems of this technology is the price of the equipment [4]. Seeking to make these systems 
more energetically attractive and increase their applications, Ma et al. [5] proposed 
connecting a PVT collector and a solar collector in series to increase the heat transfer 
fluid outlet temperature. They found that the electrical efficiency of the system de-
creases little, but high quality thermal energy is obtained, so it can be an option for the 
domestic sector. Several studies show that the use of nanofluids in PVT collectors in-
creases thermal efficiency [6, 7]. Herrando et al. analyzed the life cycle of PVT tech-
nology in an application to provide heat, cooling and electricity, compared to a tradi-
tional photovoltaic system, and concluded that over the lifetime of the project it can 
reduce CO2 emissions by 46% to 51% compared to a photovoltaic system alone. This 
allows for more sustainable technologies for the benefit of the planet. Therefore, the 
use of these heating and power generation technologies in the domestic sector is of vital 
importance to move towards global sustainability, especially in those scenarios where 
fossil fuels are used to meet domestic hot water (DHW) and electricity demands. 

Factors such as ambient temperature, available solar radiation, application tempera-
ture and the local cost of energy are fundamental aspects in the decision making of this 
type of facilities. However, most of the studies of this type of technologies focus on the 
energy and/or economic part of similar locations, so it is necessary to focus on those 
regions where extreme climates can be contrasted, due to their high and low environ-
mental temperatures, as well as their levels of solar radiation.  

This work presents the energy analysis of a PVT collector system located in the city 
of Mexicali, Baja California, Mexico, which presents extreme weather conditions that 
affect the operation of the PVT collectors. It is compared energetically with the same 
PVT system but located in Mexico City, where ambient temperatures are more stable 
throughout the year and DHW requirements are higher. This study addresses the effect 
of locations with high ambient temperatures and their energy impact on PVT collectors, 
which has not been previously presented in the state of the art. The Mexicali scenario 
allows us to determine how much the systems are affected energetically, independent 
of the high solar resource present at the location. 
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2 System description 

Fig. 1 shows the PVT collector system considered in this study. It consists of a field of 
collectors connected in series, which are responsible for converting solar radiation into 
photovoltaic and thermal energy simultaneously. In order to make better use of the solar 
thermal energy, a thermal storage tank connected directly to the solar collector field by 
means of a circulation pump is considered. The tank helps to be able to use solar thermal 
energy in periods when demand does not match availability. An arrangement of diverter 
and mixing valves allows the temperature of the water used for DHW to be regulated 
to avoid delivering higher temperatures to the users. There is also an auxiliary heating 
system to ensure that water is always supplied at the required temperature for DHW in 
the event that there is no solar resource and/or thermal energy stored in the tank. 

 

 
Fig. 1. Schematic diagram of the PVT collector system considered in this study. 

Table 1 shows the characteristics of the PVT collector used. The characteristics corre-
spond to the collector made by the Spanish company Abora Solar, model aH72SK [8]. 
The thermal storage tank has a volume of 200 L and is considered to be stratified in 3 
temperature levels. 

 
Table 1. Characteristics of the PVT collector [8] 

Thermal data 
Aperture area 1.88 m2 
Optical efficiency (a0) 0.7 
First order heat loss coefficient (a1) 5.98 W/K/m2 
Second order heat loss coefficient (a2) 0 W/K2/m2 
Working fluid Water 

Electrical data 
Photovoltaic cell type Monocrystalline 
Cells number 72 
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Nominal power 280 W 
Module efficiency 17.8% 
MPP voltage 39.86 V 
MPP current 8.76 A 
Open circuit voltage 48.61 V 
Short circuit current 9.16 A 
NOCT 45°C 
Voc thermal coefficient -0.28 %/K 
Isc thermal coefficient 0.06 %/K 
Power thermal coefficient -0.36 %/K 

 

3 Methodology 

3.1 Simulator description 

The simulation study was carried out using the TRNSYS® software [9] for the model-
ing of the system in general. This software has the advantage of having programmed 
models, called "types" of a large number of equipment, within which can be found 
photovoltaic modules, solar thermal collectors, storage tanks and other renewable tech-
nologies, to mention some. One of the main features of TRNSYS is that it uses a typical 
meteorological database (TMY) within its simulation process, where variations in ra-
diation, wind speed, ambient temperature, loads, among many others, are contemplated, 
allowing the system to be studied under real operating conditions. The interface of the 
developed simulator is shown in Fig. 2. 

 
Fig. 2. PVT system simulator developed in TRNSYS. 
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The numerical validation of the simulator used in TRNSYS can be verified in the pre-
vious work of Aguilar-Jiménez et al. [2], as well as the mathematical models used for 
the calculation of efficiencies, energy and other variables considered in this study. For 
the simulation of the PVT module in TRNSYS, a combination of the flat plate solar 
collector and photovoltaic module types was considered, methodology proposed by 
Gagliano et al. [10]. 

3.2 Weather conditions 

The city of Mexicali, Baja California, and Mexico City were considered in this anal-
ysis as scenarios for comparison. Both cities have different climatological conditions 
throughout the year. Mexicali is known for its extreme climate; in summer it can reach 
50°C in the shade and in winter it can reach 0°C. Mexico City, on the other hand, has 
more stable weather conditions, with ambient temperatures that do not exceed 25°C. 
By considering both cities for comparison, it will allow to identify the climatological 
factors and their impact on energy production, both thermal and electrical, relating it to 
the heat needs for each scenario. Fig. 3 shows the (a) global solar radiation, (b) ambient 
temperature and (c) water temperature for both locations. Climatological information 
in TMY format was obtained from the Photovoltaic Geographical Information System 
database of the European Commission [11]. 

These cities were considered because of the different ambient temperatures that oc-
cur during the year. This is directly related to the energy needs for DHW and PVT 
collector operation. In Mexicali, especially in the summer period, ambient temperatures 
are so high, as shown in Fig. 3(b), that it is not necessary to heat water from the network 
to reach the required temperature. However, in Mexico City, water heating for DHW is 
required all year round. Considering the transition towards the use of sustainable tech-
nologies, such as renewable energies, PVT collectors should be energetically attractive 
for their implementation. In this study it was considered that when the water tempera-
ture of the network is higher than 32°C the solar heating system of the PVT collectors 
will not be used, since the water will be taken directly from the network for its normal 
use, as it is usually considered in the summer months in Mexicali. This makes the via-
bility of this type of hybrid technology in cities with high ambient temperatures ques-
tionable. 
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Fig. 3. Climatological conditions of Mexicali and Mexico City, showing (a) horizontal global 
radiation, (b) ambient temperature and (c) mains water temperature. 

(a) 

(b) 

(c) 
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3.3 Water consumption profile 

The hourly water consumption profile for DHW for both cities, specified in the 
standard EN 15,316:2007 [12], was used in this study and can be appreciated in the Fig. 
4. The water flow required for 4 people was considered. The temperature of this water 
flow was considered at 45°C (set-point in the auxiliary system, with an efficiency of 
0.9) except when the mains water temperature is higher than 32°C, under this scenario 
it will be taken directly at this temperature. 

 
Fig. 4. DHW demand profile used in simulation. 

4 Results 

Fig. 5 shows the thermal energy required in both cities to satisfy the DHW demand, 
without considering the contribution of PVT collectors and only the water flow from 
the network. It shows that the thermal energy needs are considerably higher for Mexico 
City, with a total of 10,728 kWh per year, 102 % higher than Mexicali. This is due to 
the temperature of the water in the network, which is always lower in Mexico City, 
requiring more thermal energy to achieve the set-point temperature. It is important to 
note the time period between the months of May and September for Mexicali, since 
there is no need for water heating due to the water temperature of the mains water which 
is higher than 32°C. During these months in this city there is no need for water heating 
due to weather conditions. This is relevant for solar heating systems, regardless of 
whether they are PVT or only thermal collectors, since it is a period of approximately 
4 months in which their operation is stopped. 
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Fig. 5. Annual energy required for DHW without PVT collector input. 

The effect of considering one or more PVT collectors to satisfy the thermal energy 
requirements for DHW, as well as useful heat generation, can be seen in Fig. 6. The 
higher amount of useful heat generation for PVT collectors located in Mexico City 
stands out for all the PVT collectors studied. These differences are related to the amount 
of heat required to satisfy the DHW; since a greater amount of heat is required in Mex-
ico City, it is possible to take greater advantage of the heat generation by the PVT 
collectors. On the other hand, in Mexicali, due to high ambient and mains water tem-
peratures, the heat generation that can be done by PVT collectors annually is lower, 
regardless of the fact that the solar resource in Mexicali is greater than that of Mexico 
City. With the demand profile considered and the environmental conditions presented, 
a PVT collector in Mexicali produces a total of 1,145 kWh of useful heat annually, 66% 
less than what it would generate located in Mexico City under the same water demand 
conditions. As the number of collectors increases the percentage increases. By using 6 
PVT collectors, the useful heat generation in Mexico City is 72% higher than that pro-
duced in Mexicali. This is related to the greater use of the solar resource immediately 
and to the energy stored in the tank in Mexico City, since energy waste is reduced. In 
Mexicali, increasing the number of PVT collectors does not take full advantage of the 
heat that could be generated, since there is no relative need for water heating. Also, by 
stopping the operation of the collectors in Mexicali for approximately 4 months of the 
year, because no water heating is required, the useful heat is marginalized. 
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Fig. 6. Useful solar thermal energy per year as a function of the number of PVT collectors. 

Although the useful heat generated with different PVT collectors is significantly higher 
for those located in Mexico City, the heat required by the auxiliary system is also 
higher, as can be seen in Fig. 7. The auxiliary heat required in Mexico City ranges from 
101% to 117% higher than that required in Mexicali, when increasing from 1 to 6 PVT 
collectors. This represents thermal energy that has to be supplied by another energy 
source in a heater, most commonly those that use fossil fuels such as natural gas, liq-
uefied gas or electric power from a thermal power plant. This does not go in the direc-
tion of sustainability. Although useful heat in Mexicali is significantly less than that 
generated in Mexico City, due to low DHW requirements, auxiliary heat needs are also 
low. 

 
Fig. 7. Auxiliary energy required per year as a function of the number of PVT collectors. 
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Fig. 8 shows the solar fraction as a function of the number of PVT collectors. When 
only one PVT collector is installed in both locations, the percentage of solar contribu-
tion is similar, with 17% and 18% for Mexicali and Mexico City, respectively. How-
ever, as the number of collectors increases, the solar contribution to the DHW heat 
consumption tends to be higher for the system installed in Mexicali with 56 % com-
pared to 53 % for Mexico City. The low solar contribution is notorious even with 6 
collectors, this is mainly due to the time lag between the solar heat generation and the 
DHW consumption period. However, this solar fraction percentage can be raised by 
increasing the thermal energy storage volume. Increasing the number of PVT collectors 
to more than 6 would not contribute significantly to improve the solar fraction, since 
by comparing Fig. 6 and Fig. 7 it can be deduced that this increase encourages energy 
waste.  

 
Fig. 8. Solar fraction as a function of the number of PVT collectors. 

The electrical energy produced by the PVT collector system can be seen in Fig. 9. 
The generation is very similar and with a linear increase as a function of the number of 
collectors. Despite the fact that Mexicali has a greater annual solar resource, the effect 
of the operating temperature affects the electrical production. When one collector is 
considered, it generates 5% more electricity in Mexico City; when a system of 6 PVT 
collectors is considered, the electrical production is similar for both locations, with a 
total of 3,428 and 3,420 kWh per year for Mexicali and Mexico City, respectively. 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 359

pmoreno
ISBN 978-9942-44-109-6



11 

 
Fig. 9. Photovoltaic electric energy produced as a function of the number of PVT collectors.  

5 Conclusions 

In this work, the study of a PVT solar collector system to satisfy the DHW heat and 
electricity needs of the domestic sector was presented. Since environmental conditions 
are of utmost relevance to determine the feasibility of this type of technology, two cities 
with different characteristics were considered: Mexicali and Mexico City. The first is 
known for its extreme climate, with summers with temperatures that can reach over 
50°C and winters with temperatures close to 0°C. The second presents more stable cli-
matic conditions throughout the year. The two scenarios considered present differences 
that will cause operational dynamics specific to their location, directly impacting tech-
nical feasibility and energy attractiveness. For this study, TRNSYS software was used 
to carry out operational simulations under conditions typical of the system location. 
PVT systems with different number of collectors were considered to determine the ef-
fect on heat generation, auxiliary heat requirement and solar fraction. The results show 
that this type of sustainable equipment is of greater use in locations where heat require-
ments are high, since most of the heat generated by the collector would be used directly 
in the demand. In regions with warm climates, PVT collector operation is limited by 
operating and ambient temperatures. In the case of Mexicali, there is a period of ap-
proximately 4 months in which the solar thermal energy from the collector is not used 
because there is no need for hot water. The ambient and mains water temperature in 
these regions tends to favor the use of mains water at its original temperature, so these 
systems are not utilized all year round, diminishing their energy attractiveness. 
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Resumen. El presente trabajo describe la metodología desarrollada en el están-
dar para determinación de la resistencia remanente en ductos corroídos - ASME 
B31G, para la determinación de la presión de falla en ducto con defectos por 
corrosión, basado en los resultados de una inspección en línea de integridad del 
ducto (medición de espesores) a través de una herramienta instrumentada. Los 
resultados de la inspección fueron reproducidos, mediante la creación de un có-
digo de programación en la herramienta informática Matlab para estimar la pre-
sión de falla y la presión de operación segura del ducto, los cuales fueron com-
parados con los resultados reportados por la empresa que desarrolló la inspec-
ción en línea. Lo estudiando es de interés de la industria de almacenamiento de 
combustibles, muy presente en la vida diaria de las Ciudades Inteligentes. 

Palabras claves: Inspección, Ductos de petróleo, Presión de falla, Estándar 
ASME B31G. 

1 Introducción 

En la industria de almacenamiento de combustibles, es común que se utilicen los sis-
tema de ductos para transferir los hidrocarburos líquidos desde buques hasta los tan-
ques de almacenamiento, y como parte de las actividades de mantenimiento a los 
ductos de transporte de hidrocarburos, que trabajan a presiones de alrededor 100 psi, 
deben ser inspecciones para determinar si presentan defectos, principalmente del tipo 
corrosión, y comprobar si se encuentran aptos para continuar trabajando de manera 
segura, o determinar si existe la necesidad de reducir los parámetros de trabajo o de-
teniendo el equipo y reacondicionamiento, evitando lesiones al personal u otras per-
sonas, y accidentes ambientales inesperados [1]. Es por ello que, dentro de estas ins-
pecciones se realiza la medición de espesores, para la determinación del espesor re-
manente de tubería a fin de identificar áreas donde existe defectos del tipo corrosión. 
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Los sistemas de tuberías en la industria del almacenamiento de combustibles es de 
gran alcance en el concepto de Ciudades Inteligentes ± Rubro Energía. 

Existen muchas maneras de inspección a fin de determinar el espesor remanente de 
tubería (por mencionar algunas, tenemos las ondas guiadas y la inspección en línea 
con herramienta instrumentada, etc.), herramientas que nos permiten identificar la 
ubicación del defecto y caracterizarlo determinando su valor de extensión del defecto 
así como su pérdida de espesor en dicha área. 

Una vez identificado el defecto el operador de la instalación debe evaluar si la sec-
ción del ducto afectada es apta para continuar en servicio sin riesgo de falla en las 
zonas de corrosión identificadas por las herramientas antes señaladas. 

Existen varias estándares con las cuales evaluar los defectos identificados, dentro 
de las más conocidas son: ASME B 31.4, API 579, ASME B31 G y DNV RP F101 
[2-5]. En el presente trabajo, nos avocaremos al estándar ASME B31G, el cual sirve 
como una guía para la evaluación de la pérdida de metal en sistemas de tuberías pre-
surizadas, el cual contiene cuatro niveles de análisis: Nivel 0, Nivel 1, Nivel 2 y Nivel 
3, dependiendo de la cantidad de información disponible y el grado de refinamiento 
que se requiera en el análisis. Como está especificado en el ASME B31G, un Nivel 0 
está basado en una evaluación bastante simple, mientras que un Nivel 1 incorpora un 
mayor nivel de detalle de manera de obtener una estimación más precisa de la presión 
de falla y un Nivel 2 y 3 ya requiere un análisis mucho más detallado del defecto. 

El presente trabajo está basado en modelar, mediante la herramienta computacional 
Matlab, las ecuaciones utilizadas para el análisis de Nivel 1 en la determinación de la 
presión de falla de un defecto por corrosión. La información está basada en los resul-
tados de la inspección de un ducto usando el método de inspección ultrasónica inteli-
gente [6]. 

2 Estimación según ASME B31G usando Matlab 

Basado en los datos geométricos obtenidos por la inspección en línea del tipo ultra-
sónica mediante herramienta instrumentada, realizada por la empresa que ejecutó los 
trabajos de medición de espesores [6], es de precisar que a fin de tener un punto de 
comparación, se tomó en cuenta los resultados del cálculo de la presión estimada de 
falla y presión estimada de operación segura reportados mediante el programa infor-
mático de APPLUS basados en el ASME B31 G, el cual consideró las características 
del ducto inspeccionado señaladas en la Tabla 1, así como con datos profundidad 
máxima y longitud máxima de cada defecto identificados durante las inspecciones.  

La empresa que realizó la inspección reportó al operador del sistema de transporte 
una lista de defectos detectados tal como se muestra en la Tabla 2. 
 

Tabla 1. Características del ducto. 

Diámetro 
[pulg.] Material Espesor de pared 

[pulg.] SMYS [Psi] Factor de seguri-
dad (SF) 
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34 API 5L X42 0.5 42000 1.4 

 

Tabla 2. Lista de defectos detectadas. 

Defecto Longitud [pulg.] Profundidad [pulg.] Presión estimada 
de falla [psi] 

Presión operación 
segura [psi] 

1 4.961 0.094 1230.000 878.600 
2 2.165 0.094 1325.000 946.400 
3 7.087 0.079 1240.000 885.700 
4 12.205 0.102 1240.000 885.700 
5 9.213 0.079 1221.000 872.100 
6 4.016 0.079 1277.000 912.100 
7 4.173 0.087 1270.000 907.100 
 
Basándonos en la metodología para un nivel de inspección 1, señalado en el ASME 

B31G, la máxima presión a la cual un ducto puede trabajar de manera segura es esti-
mada con las Ec. (1), (2) y (3): 

 M = (1 + 0.8z)1/2 (1) 

Para ]����� 

 ܵி ൌ ܵி௪ ቈ
ଵିሺమయሻሺ


ሻ�

ଵି��ሺమయሻሺ

ሻȀெ

 (2) 

Para ]����� 

 ܵி ൌ �ܵி௪�ሺͳ 
ௗ
௧
ሻ (3) 

donde: ܵி௪ es definido para acero al carbono simple que opera a temperaturas por 
debajo de 250 °F (120 °C), que corresponde a nuestro caso de análisis, y puede ser 
estimado mediante la Ec. (1). Además, z, es definido por la expresión L2/Dt. 

El estándar señala que, la presión estimada de falla PF está definida por la expre-
sión 2SFt/D y la presión de operación segura PS está definida por PF/SF. 

Como se puede observar, el criterio de tolerancia estará supeditado a determinar 
los valores de presión de falla y presión de operación segura, luego de utilizar las Ec. 
(2) ó (3). Cabe precisar que, el ASME B31G recomienda un factor de seguridad SF 
mínimo igual a la relación de la presión de prueba hidrostática mínimo requerido para 
el tipo dado de construcción de tubería a la MAOP o MOP, pero por lo general, no 
menor de 1.25. Sin embargo a fin de poder tener un punto de comparación con los 
resultados de la empresa de inspección, utilizaremos el valor de factor de seguridad 
considerado por dicha empresa, es decir el valor de 1.4. 
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Por lo antes expuesto, procederemos a calcular estos valores, mediante la creación 
de un código utilizando la herramienta computacional Matlab y presentamos los pasos 
seguidos: 

Paso 1. Los datos de caracterización del ducto bajo análisis, los cuales son cons-
tantes, se han introducido estos valores en nuestro editor creado en Matlab, según: 

% Determinación presión de falla en defecto por corrosión según ASME B 31.G 
% espesor nominal de la tubería 
t = 0.5; 
% Diámetro externo de la tubería 
D = 34; % datos acorde tubería 
% Caracterización de la tubería 
smys = 42000; 
SF_factordeseguridad = 1.4; 
Paso 2. Se ingresa la data necesaria para cálculos, para lo cual se ha creado un ar-

chivo en Excel denominado ³Data corrosion-ASME B 31G´, conteniendo de manera 
agrupada toda la información necesaria para cálculos y se han utilizado los datos co-
rrespondientes a la columna 5 hasta la columna 11 según: 

% Ingreso de data para cálculos 
data = xlsread('Data corrosion-ASME B 31G','Hoja1','D5:I11'); 
Paso 3. Introducción de la data necesaria para cálculos, relacionados al defecto por 

corrosión tales como longitud del área afectada y la profundidad de corrosión, seguido 
procedemos a realizar los cálculos para cada par de datos, según: 

% Ingreso de la información referida al defecto por corrosión 
L = data(:,5); 
z = ((L).^2./(D.*t)); 
% Cálculo de la tensión de falla por cada longitud de corrosión y su 
% respectiva profundidad de corrosión 
for d= data(:,6) %variable 
   if  z <= 20; 
    M_folias = sqrt(1 + (0.8 .* z)); 
    S_F= (1.1*smys).*((1-(2/3).*(d/t)) ./ ((1-(2/3).*(d/t)./M_folias))); 
    else 
    S_F = (1.1*smys).*(1 - (d./t)); 
    end 
 end 
Paso 4. Determinación de la presión de falla y la presión de operación segura, e in-

clusión de los resultados en el archivo Excel denominado Data corrosion-ASME B 
31G, así como la creación de gráfica representativa, según: 

% Determinación de la presión de falla y la presión de operación segura 
P_F= 2 .* S_F .* t / D; 
P_S= P_F ./ SF_factordeseguridad; 
xlswrite(µData corrosión-ASME B 31G¶,P_F,¶Hoja1¶,¶L5:L11¶); 
xlswrite(µData corrosión-ASME B 31G¶,P_S,¶Hoja1¶,¶M5:M11¶); 
plot(data(:,6),P_F,¶ro¶); 
xlabel(µProfundidad de corrosión [pulg.]¶); 
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ylabel(µPresión de Falla [psi]¶); 
title(µPresión de Falla vs Profundidad de corrosión ducto 34 pulgadas¶); 
grid; 
Paso 5. Se realiza el análisis final, en donde los resultados de la ejecución del pro-

grama de Matlab son representados a través de una gráfica con los valores determina-
dos, tal como se muestra en la Fig. 1, y la matriz de análisis mostrada en la Tabla 3. 
Los valores calculados a través de Matlab son introducidos en nuevas columnas del 
archivo Excel denominado Data corrosion-ASME B 31G,  
Nomenclatura utilizada 
D = Diámetro exterior específico del ducto 
d = Profundidad de pérdida de metal 
L = Longitud de pérdida de metal 
M = Factor de abultamiento o Factor de Folias 
MAOP = Máxima presión de operación permitida 
MOP = Máxima presión de operación 
PF = Presión estimada de falla 2SFt/D 
PS = Presión de operación segura PF/SF 
SF = Nivel de tensión de falla estimada 
SMYS = Tensión de fluencia mínima especificada a condiciones ambientales 
t = Espesor de pared del ducto 
z = L2/Dt 

Tabla 3. Resultados de cálculos con Matlab. 

Defecto Diámetro 
[pulg.] Material 

Espesor 
de 

pared 
[pulg.] 

SYMS 
[psi] 

Factor de 
seguridad 

(SF) 

Longitud 
[pulg.] 

Profundidad 
[pulg.] 

Presión 
estimada 
de falla 

[psi] 
APPLUS 

Presión 
operación 

segura 
[psi] 

APPLUS 

Presión 
estimada de 
falla [psi] 

Matlab 

Presión 
operación 

segura [psi] 
Matlab 

1 34 API 5L 
X42 

0.5 42000 1.4 4.961 0.094 1230.000 878.600 1299.039809 927.8855776 

2 34 API 5L 
X42 0.5 42000 1.4 2.165 0.094 1325.000 946.400 1340.489908 957.4927917 

3 34 API 5L 
X42 0.5 42000 1.4 7.087 0.079 1240.000 885.700 1290.014193 921.438709 

4 34 API 5L 
X42 0.5 42000 1.4 12.205 0.102 1240.000 885.700 1232.81981 880.5855789 

5 34 API 5L 
X42 0.5 42000 1.4 9.213 0.079 1221.000 872.100 1276.116616 911.5118687 

6 34 
API 5L 

X42 0.5 42000 
1.4 4.016 0.079 1277.000 912.100 1320.715303 943.3680733 

7 34 API 5L 
X42 0.5 42000 1.4 4.173 0.087 1270.000 907.100 1314.432455 938.8803251 
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3 Conclusión 

Basados en la metodología del estándar ASME B31G utilizada, hemos determinado 
que los valores de presión de falla determinados con la herramienta computacional 
Matlab son bastante congruentes con los determinados por la empresa que realizó la 
inspección y detecto los defectos de corrosión, identificándose un error menor al 5 % 
tal como se muestra en la Tabla 4, y siendo que la presión de operación del ducto bajo 
análisis es de 100 psi, este valor se encuentra muy por debajo de la presión estimada 
de operación segura para las secciones identificadas con defectos y por tanto puede 
operar de manera segura. 

 
Fig. 1. Representación de los valores de Presión de falla para cada profundidad de 

corrosión detectada. 

Tabla 4. Comparativa de resultados de cálculos con Matlab versus APPLUS 

Defecto 

Presión 
estimada de 
falla [psi] 
APPLUS 

Presión 
operación 

segura [psi] 
APPLUS 

Presión estima-
da de falla [psi] 

Matlab 

Presión opera-
ción segura [psi] 

Matlab 

Error respecto 
de los resultados 
de APPLUS 

1 1230.000 878.600 1299.039809 927.8855776 5.61% 
2 1325.000 946.400 1340.489908 957.4927917 1.17% 
3 1240.000 885.700 1290.014193 921.438709 4.03% 
4 1240.000 885.700 1232.81981 880.5855789 -0.58% 
5 1221.000 872.100 1276.116616 911.5118687 4.51% 
6 1277.000 912.100 1320.715303 943.3680733 3.42% 
7 1270.000 907.100 1314.432455 938.8803251 3.50% 
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2 Departamento de Ingenieŕıa Eléctrica, Electrónica y Telecomunicaciones
Universidad de Cuenca

Ave. 12 de Abril y Agust́ın Cueva, Cuenca, Ecuador
3 Grupo de investigación en conversión, almacenamiento y gestión de enerǵıa
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Abstract. Este art́ıculo presenta una metodoloǵıa para reducir los re-
querimientos de almacenamiento de enerǵıa a través de bateŕıas (BESS,
por sus siglas en inglés) aplicada al suavizado de la variación de potencia
de un parque eólico. Esta reducción se alcanza a través de la combi-
nación en el funcionamiento de un sistema de gestión de enerǵıa (EMS,
por sus siglas en inglés) con un BESS de tamaño optimizado. El cálculo
de la capacidad del BESS se determina mediante el uso de un algoritmo
evolutivo. El EMS despliega un sistema de control basado en retroali-
mentación del estado de carga (SOC-FB) para reducir las variaciones de
potencia del parque eólico, mientras que el algoritmo de optimización
determina el requisito mı́nimo del BESS para mantener la variación de
potencia de acuerdo con una función de costo. Este enfoque se prueba
utilizando datos reales de un parque eólico. Los resultados de la simu-
lación muestran una reducción significativa de la variación de potencia
en el caso de estudio, con una capacidad mı́nima del BESS.

Keywords: Battery energy storage system · Feedback control · Output
fluctuation · Regulation state of charge · Wind power generation.

1 Introducción

El creciente desarrollo económico y la demanda de enerǵıa en las economı́as emer-
gentes, sumado a la preocupación por el cambio climático [5], está impulsando
el uso de enerǵıas renovables en muchos páıses a nivel mundial [14]. El estu-
dio presentado en [5] prevé que América Latina duplicará su consumo eléctrico
en los próximos veinte años. Parte de esa demanda será cubierta por enerǵıas
renovables.
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El uso de este tipo de fuentes de enerǵıa acarrea un enorme problema, y es
que los recursos naturales presentan grandes niveles de variación a lo largo del
d́ıa, lo que se traduce en picos y/o rampas de producción energética. Si estos
picos no se controlan, perjudican el desempeño del sistema de generación y en
consecuencia a los clientes conectados a la red de distribución [9] [1]. Por lo
tanto, es necesario mantener la estabilidad de la enerǵıa producida por este tipo
de sistemas [10].

Un sistema de almacenamiento de enerǵıa con bateŕıas (BESS) puede propor-
cionar soluciones para la gestión de enerǵıa, permitiendo estabilizar y compensar
las variaciones presentes en sistemas de enerǵıas renovables [10]. Con este fin,
varios autores han estudiado y diseñado estrategias de control para mitigar las
fluctuaciones de salida en plantas eólicas. Por ejemplo: el uso de un BESS para
inyectar o absorber enerǵıa en momentos de alta a baja demanda, manteniendo la
calidad del servicio requerido [11] [4]. En [16] se describen diferentes metodoloǵıas
para la integración de un BESS, mejorando la eficiencia de la distribución de en-
erǵıa. La referencia [6] presentan un estudio detallado de la implementación de
un BESS en una planta eólica de 30 MW, obteniendo una reducción significa-
tiva de grandes tasas de rampa positivas y negativas empleando un BESS de
15 MWh. En [3] se presenta un sistema h́ıbrido, BESS y compresores de aire,
para almacenar la enerǵıa excedente y entregarla cuando la demanda sea alta
y/o suavizar la salida en caso de variaciones en una planta eólica. Por último, en
[17] y [15] se presentan sistemas de suavizado de enerǵıa que combinan un BESS
con controladores inteligentes que adaptan el sistema según las condiciones de
la potencia generada en plantas eólicas.

El principal problema al trabajar con BESS en sistemas de gran potencia es
que el nivel de carga de las bateŕıas debe permanecer en un rango adecuado. Si
la fluctuación de la producción en el parque eólico simplemente se suaviza con
el BESS, sin regular el nivel de carga, ésta alcanzará su ĺımite inferior cuando
existan bajos niveles de generación o su ĺımite superior al suavizar una gran
variación de la producción de la planta eólica. Esto implica la necesidad de una
gran capacidad energética, asociada a un coste monetario de valor proporcional,
de un BESS si no existe un método de control para regular el nivel de carga [9].

Este trabajo presenta un sistema de suavizado para la enerǵıa de salida de
una granja eólica empleando un BESS operado por un controlador basado en
el estado de carga (SOC) conocido como SOC-FB (del inglés State-Of-Charge
Feed Back) que se encarga de mantener el SOC de las bateŕıas dentro de un
rango adecuado de trabajo (del 0% al 100%). Se emplean datos reales de una
granja eólica, que presentan grandes picos de producción debido a la ubicación
geográfica de los aerogeneradores. El objetivo principal del sistema propuesto
aqúı es optimizar la magnitud de un BESS conectado a la salida de la granja
eólica, de tal forma que la potencia de salida presente variaciones menores al 50%
de su valor original, medidas a través de la desviación estándar de su derivada. Se
emplea un algoritmo evolutivo para minimizar el valor de la desviación estándar
de la derivada mediante una función de costo en la que se ponderan la derivada
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de la salida y la capacidad de almacenamiento del BESS, obteniendo un valor
óptimo de este último.

El documento se organiza de la siguiente manera. La sección II presenta
el caso de estudio. La sección III presenta el controlador y algoritmo de opti-
mización. La sección IV presenta resultados de simulaciones que se basan en
datos experimentales. La sección V presenta las conclusiones del trabajo.

2 Caso de estudio

2.1 Granja eólica

Para realizar la presente investigación se toma como estudio una granja eólica
compuesta por 26 aerogeneradores de 2 MW ubicados a lo largo de un perfil
costanero, como se aprecia en la Fig. 1. En conjunto, los 26 aerogeneradores
entregan un total de 52 MW de potencia instalada.

53.6 53.8 54 54.2

26.64

26.66

26.68

26.7

×105

×104

Fig. 1: Disposición geográfica de los aerogeneradoress

El modelo simplificado de los aerogeneradores se muestra en la Fig.2, donde
se pueden distinguir las 4 regiones de operación de un aerogenerador. En la
primera región, de baja velocidad, el aerogenerador está a la espera de que el
viento supere la velocidad de corte, en este caso 3 m/s, para poder arrancar
[8]. En la segunda región el aerogenerador comienza a funcionar; esta zona se
encuentra limitada por la velocidad de corte y la velocidad nominal, que para
este modelo es de 10 m/s. La tercera región, conocida como zona de potencia
constante, se da cuando las velocidades del viento son lo suficientemente altas
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como para que el aerogenerador deba limitar la potencia generada, asegurando
que ésta no exceda las cargas eléctricas y/o mecánicas seguras. Finalmente, en
la cuarta región, para proteger el aerogenerador de una sobrecarga estructural,
éste debe retirarse del sistema de generación cuando el viento supera la segunda
velocidad de corte [2], 25 m/s para el modelo en estudio.
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Fig. 2: Modelo simplificado del aerogenerador. Se incluye la etapa de conversión
mecánica a enerǵıa eléctrica.

Los datos disponibles de la granja eólica consisten en un conjunto de medi-
ciones de velocidad de viento, realizadas durante tres meses, obtenidas de tres
torres equipadas con anemómetros, nombradas CB, NB y SE, ubicadas en las co-
ordenadas geográficas (532851, 2670737), (540621, 2665887) y (542389, 2663778),
respectivamente. Una porción de los datos se muestra en la Fig. 3.
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Fig. 3: Porción de datos de viento disponibles
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El modelo de granja eólica propuesto genera predicciones de viento para los
26 aerogeneradores. Luego, se interpolan los datos predichos usando el modelo
del aerogenerador de la Fig. 2, obteniendo valores de potencia generada para
cada aerogenerador. Finalmente, la potencia total de la granja es la suma de
estas potencias individuales.

Un análisis de la matriz de correlación de las tres mediciones de viento mues-
tran que éstas se encuentran altamente correlaciones entre śı por lo tanto, para
poder modelar el sistema es necesario implementar una simulación Montecarlo
que permita obtener predicciones de viento, independientes, en base a las distan-
cias de los aerogeneradores a los anemómetros. Se emplea la descomposición de
Cholesky, que según [7] se usa generalmente en sistemas de predicción de viento,
para correlacionar los datos predichos.

El modelo de la granja corresponde al siguiente algoritmo.

1. Se obtiene la matriz de covarianza M empleando un modelo polinomial con
base en los datos de viento disponibles y la distancia entre los aerogener-
adores.

2. Sobre M se aplica la descomposición de Cholesky, obteniendo la matriz R,
según la ecuación (1). Esta matriz será usada para entregar la correlación
del sistema original a los datos predichos.

M = RTR (1)

3. Se realiza la predicción de los datos de viento incidentes en cada aerogen-
erador usando un modelo ARMA (del inglés autoregressive–moving-average
model) de los datos obtenidos por los anemómetros. Se emplea un vector
de datos aleatorios para generar datos de viento no correlacionados entre śı,
ecuación (2).

Wp = ARMA[W,Wr] (2)

donde, Wp son los datos de viento predichos, W son los datos de viento
medidos por los anemómetros, y Wr son valores aleatorios.

4. Luego se realiza el ajuste de los datos predichos, agregando la covarianza
deseada mediante la ecuación:

Wn = WpR (3)

donde, Wn son los datos de viento ajustados.
5. Wn se utiliza como datos de entrada para interpolar la potencia producida

por cada aerogenerador, Pn, usando el modelo de la Fig. 2.
6. Finalmente, la potencia total de la granja eólica es la suma de las potencias

obtenidas para cada torre, ecuación (4).

PT =
26∑

n=1

Pn (4)
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La salida del modelo de la planta eólica se presenta en la Fig. 4, en donde
además se muestra la derivada de la potencia generada por los 26 aerogener-
adores. Un análisis de la Fig. 4 revela que la salida presenta grandes niveles de
variación en peŕıodos de tiempo relativamente cortos, llegando a existir diferen-
cias de casi 50 MW, como se observa en el intervalo de los 1000 a 1100 minutos.
Estas variaciones se pueden observar de mejor manera en la derivada de esta sal-
ida. Surge entonces la necesidad de suavizar la potencia generada con el objetivo
de no provocar daños a los sistemas conectados a la granja eólica.
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Fig. 4: Potencia de salida, y su derivada, del modelo de la planta eólica

3 Sistema propuesto

Con el objetivo de suavizar la potencia de salida de una planta de enerǵıa renov-
able, manteniendo el SOC de las bateŕıas dentro del rango de funcionamiento, el
sistema propuesto hace uso de un controlador basado en SOC-FB. Este contro-
lador posee variables que, junto a la capacidad del BESS, deben ser determinadas
y/o configuradas para un adecuado funcionamiento del sistema. Para esta última
tarea se implementa un algoritmo evolutivo, llamado Hybrid Differential Evolu-
tion Algorithm With Adaptive Crossover Mechanism, disponible en [12], con el
que se determina de manera óptima los parámetros del controlador y capacidad
del BESS.
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3.1 Esquema de control

El sistema de control a implementar fue adaptado de [9], éste tiene como objetivo
suavizar la potencia de salida de una planta eólica a la vez que se mantiene el
SOC de las bateŕıas del BESS dentro de un rango de operación. El modelo de
BESS implementado consiste en un sistema de bateŕıas de flujo redox (conocida
también como bateŕıa de vanadio) y el esquema de control adaptado a este
problema se muestra en la Fig. 5, y a continuación se detalla su funcionamiento
mediante el diagrama de flujo en Fig. 6.

Wind
Power

Filter

−
+

A · B −
+

+
−

Offset

+
+

BESS −1
s

A

+
+ Combined

Output

SOC

Fig. 5: Esquema de control SOC-FB

– En primer lugar, los datos de potencia generada por la granja eólica pasan a
través de un filtro de retardo de primer orden con una constante de tiempo
T (en segundos). La salida de este filtro recibe el nombre de target output.

– Con el objetivo de obtener la señal que debe ser producida/entregada por
el BESS, el target output es restado de la salida de la planta. Esta salida
recibe el nombre de referencia de potencia (PR).

– Luego, a PR se adiciona el SOC, generando la referencia final para el BESS
( mediante el bucle de retroalimentación), asegurando de esta forma que el
BESS no se cargue o descargue más allá de sus ĺımites.

– La salida del BESS pasa por un bloque que permite el cálculo del SOC, que
luego se retroalimenta para ser usado en la creación de la señal de referencia.

– Finalmente, se combinan la potencia generada por la planta y la salida del
BESS para obtener la salida suavizada.

La aplicación del esquema de la Fig. 5 conlleva a la implementación de las
variables indicadas en la Tabla 1, sujetas a las ecuaciones (5) - (9). La ecuación
(5) representa el ĺımite en donde el target output, salida del filtro con constante
T , es alcanzable para una capacidad, E, de BESS dada ante una planta con una
capacidad máxima CWF . Aśı mismo, el valor de α, que debe ser obtenido de la
ecuación (9), de alĺı la restricción de 0 < M < 0.5 necesaria para mantener el
rango de α en 0 < a < 1.

T <
E

CWF
(5)
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Fig. 6: Funcionamiento del esquema de control

A =
1

T
(6)

B = αT ; con 0 < a < 1 (7)

Offset = A ·M (8)

M =
E − αTCWF

2E
; con 0 < M < 0.5 (9)

3.2 Algoritmo de optimización

Uno de los objetivos de este proyecto es el dimensionamiento del BESS requerido
para suavizar la potencia de salida. Adicionalmente, el controlador cuenta con
dos parámetros principales: la constante de tiempo del filtro, T y el margen
de offset M ; variables de las que se derivan las restantes. Estas tres variables
deben ser determinadas de tal manera que la salida sea óptima, reduciendo aśı la
capacidad del BESS, y su coste asociado, y suavizando lo más posible la salida.

Para encontrar los valores antes mencionados se ha implementado el algo-
ritmo evolutivo Hybrid Differential Evolution AlgorithmWith Adaptive Crossover
Mechanism presentado en [13], que ya ha sido puesto a prueba en diversos proble-
mas de optimización por los autores, encontrando soluciones dentro de los rangos
reportados.

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 407

pmoreno
ISBN 978-9942-44-109-6



Minimización del requerimiento de almacenamiento de enerǵıa en parques eólicos 9

Tabla 1: Variables del esquema de control

Variable Descripción Unidades
E Capacidad del BESS MWh

CWF Capacidad de la granja eólica MW
T Constante de tiempo del filtro Sec
A Ganancia de retroalimentación Sec−1

B Ganancia del target output Sec
.
Offset
.

El offset y M (margen de offset)
impiden que el SOC alcance sus
ĺımites operativos

MW

.
M
.

–

α
Coeficiente usado para mitigar
las variaciones del target output

–

En términos generales, el diagrama de flujo de la Fig. 7 representa el fun-
cionamiento del algoritmo evolutivo. A continuación, se detalla este algoritmo:

1. En primer lugar se generan los valores (dentro de los rangos dados) para las
variables en estudio, en este caso E, T y M .

2. Los nuevos valores conforman el vector padre, que será usado para crear un
vector mutante.

3. Se realiza el cruce entre el vector padre y el vector mutante aplicando algo-
ritmos estad́ısticos para la creación de un vector hijo.

4. Se evalúa la función de costos para el vector padre e hijo.
5. Se seleccionan los valores que representen la mejor función de costos y se

convierten en el nuevo vector padre.
6. Los pasos anteriores se repiten siempre que el número de generaciones no

sea mayor al indicado como parámetro.
7. Al finalizar, el algoritmo devuelve los mejores valores encontrados.

La parte adaptativa del algoritmo se presenta cuando, luego de un deter-
minado número de iteraciones, no puede encontrar un mejor resultado para la
función de costos, entonces usando técnicas estad́ısticas crea un nuevo vector
padre con el objetivo de salir de aquel mı́nimo local.

Para su aplicación en este proyecto el algoritmo fue adaptado con el fin de
encontrar los valores óptimos de E, T y M , para ello fueron modificadas ciertas
funciones del código principal para que sea compatible con el esquema de control,
y fue implementada la siguiente función de costos:

f = md + βmBESS (10)

donde,md corresponde a un valor obtenido de la suma de los valores absolutos de
los elementos de la derivada de la señal combinada (salida del sistema), mBESS
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Fig. 7: Evolutionary Algorithm

representa la magnitud del BESS en MWh y β es una variable, en el rango
0 < β ≤ 1, que permite determinar si el algoritmo dará mayor o menor prioridad
a la magnitud del BESS por sobre la suavidad de la señal de salida.

4 Resultados

Una primera prueba del sistema se lleva a cabo utilizando los datos de potencia
generada mostrados en la Fig. 4 y los valores de la Tabla 2. Esta prueba se divide
en dos partes: en la primera, se implementa únicamente el filtro para generar
una señal deseada que se utiliza como referencia para el BESS. Es decir, no se
implementa el controlador. En la segunda parte se adiciona el controlador, con
el objetivo de observar el comportamiento de estos dos escenarios.

Tabla 2: Parámetros primera prueba
Variable Magnitud

Capacidad de la granja eólica (CWF ) 52 MW
Capacidad del BESS (E) 10 MWh
Constante de tiempo del filtro (T) 692 sec
Margen de offset (M) 0.3
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En la Fig. 8a se muestra el resultado del primer escenario. Se observa como el
SOC decae rápidamente, por lo que el BESS se queda sin enerǵıa, siendo entonces
la salida del sistema igual a la potencia original de la planta. Esto ocurre debido
a que los 10 MWh no son suficientes para compensar directamente los casi 30
MW que pierde inicialmente la potencia de salida de la planta.

Los resultados del segundo escenario de esta prueba se muestran en la Fig.
8b. Aqúı el SOC se mantiene dentro de los ĺımites de operación, entre 0% y
100%, lo que permite al BESS cargarse y descargarse cuando sea pertinente.
Sin embargo, aún con el controlador no es suficiente para realizar un correcto
suavizado de la potencia debido al bajo valor de la constante del filtro. Esto se
refleja obteniendo la desviación estándar de la derivada de la potencia de salida
de la planta original, 81.66, y la desviación estándar la derivada de la salida del
sistema SOC-FB, que es de 42.08, representando más del 51%.
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Fig. 8: Resultado del sistema a) sin controlador. b) con controlador SOC-FB

Una comparativa de los resultados de la primera prueba se presentan en la
Fig. 9, donde se puede observar la salida del sistema en el intervalo de 0 a 1500
minutos. Aqúı, la salida que no tiene controlador prácticamente se solapa con la
potencia generada por la planta, es decir, no hay suavizado. La salida del sistema
con SOC-FB presenta un suavizado, pero, aun aśı, no es mucha la diferencia
con respecto a la potencia original, como muestran los valores de la desviación
estándar, además de que no es capaz de seguir al 100% a la referencia debido
a que el controlador debe mantener al SOC dentro de los ĺımites operativos,
evitando que el BESS libere demasiada enerǵıa.

De los resultados de la prueba anterior se hace evidente la necesidad de buscar
los valores óptimos de las variables de E, M y T . Este problema se aborda en
una segunda prueba, combinando ahora el sistema de control con el algoritmo
Hybrid Differential Evolution Algorithm With Adaptive Crossover Mechanism.
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Fig. 9: Resultados de la prueba del sistema

Los rangos para los valores en donde se buscará la optimización se muestran en
la Tabla 3, utilizando 100 generaciones.

Tabla 3: Rango de valores para la optimización

Variable Rango
Capacidad del BESS (E) 1 MWh - 50 MWh
Constante de tiempo del filtro (T ) 100 sec - 3460 sec
Margen de offset (M) 0.1 - 0.49

La ejecución del algoritmo entrega como resultado los valores: E= 20 MW,
T = 1325 s, M= 0.19, presentando un valor relativamente bajo de E, esto de-
bido a que mientras más alto sea β el algoritmo se enfocará más en reducir el
valor del BESS. Los resultados de esta prueba se muestran en la Fig. 11a, con
una desviación estándar de la derivada de la salida 27.14 (33% del valor original).

Para determinar el valor adecuado de β (coeficiente que determina la pri-
oridad de la reducción del BESS) que entregue el mejor valor posible para el
BESS, a la vez que se suaviza la potencia generada, se procedió a ejecutar sim-
ulaciones para diferentes valores de β, procediendo luego a analizar la derivada
de la salida del sistema. En la Fig. 10 se muestran el mejor valor para el BEES y
la desviación estándar de la derivada de la salida del sistema para cada valor de
β. Se observa que alrededor del valor β = 0.4 se obtienen valores similares para
estos estad́ısticos, más allá de éste la salida implicaŕıa un mayor valor para el
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BESS, lo que no justificaŕıa su implementación, pues no tendŕıa sentido poseer
un BESS de 50 MWh en una planta de 52 MW.
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Fig. 10: Análisis de los resultados para diferentes β

Se concluye entonces que los valores óptimos para el sistema son: β = 0.4,
E = 33 MWh, T = 2281 y M = 0.1. Finalmente, en la Fig. 11b se muestra la
salida del sistema para estos valores, en donde se tiene una variación máxima
de aproximadamente 25 MW, en el intervalo de 1000 a 1100 minutos, contra los
casi 52 MW que sufre la salida original de la planta, además la salida del sistema
presenta una desviación estándar de 11.17 que representa menos del 13.77% del
sistema sin controlador.
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Fig. 11: Resultado de la optimización a) con β = 1. b) con β = 0.4
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5 Conclusiones

La propuesta de dimensionamiento y gestión del almacenamiento de enerǵıa a
través de bateŕıas de este trabajo demuestra que es posible disminuir la variabil-
idad de la potencia en sistemas de generación de enerǵıa renovable que usan el
viento como fuente primaria. Espećıficamente, el análisis cŕıtico de la dimensión
y operación del BESS en combinación con la estrategia de control SOC-FB re-
ducen la variabilidad pico de la potencia en 86.32%, medido con respecto a
la desviación estándar, en la granja eólica bajo estudio. Estos resultados so-
portan la hipótesis de que enfoques similares a los presentados en este trabajo
ofrecen soluciones alternativas a los que basan la gestión de los sistemas renov-
ables en esquemas de predicción complejos y altamente costosos. Finalmente, la
metodoloǵıa propuesta en este trabajo extiende las posibilidades de aplicación
a otras tecnoloǵıas de almacenamiento de enerǵıa, como el almacenamiento de
hidrógeno, aire comprimido, bombeo de agua, etc.
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Abstract. The interest in small-scale hydropower generation (SSHG)
has increased greatly, but its potential remains untapped, even in places
where adequate infrastructure already exists. Many studies have high-
lighted the advantages of using pumps as turbines (PAT) and present
this solution as the best for SSHG. However, pumps are not provided
with technical characteristics in reverse mode. Several authors have pre-
sented suitable models for converting the best efficiency point of a pump
when operating as a turbine and vice versa. Furthermore, PAT mod-
els have been also proposed to obtain their characteristic curves. This
paper, presents a review of these methodologies and describes a step-by-
step procedure that can be very useful to support small-scale hydropower
designers to select the most suitable PAT for a given site, as well as for
predicting the PAT performance curves. This procedure is applied in
a case study, in which a PAT will be used to generate energy for self-
consumption in a building.

Keywords: Pump as Turbine · PAT Characteristics · Small-Scale Hy-
dropower · Case Study.

1 Introduction

Energy is a critical challenge that the world continues to face, today more than
ever. Renewable energy has become a priority and conventional hydropower
plants have the largest share [1] with well-known advantages and disadvan-
tages. This is a well explored and mature technology. However, the potential
for small-scale hydropower generation (SSHG) worldwide remains untapped and
increasing attention is being paid to this energy resource [2]. Moreover, dealing
with the very small still remains a challenge. The most significant one is the
high cost of commercial turbines [1] and this has discouraged the exploitation
of small water resources in the recent past [3]. An effective strategy to take ad-
vantage of SSHG is to use a Pump As Turbine (PAT) due to due to lower cost
and higher availability [1, 4]. Indeed, cost savings can reach -74% at the expense
of a slight reduction of -19% in the electrical power generated, compared with
turbines designed for specific sites [2]. Furthermore, pumps are technologically
simpler than conventional turbines and spare parts are widely available [4].
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PATs can be used in many contexts such as in water distribution networks
to replace pressure reducing valves [1, 3], in energy recover from rainwater [3], in
pumped-hydro energy storage systems [5] or irrigation systems [2].

The main challenge to using PATs, is the lack of information since manu-
facturers do not provide the performances of their machines running in reverse
mode of operation [2, 4]. For this reason, several authors have developed suitable
prediction models of PAT characteristics. This is not a new topic [6, 7], but it has
had a huge development in recent years [3, 8]. Basically, there are models that
correlate the pump Best Efficiency Point (BEP) with the PAT one and models
that predict the PAT characteristic curves. The former are based on conversion
factors of the BEP between the modes of operation, as pump or as turbine [2, 3,
8–12]. In this way it is possible to select the most suitable pump for a given site
and, on the other hand, knowing the BEP of a pump, to estimate the BEP of
its operation as a turbine. To this end, different authors have proposed models
based on polynomial expressions that predict the characteristic curves of head,
power and efficiency as a function of flow [3, 9, 13, 14].

This paper presents a literature review of these models and a comprehensive
application for SSHG using PATs. After this first section of introduction, section
2 describes, step-by-step, this methodology and section 3 presents the results
of a case study with its application to a SSHG unit for self-consumption in the
Ciência Viva Centre of Bragança, Portugal. Finally, the main conclusions are
presented in section 4.

2 Methodology

The methodology used in this work is presented in Figure 1 and is described,
step-by-step, in sections 2.1 and 2.2. The fundamental design criterion is to
maximise the generated power per m3 of water. Thus, a PAT is selected for a
given site to operate at its BEP, even though it may generate greater power
outside it. For this reason, the most relevant aspects related to the efficiency
of the pump-motor set operating in generation mode (as a turbine) are briefly
presented in the next paragraphs.

Fig. 1. Methodology used for selecting a pump and its characterisation as a PAT.
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Hydraulic efficiency of well-designed turbines is in the range 80% to over 90%.
In smaller systems, where PATs are a competitive alternative, it reduces to the
range 60% to 80% and an efficiency around 70% can be expected [2]. Although
the efficiency of a PAT is lower compared to conventional turbines [2], this is not
true when compared to the efficiency in pump mode. Recent studies report that
the maximum efficiency in pump and turbine modes is approximately the same
[15]. With the experimental tests of 12 PATs reported in [3], it was possible to
observe that the efficiency in turbine mode is greater than that in pump one for
specific speeds between 15 and 65, and lower otherwise.

Usually, conventional centrifugal pumps are coupled with induction motors
because they are widely spread due to their low cost and robustness. The in-
duction machine is completely reversible and can suitably operate as a motor or
as a generator without any modifications [16]. Its efficiency greatly depends on
the efficiency class [17] and higher efficiency machines (i.e. IE3 and IE4) have
greater efficiency in generator mode. On the contrary, low efficiency machines
(i.e. IE1 and IE2) have greater efficiency in motor mode [16].

2.1 Design Methodology from Site Data to Pump Selection

Step 1 Site Evaluation
This first step basically consists of analysing the local energy potential and

its context in terms of physical, technical and legal requirements. For a given
site, the basic information required is the gross head (without considering any
hydraulic losses) and flow rate. Equally important is to know its pattern through-
out the year. With this site data, the hydraulic power, Ph [W ], is estimated by
Equation (1):

Ph = η × g × ρ×Q×H (1)

where η is the hydraulic efficiency, g is the gravity acceleration (9.81m/s2), ρ is
the water density (1000 kg/m3), Q [m3/s] is the flow rate and H [m] is the gross
head. In general, the head does not vary much and for small-scale hydro genera-
tion (SSHG), the annual yield will depend essentially on the time during which
the flow is available. In this context, where the flow can vary significantly over
time, the design becomes much more challenging. As for the overall efficiency,
and for a first assessment, a value of 50% can be used, already considering all
hydraulic losses (in pipe and PAT), and electric losses (in generator and other
electric equipment and wiring).

Step 2 Predicting Rotational and Specific Speeds: N and Nst

The available head and expected flow at the site, determinate the theoretical
BEP (QBEPt, HBEPt) of the ideal PAT. In general, the shaft of a commercial
pump is directly coupled to the shaft of a three-phase induction motor. This set
operates at a rotation speed, N [rpm], which depends on the number of pole
pairs (pp) of the motor. This speed is close to the synchronous speed (= 60f/pp)
which also depends on the grid frequency (f = 50Hz or 60Hz). Due to cost and
manufacturing difficulties, most commercial induction motors are produced with
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1, 2 or 3 pole pairs. This means that for a frequency of 50Hz, the synchronous
speed is 3000, 1500 and 1000 rpm, respectively. The shaft speed is a few per cent
lower due to slip, which is inherent to the operation of asynchronous machines.
For this reason, manufacturers present, in their centrifugal pumps catalogues,
pump sets for 2900, 1450 and 960 rpm.

Using the rotational speed N [rpm], together with the flow and head values in
the BEP

(
HBEPp [m], QBEPp [m3/s]

)
, obtained from manufacturer catalogues,

the specific speed of the pump can be calculated, as shown in Equation (2). In the
same way, for a turbine (PAT), or for a given site (ideal PAT), the specific speed
is given by Equation (3), knowing the flow rate [m3/s] and head [m] available
at the site BEPt.

Nsp =
N
√

QBEPp

H0.75
BEPp

(2)

Nst =
N
√
QBEPt

H0.75
BEPt

(3)

Step 3 Predicting Conversion Factors: CQ and CH

This step consists of estimating the conversion factors from the ideal turbine
(site), obtained in the previous step, to the corresponding pump since manu-
facturers do not have the characterisation of their pumps in turbine mode. The
head and flow conversion factors are defined by expressions (4) and correspond,
respectively, to the ratio between the head in turbine mode (HBEPt=Hsite) and
that in pump mode (HBEPp), at the best efficiency point (BEP), and to the
ratio between the flow in turbine mode (QBEPt=Qsite) and that in pump mode
(QBEPp).

CH =
HBEPt

HBEPp
, CQ =

QBEPt

QBEPp
(4)

Predicting these conversion factors from the turbine mode to the pump mode
and vice-versa has been the subject of much research work over the past decades.
These studies resulted in proposals of different empirical methods, which predict
the BEP of a PAT, from the pump characteristics available from manufacturers.
Similarly, these methods also predict the BEP from PAT mode (head and flow
of the site) to pump mode. Table 1 presents the expressions developed in recent
studies and used in this work to predict these conversion factors.

Step 4 Predicting the Pump BEP: HBEPp and QBEPp

In this step, the pump BEP (BEPp) is estimated from the BEP of the ideal
turbine (BEPt=BEPsite) by using (5), obtained from coefficients (4), and using
the expressions presented in Table 1.

HBEPp =
HBEPt

CH
, QBEPp =

QBEPt

CQ
(5)
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Table 1. Expressions of head and flow conversion factors, from turbine to pump.

Authors Calculation of CH and CQ (turbine → pump)

Barbarelli [9]
CH = −0.00003N3

sp + 0.0044N2
sp − 0.20882Nsp + 4.64293

CQ = 0.00029N2
st − 0.02771Nst + 2.01648

(with Nsp = 0.9867Nst + 5.2818)

Barbarelli [3]
CH = −0.0000237N3

st + 0.00331N2
st − 0.15047Nst + 3.68497

CQ = 0.00026N2
st − 0.02302Nst + 1.88171

Stefanizzi [10]
CH = −0.000023N3

st + 0.003206N2
st − 0.145781Nst + 3.604636

CQ not applied

Algieri [2]
CH = −0.000018N3

st + 0.002764N2
st − 0.134384Nst + 3.540085

CQ = 0.00015N2
st − 0.0193Nst + 1.9011

Pérez-Sánchez [8] CH = 1
0.186314 ln(Nst)

and CQ = 1
0.210551 ln(Nst)

Step 5 Selecting a Pump from the Charts
Now, a standard pump must be selected from pump catalogues for the BEP

predicted in the previous step (HBEPp, QBEPp). Manufacturers offer charts
for N=2900, 1540 and 960 rpm which allow to select the most suitable pump
(50Hz). Once the pump has been selected, the impeller diameter must be chosen,
on another chart (H − Q), whose characteristic has the closest BEP to that
obtained in the previous step. Normally, a larger diameter corresponds to a
higher efficiency.

At the end of this step, the pump with a given impeller diameter is chosen,
whose characteristics (BEP) are: N , HBEPp, HBEPp, and ηBEPp, as well as the
specific speed, Nsp, using Equation (2).

2.2 Design Methodology from Pump to PAT Data Estimation

Step 6 Predicting Conversion Factors from Pump to Turbine: CQ and CH

Once a specific pump has been selected, its operation as a turbine has to
be characterised since it is not provided by manufacturers. Over the last few
years, many researchers have improved methods of predicting PAT characteris-
tics. As with the conversion from site (turbine mode) to pump, many studies
have presented conversion factors from pump to turbine. Some works use the
same coefficients of step 3, others use different ones. Some of them are based on
the pump efficiency at the BEPp [8, 12, 18], others use the specific speed [2, 3, 9,
10]. Table 2 presents the conversion factors used in this work.

Step 7 Predicting PAT BEP: HBEPt, PBEPt and ηBEPt

Now, once the conversion factors from pump to turbine mode have been
predicted in previous step, the PAT BEP can be characterised through Equations
(6) and (7).

HBEPt = CHHBEPp (6)
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Table 2. Expressions of head and flow conversion factors, from pump to turbine.

Authors Calculation of CH and CQ (pump → turbine)
Yang [18] CH = 1.2

η1.1
BEPp

and CQ = 1.2
η0.55
BEPp

Morabito [12] CH =5.1956N−0.323
sp and CQ = 3.1276N−0.219

sp

Barbarelli [9]
CH = −0.00003N3

sp + 0.0044N2
sp − 0.20882Nsp + 4.64293

CQ = 0.00029N2
sp − 0.02771Nsp + 2.01648

Barbarelli [3]
CH = −0.0000237N3

st + 0.00331N2
st − 0.15047Nst + 3.68497

CQ = 0.00026N2
st − 0.02302Nst + 1.88171

(with Nst = 0.9237Nsp − 2.6588)

Stefanizzi [10]
CH = −0.000023N3

st + 0.003206N2
st − 0.145781Nst + 3.604636

with Nst = 0.9237Nsp − 2.6588

CQ not applied

Algieri [2]
CH = −0.000018N3

sp + 0.002764N2
sp − 0.134384Nsp + 3.540085

CQ = 0.00015N2
sp − 0.0193Nsp + 1.9011

Pérez-Sánchez [8] CH = 1.2337
ηBEPp

and CQ = 1
0.825861

√
ηBEPp

QBEPt = CQ QBEPp (7)

To complement this conversion it is also necessary to predict the efficiency of
the PAT at the BEP from the pump data. Some studies reported that efficiency
is lower in turbine mode than in pump mode, others referred that it is approx-
imately the same [15] and others observed that is greater [3]. Table 3 presents
the expressions used in this work to predict the efficiency in turbine mode. Some
of them use the pump efficiency in BEPp [6], some use the specific speed [3, 19],
and others uses both [7, 8, 20, 21].

Table 3. Expressions used to estimate efficiency in turbine mode (ηBEPt).

Authors Calculation of ηBEPt

Alatorre-Frenk [6] ηBEPp − 0.03

Gülich2008 [20]
(
1.16− Nsp

200

)
ηBEPp

Audisio [7]
0.95η0.7

BEPp

[
1 +

(
0.5 + ln(Nsp)

)2]−0.25

with Nsp =
N
√

Q[l/s]

1673H0.75

Barbarelli [3] −0.00037N2
st + 0.02952Nst + 0.24326

Novara [19] 0.89− 0.024
Q0.41

BEPt
−0.076

(
0.22 + ln

Nst
52.933

)2

Rossi [21]
0.7933Nsp + 0.605ηBEPp − 0.09246N2

sp − 0.8254NspηBEPp + 0.3936η2
BEPp

with Nsp =

√
Q

gH0.75

Pérez-Sánchez [8] ηBEPp

√
0.250976 ln(Nsp)
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The predicted power of the PAT at BEP, PBEPt [W ], is calculated using
Equation (1) as shown in Equation (8). The global efficiency of the set (PAT+
generator) is obtained by Equation (9), also considering the generator efficiency
ηBEPg.

PBEPt = ηBEPt × g × ρ×QBEPt ×HBEPt (8)

PeleBEPt = ηBEPg × PBEPt (9)

Step 8 Predicting PAT Curves: Ht, Pt and ηt
In the design of SSHG systems based on the use of PATs, it is not enough

to estimate the BEP of the PAT, as described in the previous step. The BEP
of the selected PAT may not exactly match the ideal BEP of the site and,
furthermore, head and flow may vary over time. Thus, it is necessary to know
the characteristic curves of the PATs, i.e. head (Ht), efficiency (ηt) and power
(Pt) as a function of flow rate (Qt). The usual way to get this information
would be to ask the manufacturer. However, manufacturers also do not provide
characteristic curves of their pumps running as turbines since this would require
laboratory tests in turbine mode operation which would greatly increase their
final cost [3]. Due to this, significant efforts have been made by several researchers
to predict PAT performance curves, not only with theoretical approaches, but
also with experimental work of pumps tested in turbine mode. Several methods
have been developed over the past few years to predict head, efficiency and power
characteristic curves of a PAT knowing its BEP [3, 8, 21]. Some of them report
studies based on a database of 113 PATs [11]. Such methods are based on fixed-
coefficient polynomials and use dimensionless parameters h, q, η and p which are
obtained by dividing head (Ht), flow rate (Qt), efficiency (ηt) and power (Pt) of
the PAT, by the respective values at the BEP, as described by (10).

h =
Ht

HBEPt
, q =

Qt

QBEPt
, η =

ηt
ηBEPt

, p =
Pt

PBEPt
(10)

The respective curves have the polynomial form described by Equation (11).
The polynomials of h and p are of 2nd and 3rd order, respectively. Regarding
efficiency, some authors have reported the respective curve with a 4th order
polynomial [8], and others use the definition, ηt = Pt/Ph, to obtain the efficiency
curve, according to the dimensionless equation (12) [3].

h, η, p = ...+ a2 q
2 + a1 q + a0 (11)

η = p (hq)−1 (12)

By way of example, the real curves corresponding to the dimensionless Equa-
tions (11) and (12) are written, respectively, by Equations (13) and (14). The
real curves Pt and ηt are obtained in a similar way.

Ht =

[
a2

(
Qt

QBEPt

)2

+ a1

(
Qt

QBEPt

)
+ a0)

]
HBEPt (13)
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ηt =

[
Pt

PBEPt

(
Ht

HBEPt

Qt

QBEPt

)−1]
ηBEPt (14)

3 Results

3.1 Site Description

The PAT is to be installed in the Bragança Ciência Viva Centre, using the
same infrastructures (pipe and powerhouse) of an existing turbine. This 15 kW
conventional turbine was installed just over 10 years ago, but the number of op-
erating hours per year has been very low. This is mainly due to the required flow
(over 160 l/s) is only available for a short period of the year. In addition, criti-
cal breakdowns have occurred, with long repair times and requiring specialised
companies. The energy generated has been injected into the grid, according to
the legislation at the time, published in 2007.

At the beginning, the selling price was rather high, relative to purchase price,
due to the feed-in tariff incentive. Currently, the energy generated under those
contracts is sold at a very low price, and many homeowners are changing to the
current self-consumption legislation. In this new context, the energy generated
is consumed in the house and the surplus is injected into the grid, in practice at
zero cost.

In the case and according to the above mentioned, the goal is to make better
use of the existing infrastructure and generate hydro energy that can be used
for self-consumption in the building. It is worth pointing out that it is not nec-
essary to build any additional infrastructure and the use of a PAT guarantees
an effective solution, as it is low cost, widely available on the market, and whose
installation, maintenance and replacement can be done by local companies. Fur-
thermore, it does not require complex monitoring and control systems.

3.2 Design from Site Evaluation to Pump Selection

Step 1 Site Evaluation
The gross head available at the site is exactly 13m. Assuming a head drop

of 1m due to hydraulic losses in the pipe (curves and friction) and mainly due
to the water shut-off valve, the useful head across the PAT will be Hsite=12m,
which corresponds to about 8% of head losses.

The load diagrams of the last year (September 2021 to August 2022) were
analysed to obtain the average value of the minimum active power of the building.
It was verified that it happens in the periods between 6 pm and 10 am (when the
Ciência Viva Centre is closed).

The minimum values of active power, with a similar pattern, were recorded
from September 9 to October 25, 2021, from February 19 to 23, 2022, and in the
month of May 2022. In this month, the pattern of the minimum active power,
recorded between days 1 and 10 and between days 17 and 19, are representative
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of all the periods mentioned above. The average registered power (between 6 pm
and 10 am) was 1750W .

At this stage, the global efficiency is assumed to be 60% due to an expected
PAT efficiency of 70% and generator efficiency of 85% as described in the begin-
ning of section 2. Thus, for the head available, Hsite=12m, and required electric
power, Pele=1750W , and according to Equation (9) the required flow is about
25 l/s. Even if it is a very low water flow, in the context of hydropower genera-
tion, this flow is not expected to be available throughout the year. Indeed, local
observation experience in the context of other projects shows that, in a typical
year, a flow of 25 l/s will be difficult to guarantee during the summer months
(July, August and September).

From the above, a PAT generating a power of about 1.8 kW can operate 24
hours a day, for about 9 months, in a typical year. On the other hand, it should
be noted that this power corresponds to the maximum value that the building
can absorb, without having to send power back to the grid.

In summary, according to this first evaluation, an ideal PAT for the site, i.e.
Ht=12m, and Qt=25 l/s, with an overall efficiency of 60%, will generate a power
of about 1.8 kW , for 9 months per year, which corresponds to an annual yield of
almost 12MWh.

Step 2 Predicting Rotational and Specific Speeds: N and Nst

For the available head, there are pumps on the market with rotation speeds
of 2900, 1500 and 960 rpm. However, the head of 12m is at the lower limit of
2900 rpm pumps. On the other hand, calculating the specific speed, Nst, using
Equation (3) for N=2900, 1540 and 960 rpm results, respectively, 71.1, 35.6 and
23.5. It is worth noting that the experimental study reported in [3] proposed a
correlation between the maximum efficiency, ηmaxt and the specific speed Nst

given by the equation shown in Table 3. Therefore, according to this equation
(ηmaxt = −0.00037N2

st+0.02952Nst+0.24326), ηmaxt achieves its maximum for
Nst=40 and ηmaxt is above 80% for Nst in the range 30 to 50. Therefore, the
most suitable rotation speed is, definitely N=1450 rpm giving a specific speed
of Nst=35.6 which is not far way of the best value (40). On the other hand, it
is inside the range 30 to 50, assuring an efficiency above 80%.

Steps 3 and 4 Predicting Pump BEP: HBEPp and QBEPp

Table 1 has the expressions used to predict the head and flow rate conversion
factors, CH and CQ, from turbine to pump. This corresponds to step 3 and the
results are shown in Table 4. Using these conversion factors in step 4, according
to Equations (5), the pump head and flow values at BEP are obtained. The
results are also shown in Table 4.

Step 5 Selecting Pump from Charts
Now, a standard centrifugal pump is selected from the characteristic curves

provided by the manufacturers. It was chosen the manufacturer KSB since there
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Table 4. Values of head and flow rate conversion factors from turbine to pump.

Authors CH(t → p) CQ(t → p) HBEPp[m] QBEPp[m
3/s]

Barbarelli [9] 1.41 1.37 8.5 0.0182
Barbarelli [3] 1.45 1.39 8.3 0.0180
Stefanizzi [10] 1.44 not applied 8.3 0.0196

Algieri [2] 1.45 1.40 8.3 0.0178
Pérez-Sánchez [8] 1.50 1.33 8.0 0.0188

is some information available in previous studies. From the characteristic curves
for the desired rotation speed, N=1450 rpm, the pump whose BEP is closest to
the one obtained in the previous step is selected, as illustrated in Figure 2(a).
In this case, and at first sight, the choice is not very obvious. At this stage it
should bear in mind that the pumps have their best efficiency in the upper part
of their operating area. For this reason the 80-65-160 pump is selected. Next, the
impeller diameter must be chosen, as illustrated in Figure 2(b). As can be seen,
the desired BEP (P) is not far away from the BEP of the pump with a impeller
diameter of 174mm. In fact, this is the impeller diameter that allows the pump
to achieve greater efficiency. If the 100-080-160 pump had been chosen, it would
be concluded that its BEP occurs for lower head (7.3m) and higher flow rate
(31 l/s). Although this pump has a slightly higher efficiency at the BEP (85.8%),
it would work with a lower efficiency due to the lower working flow. In this step,
it may be necessary to perform a few iterations to identify the pump model and
its impeller diameter that leads to the highest efficiency.

Fig. 2. Selecting pump (a) and impeller diameter (b) from the characteristic curves.

The BEP of the selected pump is then obtained from Figure 2(b): HBEPp=
8.5m, QBEPp=57.5m3/h (16 l/s) and ηBEPp=81.3%. At this stage it is recom-
mended to consult the manufacturer’s representative. They can usually give more
precise information than is available in catalogues. In this case it was possible to
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find out that rated rotation speed and motor efficiency are 1468 rpm and 86%,
respectively. Therefore, from Equation (2), the pump specific speed is Nsp=37.3.
Table 5 summarises the characteristics of the selected pump (080-065-160, φ174).

Table 5. Characteristics of the selected pump: 080-065-160.

HBEPp QBEPp ηBEPp NBEPp Nsp Impeller diameter
8.5 m 57.5 m3/h (16 l/s) 81.3% 1468 rpm 37.3 174 mm

3.3 Design from Selected Pump to PAT Data Estimation

This section presents the estimation of the pump data operating in turbine mode
(PAT), based on the pump BEP obtained in the previous step (Table 5).

Steps 6 and 7 Predicting PAT BEP: HBEPt, QBEPt and ηBEPt

The head and flow conversion factors, CH and CQ, from selected pump to
turbine mode, are estimated in step 6, using the expressions presented in Table 2
and the respective values are presented in Table 6. Step 7 predicts the head and
flow at BEP, in turbine mode, using the conversion factors presented in Table
6 in Equations (6) and (7). The efficiency, ηBEPt, was estimated using directly
the expressions presented in Table 3 and the results are shown in Table 7.

Table 6. Values of head and flow rate conversion factors from pump to turbine.

Authors CH(p → t) CQ(p → t) HBEPt[m] QBEPt[m
3/s]

Yang [18] 1.51 1.34 12.81 77.32
Morabito [12] 1.61 1.42 13.72 81.42
Barbarelli [9] 1.42 1.39 12.06 79.73
Barbarelli [3] 1.49 1.41 12.63 81.24
Stefanizzi [10] 1.47 not applied 12.51 74.58

Algieri [2] 1.44 1.39 12.23 79.93
Pérez-Sánchez [8] 1.52 1.34 12.90 77.22

Average - - 12.69 78.78

For the purposes of this work, the average values obtained by the different
authors, are used for the pump operating point in turbine mode: HBEPt=12.7m,
QBEPt=78.8m3/s and ηBEPt=78.5%. Using these results, the specific speed is
calculated through Equation (3) which gives Nst=32. On the other hand, the
power in turbine mode is calculated by Equation (8) that gives PBEPt=2097.2W .
Considering the efficiency of the three-phase induction motor, operating as a
generator, equal to its efficiency as a motor (86%), the generated electric power
will be, according to the Equation (9), PeleBEPt=1803.6W . These results are

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 425

pmoreno
ISBN 978-9942-44-109-6



12 Vicente Leite

Table 7. Values of efficiency at BEP in turbine mode (ηBEPt).

Authors PAT efficiency (ηBEPt)
Alatorre-Frenk [6] 78.3%

Gülich [20] 79.2%
Audisio [7] 81.7%

Barbarelli [3] 80.9%
Novara [19] 76.8%
Rossi [21] 75.3%

Pérez-Sánchez [8] 77.5%
Average 78.5%

summarised in Table 8 and correspond to the predicted BEP of the selected
pump (Table 5) in turbine mode.

Table 8. Predicted BEP of the selected pump (080-065-160) in turbine mode.

HBEPt QBEPt ηBEPt ηBEPg NBEPt Nst PBEPt PeleBEPt

12.7 m 78.8 m3/h (21.9 l/s) 78.5% 86% 1468 rpm 32 2097.2 W 1803.6 W

Step 8 Predicting PAT Curves: Ht, Pt and ηt
The PAT curves (Ht, Pt and ηt as a function of Qt) were predicted using

Equations (11) to (14) considering the BEPt described in Table 8. The coeffi-
cients of head curve (given by Equations (11) or (13)) and the power one (11)
are presented in Table 9.

Table 9. Coefficients of head and power curves.

Authors Head curve coeff. Power curve coeff.
a2 a1 a0 a3 a2 a1 a0

Pérez-Sánchez [8] 0.406 0.621 0.000 -0.333 2.190 -0.863 0.000
Barbarelli [3] 0.922 -0.406 0.483 0.040 1.185 -0.043 -0.183
Novara [11] 1.160 -0.746 0.586 0.000 1.248 0.074 -0.322
Pugliese [13] 0.950 -0.338 0.388 -0.012 1.495 -0.483 0.000
Fecarotta [14] 1.610 -1.410 0.805 0.000 1.850 -0.858 0.00567

Figure 3 shows the obtained head curves, Ht, using the polynomial expres-
sions proposed by the different authors, and whose coefficients are in Table 9.
The efficiency curves were obtained as proposed in [8] and [3] and are super-
imposed in Figure 3. According to [8], the efficiency curve was obtained using
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polynomial Equation (11), with the following coefficients: a4=-1.219, a3=6.95,
a2=-14.578, a2=13.231 and a0=-3.383. The other efficiency curve was obtained
using Equation (14) as in [3]. Figure 4 presents the power curves, Pt, as a func-
tion of flow, Qt, using polynomial expressions whose coefficients are given in
Table 9. The efficiency curves were also superimposed in this figure.

Fig. 3. Predicted curves of head and efficiency.

According to Figures 3 and 4, the PAT will operate at the site with an
efficiency of 78.2%, which is very close to its maximum (78.5%). On the other
hand, the mechanical power of the PAT will be 1834.1W and, therefore, the
electrical power will be 1.6 kW . These results are not much lower than the values
in the BEP, shown in Table 8, respectively 2.1 kW and 1.8 kW . Considering 9
months of operation, the annual yield will be 10.2MWh while an ideal PAT for
this specific site would give 12MWh, as described in step 1.

Additionally, the efficiency will be little affected, considering some uncer-
tainty inherent to the curves, estimated by the different methods, since they are
very close at the site operating point.

4 Conclusions

This paper has presented a comprehensive approach for small-scale hydropower
designers, by providing a step-by-step procedure to select a pump and predict
its performance as a turbine (Pump As Turbine - PAT) which is not provided
by manufacturers. This procedure is based on recent studies that correlate the
pump best efficiency point (BEP) with the one in turbine mode. For this purpose,
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Fig. 4. Predicted curves of power and efficiency.

conversion factors obtained by several authors were used to select a suitable
pump, considering the head and available (or required) flow in a given site. Then,
for the selected pump, the corresponding BEP operating in turbine mode was
estimated using similar conversion factors. The BEP of the chosen PAT rarely
coincides with that of the site (head and flow). Thus, it is crucial to predict the
PAT operating point at the site for the annual yield estimation. Because of this,
the procedure uses models developed by several authors in order to predict the
PAT performance curves, i.e. head, power and efficiency as function of flow.

This procedure was applied to select a PAT, to be installed in the Ciência Viva
Centre of Bragança, Portugal, for self-consumption purposes, taking advantage of
the existing infrastructures (pipe and powerhouse). Based on the head available
(12m) and the average value of the minimum power demanded by the building
(1.75 kW ), obtained by the analysis of its load diagrams, the required flow was
determined (25 l/s) considering an expected efficiency of 60%. Based on the
obtained results, and for the site head, the selected PAT will operate with 20.5 l/s
and generate an electric power of 1.6 kW , with a global efficiency of 67.3% (PAT
efficiency of 78.2% and generator efficiency of 86%). From the knowledge of the
site, the flow of 20.5 l/s is expected to be available for a period of not less than
9 months per year. Thus, the energy generated annually will not be less than
10MWh, and will be fully consumed in the building.
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Abstract. The COVID-19 pandemic has caused millions of morbidity and mor-
tality cases across the world, forcing people to change their lifestyles and gov-
ernments to take different measures to slow down its spread. As a result, electric-
ity demand and consumption patterns across the different socioeconomic sectors 
were affected. This work presents a study investigating the impact of the COVID-
19 pandemic on electricity consumption and generation at CIC-IPN, a research 
and academic unit in the north of Mexico City. Electricity consumption and on-
site solar photovoltaic (SPV) electricity generation were assessed for three peri-
ods in the pandemic, pre-virtual activities, during-virtual activities, and post-vir-
tual activities (activities in person), compared to electricity consumption prior to 
the pandemic, the year 2019. It is noted that the activation of the on-site SPV 
electricity generation plant took place while in the during-virtual activities pe-
riod. Hence, generation and consumption patterns have also been compared be-
fore and after SPV electricity generation. The results show that electricity con-
sumption declined during the virtual-activities period compared to the pre- and 
post-virtual activities periods. SPV electricity generation reduces electricity con-
sumption from the state electricity company. The temporal analysis of the chang-
ing electricity consumption and generation patterns could provide helpful insight 
to decision-makers for targeted interventions. 

Keywords: Electricity consumption, Solar photovoltaic, Electricity generation, 
COVID-19 impact. 

1 Introduction 

The coronavirus disease 2019 (COVID-19) pandemic has caused millions of morbidity 
and mortality cases across the world, forcing people to change their lifestyles and gov-
ernments to take different measures to slow down its spread. Lockdown measures to 
prevent the spread of COVID-19 imposed by many countries led to sudden changes in 
socioeconomic habits which had direct effects on electricity systems. As a result, elec-
tricity demand and consumption patterns across the different socioeconomic sectors 
were affected. In this work a study, investigating the impact of the COVID-19 pan-
demic on electricity consumption and generation at Centro de Investigación en Com-
putación del Instituto Politécnico Nacional (CIC-IPN), a research and academic unit in 
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the north of Mexico City, is presented. Understanding how efforts to limit exposure to 
COVID-19 have altered electricity demand provides insights not only into how dra-
matic restrictions shape electricity demand but also about future electricity use in a 
post-COVID-19 world and for on-site solar photovoltaic (SPV) electricity generation. 

Electricity consumption and on-site SPV electricity generation were assessed for 
three time periods in the pandemic, pre-virtual activities, during-virtual activities, and 
post-virtual activities (activities in person), compared to electricity consumption prior 
to the pandemic, the year 2019. It is noted that the activation of the on-site SPV plant 
took place while in the during-virtual activities period. Hence, generation and consump-
tion patterns have also been compared before and during the pandemic and before and 
after on-site SPV electricity generation. 

Steep declines in electricity usage are associated with workday hourly load patterns 
that resemble pre-COVID weekend usage. Quantifying these impacts using a unified 
modeling framework is a crucial first step in understanding the impacts of crises like 
the pandemic and the associated societal response on electricity demand and consump-
tion. The remaining of the paper is organized as follows, related research is presented 
as continuation of Section 1, together with the description of the SPV electricity gener-
ation plant installed at CIC-IPN; Section 2 presents the electricity consumption patterns 
for pre-virtual activities, during-virtual activities, and post-virtual activities (activities 
in person), and pre and post-activation of the SPV plant at CIC-IPN; Section 3 presents 
a brief discussion of patterns observed and comparisons; finally, Section 4 presents the 
conclusion and future work. 

1.1 Related work 

In [1] the authors describe how electricity demand dropped significantly on work ac-
tivities during the COVID-19 pandemic period. This led to changes in the grid admin-
istration and electricity generation in a way that is unprecedented. The authors maintain 
that a study of this scenario will also be of great importance in the future transition to a 
greener energy. The data used in the study were taken from the national electricity com-
pany of Spain which has 44,000 km of power lines. For their research, they compare 
consumption electricity for two months of the years 2015 to 2019. The data taken were 
mainly from households in Spain, they compare previous years with the starting day of 
the lockdown and registered a reduction of 13.49% at the first weeks and continue to 
drop, reaching over 25%. As some industrial sectors were getting back to work, so de-
mand started to rise. Also, it is noticed that peak consumption times changed reaching 
its peak between 14:00 and 15:00 hrs., whereas before the pandemic this peak was 
reached early in the morning, and by early afternoon this peak decreased showing that 
consumption was constantly being lower. For the industrial sector, such as hotels, of-
fices, commerce, restaurants, health, education, etc., a decrease of the electricity de-
mand also was noticeable due also to the fact that a great part of the afternoon activities 
for this sector were suspended, reaching a consumption decrease of more than 30%. As 
for the residential sector, they represent the 25% of total daily electricity consumption 
reaching sometimes up to 30%. During confinement this sector had an increase in elec-
tricity consumption as schools closed and many people did their job from home, while 
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others, unfortunately, lost their jobs. Hence, electricity consumptions at homes were 
distributed the whole day during lockdown instead of at peak times on the mornings 
and late afternoons.  

In China regulations to control the pandemic disease were stricter with mandatory 
quarantines that led to a huge economic impact [2]. The electricity industry was one of 
the most affected by the effects of the pandemic, according to the International Energy 
Agency (IEA). The IAE found that WKH�ZRUOG¶V�HQHUJ\�GHPDQG�LQ������VDQN�E\����
compared with 2019, which represents a drop seven times higher than during the finan-
cial crisis of 2009. In [2], the authors analyzed the first two quarters of 2020-2021 in 
electricity production and consumption and how the pandemic affected the power in-
dustry in China. Comparing China¶s previous five \HDUV¶ energy production with 16 
European countries, a drop of 9% in April 2020 was observed. Although there was a 
reduction in electricity consumption, electricity consumption from renewable energy 
grew around 3% in 2020, and by 2021 was expected to grow by 8%. For example, 
China¶s demand in February 2020 decreased by 10% compared to 2019 while in the 
United States showed almost the same reduction in May. As for Germany, France and 
the United Kingdom had a demand decreased of more than 15% from March to April, 
while Spain and Italy demand dropped by 25%. As the economy is recovering little by 
little also the renewable energy generation is growing as gas-fired plants dropped by 
1.6% in 2020. For the same year, renewable-based energy generation increased by 3%. 

According to [3], in what respects to Canada during the pandemic, this country also 
registered a drop in electricity demand. The authors went back for data of electricity 
demand up to 2016 to identify how the market in 2020 was affected for the pandemic. 
For example, during shutdown Ontario registered an electricity decline of 10% approx-
imately, followed by other important cities such as Alberta, New Brunswick, and Brit-
ish Columbia, of 5%. The data obtained were analyzed also to include the changes in 
temperature compared to previous years. Also, were considered the different sources in 
the electricity generation. Comparing to the United States, during roughly the same 
period, electricity demand fell by 8%, while in European countries the electricity de-
mand drop by 20% in France, 25% in Spain, and Italy registered a 28% fell. While 
Norway faced almost no reduction in electricity demand. In Canada, a grew in hydroe-
lectric and wind electricity generation was reported and also generation from other fuels 
such as biomass, although the authors state that this change has nothing to do with the 
pandemic, they were changes programmed before 2019. 

About Mexican electricity demand during the pandemic, it also registered a drop and 
brought along some reforms that brought back the control of energy generation to the 
Mexican state according to [4]. The authors also state that energy generation from re-
newable sources that represent about 60% of generation is mainly owned by private 
companies. Mexico exports crude oil and imports refined products from the United 
Sates which means that Mexico depends strongly on the economics of the US. This is 
why many changes have been implemented by the Mexican government, as to reduce 
the imports by generating their own products and turning to more eco-friendly power 
generation. Reduction in electricity generation in 2020 was about 1.9%, at the same 
period an increase on SPV generation was recorded, it went from 8.4 TWh to 13.5 TWh 
that represents a 61% rise. Wind sources also increased by 17%, hydroelectric sources 
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registered an increase of 14%, combined cycle source increased by 6%, nuclear power 
source remained the same, while internal combustion showed a reduction of 9%. Also 
turbogas sources had a reduction of 14% as did biomass with a reduction of 17%. Heavy 
oil sources also showed a reduction of 40% and also coal fired had a reduction of 42%. 

According to [5], during the pandemic, solar energy production had a positive impact 
on the electricity demand as well as representing a positively impact on climate change. 
Global renewable generation capacity had an addition amounted to 2537 GW. Hydro-
power globally amounted a capacity of 1190 GW. Wind and solar energy amounted 
623GW and 586GW, respectively. For bioenergy it was a total of 124 GW, as for geo-
thermal generation accounted for 14 GW. The great buyers of solar photovoltaic sys-
tems are undeveloped countries even though they were worst hit by the pandemic, so 
governments should invest and give more facilities to private companies and other sec-
tors in investing on this technology as to take advantage of their climate characteristics. 
The solar energy generation sector is highly dependent on Chinese supplies which had 
an impact production during the pandemic but has slowly recovered leading to a revival 
of this sector for energy generation.  

In [6] the authors focused their study on the effect that the pandemic brought espe-
cially in the power generation by renewable sources. There was a reduction on electric-
ity demand during lockdown and at the same time an increase on the electricity demand 
of energy from renewable sources. This brought along a reduction on gas emissions and 
a small decrease on electricity prices before the Ukrainian war. Since most people were 
forced to work from home during the pandemic, power system represented the main 
necessity for a functional society. Hence, the work in [6] presents an analysis on the 
development of the renewable energy technology, electric power and energy statistical 
data, as well as the challenges that this new technology has to face. Enhancing this new 
technology is a must and, due to the pandemic impacts, it has to adapt rapidly to chang-
ing situations. As some countries showed a reduction about 20% in electricity demand, 
this resulted in a less interest in investing in renewable energy production. Although 
little by little this situation has been turned around, and a new interest has emerged for 
countries to invest and support electrical energy markets and renewable energy sectors. 

1.2 CIC-IPN and Solar Photovoltaic Plant 

CIC-IPN is located at Av. Juan de Dios Bátiz s/n esq. Miguel Othón de Mendizábal, 
Col. Nueva Industrial Vallejo, Gustavo A. Madero, C.P. 07738, Mexico City, Mexico; 
see Fig. 1. In its infrastructure CIC-IPN has a building with a total constructed area of 
9,768.8 m2, the property is 25 years old, it houses a total population of 383 users, and a 
site computer center. The operation of the building is from Monday to Sunday, at a 
schedule of 07:00 am to 9:00 p.m., although it is an open-doors building for its users, 
that is, it is functional 24 hours a day, 365 days a year. 

The SPV electricity generation plant installed at CIC-IPN [7], is located in north 
Mexico City, 19° 30' 11.1" North-latitude, 99° 08' 52.1" West-longitude, at 2,243 m 
altitude, see Fig.2. The SPV plant has 186 solar panels (Canadian Solar CS3U), con-
nected to three inverters (each Fronius Symo, 22.7 KW) with a maximum power ca-
pacity of 66.96 kW. 
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Fig. 1. Location and view of CIC. 

 
Fig. 2. SPV electricity generation system installed at CIC-IPN. 

2 Electricity Consumption Patterns  

In this section the impact of the COVID-19 pandemic on electricity consumption and 
generation at CIC-IPN, a research and academic unit in the north of Mexico City, is 
presented. Electricity consumption and on site SPV electricity generation were assessed 
for three time periods during the pandemic, pre-virtual activities, during-virtual activi-
ties, and post-virtual activities (activities in person), compared to electricity consump-
tion prior to the pandemic, year 2019. In addition, as the activation of the on-site SPV 
plant took place while in the during-virtual activities period, generation and consump-
tion patterns have also been compared for before and after SPV electricity generation. 

At CIC-IPN there is installed an electricity consumption monitoring network as part 
of the SEEDS (acronym of the Spanish for Strategic System of Sustainability Evalua-
tion and Performance) platform [7].  As part of this network, an electricity meter pro-
duces a consumption measurement every 10 minutes of the energy provided by 
Comisión Federal de Electricidad (CFE), the state electricity company [8]. Hence, the 
electricity consumption data from 01/Jan/2019 to 30/09/2022 is shown in Fig. 3. As can 
be seen in this figure, there are some gaps in the data, which correspond to dates where 
the communication with the server, where SEEDS resides, was interrupted. In any case, 
in the plot a clear change in the consumption patterns from pre-virtual activities, during-
virtual activities, and post-virtual activities, can be observed. In the figure, the change 
in the consumption pattern when the SPV plant was activated, also can be observed.  
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Fig. 3. Electricity consumption from CFE from 01/Jan/2019 to 30/09/2022 (note: the gaps are 
dates for which data communication was interrupted). 

In Mexico City, at higher education units, the confinement started on 17/03/2020, 
date at which all activities became virtual, remaining as such up to 04/01/2022, date at 
which some administrative activities were reactivated to be in person, but teaching re-
mained virtual. On 14/02/2022 some hybrid activities were allowed, meaning some ad-
ministrative and teaching activities were in person and some virtual. It is up to 
15/08/2022 when activities became fully in person. Furthermore, on 20/08/2020 the 
SPV electricity generation plant installed at CIC-IPN [7] was activated, and since then, 
is generating electricity, which is supplied to be consumed at CIC-IPN. 

Fig. 4 presents a summary of the monthly electricity consumption from the years 
2019-2022, as recorded by the monitoring network in the SEEDS platform. 
 

 
Fig. 4. Monthly electricity consumption from CFE for the years 2019-2022. 
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2.1 Electricity Consumption on Pre-Virtual Activities 

The pattern of consumption before the pandemic and in pre-virtual activities can be 
observed in Fig. 5, where the electricity consumption from CFE for the month of March 
2019 has been plot. It can be clearly observed the difference between week days and 
weekend days and working and outside of working hours consumption profiles. The 
electricity consumption in that month was 73509.85 kWh. 

 

 
Fig. 5. Electricity consumption from CFE for the month of March 2019. 

The same profile of consumption can be observed up to when the confinement was 
started, and all activities became virtual. At this point, a change in the consumption 
profile took place, as can be appreciated in Fig. 6, where the consumption for the month 
March 2020 is plot. Recall that the confinement started on March 17th, 2020. The elec-
tricity consumption from CFE in that month was 65070.77 kWh. 
 

 
Fig. 6. Electricity consumption from CFE for the month of March 2020. 
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2.2 Electricity Consumption During Virtual Activities 

Once the confinement started on March 17th, 2020, the profile of electricity consump-
tion changed dramatically, as can be appreciated in Fig. 6 above. This pattern remained 
during most of the year 2020, at which most activities were carried out virtually. For 
example, Fig. 7 shows the electricity consumption profiles for the months of June and 
July of 2020. The electricity consumption in those months were 52714.84 kWh and 
55462.55 kWh, respectively. Hence, this can be considered as the electricity consump-
tion profile on virtual activities at CIC-IPN.  

Most of the year 2020, the consumption profile remained the same as the one shown 
in Fig. 7. However, on October 20th, 2020, the SPV plant at CIC-IPN was activated, 
and with that the electricity consumption from CFE changed, as can be observed in Fig. 
8. The electricity consumption from CFE in that month was 50720.88 kWh. It does not 
mean that the demand decreased, but instead the electricity generated by the SPV plan 
is now being supplied and consumed on-site. 

 

 
Fig. 7. Electricity consumption from CFE for the months of June and July 2020 

 
Fig. 8. Electricity consumption from CFE for the month of October 2020. 
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Once the SPV plant at CIC-IPN was activated and most of the activities continue 
being virtual, the same electricity consumption profile as the one for the month of 
March 2021, shown in Fig. 9, can be observed. The electricity consumption in that 
month was 47769.52kWh. 

 

 
Fig. 9. Electricity consumption from CFE for the month of March 2021. 

2.3 Electricity Consumption on Pos-Virtual Activities 

As was mentioned before, on 14/02/2022 some hybrid activities were allowed, meaning 
some administrative and teaching activities were carried out in person and some virtual. 
Hence, the electricity consumption profile was again slowly changing, as can be appre-
ciated in Fig. 10, where the electricity consumption profile for the month of March 
2022 is plot. The electricity consumption in that month was 47162.52 kWh. 
 

 
Fig. 10. Electricity consumption from CFE for the month of March 2022. 
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It was up to 15/08/2022 when activities became fully in person. Once again, at this 
point the consumption profile changed and is currently as the one observed in Fig. 11, 
where the electricity consumption profile for the month of September 2022 is plot. The 
electricity consumption in that month was 50500.70 kWh. 

 

 
Fig. 11. Electricity consumption from CFE for the month of September 2022. 

 

3 Discussion of Patterns Observed and Comparisons 

From the sections presented before, it can be observed that the electricity consumption 
profile from CFE at CIC-IPN has had different changes. There are four electricity con-
sumption profiles: 1) pre-pandemic and pre-virtual activities (2019), 2) during pan-
demic and virtual activities (2020), 3) during pandemic and virtual activities and SPV 
electricity generation (2021), 4) post-pandemic and in person activities and SPV elec-
tricity generation (2022). 

In order to be fear in making comparisons of the different electricity profiles, Table 
1 presents the electricity consumption from CFE from April to September on the years 
2019, 2020, 2021 and 2022, which represent the profiles identified. Considering the 
averaged electricity consumption for the months considered, a 16% reduction in elec-
tricity consumption from CFE is observed in 2020, during virtual activities and during 
the pandemic, compared with the consumption for the same months in 2019, pre-virtual 
and pre-pandemic activities. If electricity consumption from CFE is compared of years 
2020 and 2021, in 2021 a reduction of 18% is observed, this is due to the activation of 
the SPV electricity generation plant, while still in virtual activities and during the pan-
demic. Comparing electricity consumption from CFE in 2019 and 2021, in 2021 there 
is a 31% reduction, this is due to virtual activities and on-site SPV electricity generation 
and consumption. Once the activities are returning to be in person, if consumption of 
2021 and 2022 are compared, there is an increase of 11% in 2022. However, if we 
compare consumption in 2019 and 2022, there is a 24 % reduction in consumption in 
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2022. It can be expected that, as activities return to be as normal as they were in pre-
pandemic conditions, electricity consumption from CFE will return to have a similar 
profile as the one observed in 2019. However, a percentage of about 18% of the total 
electricity demand by CIC-IPN will continue to be provided by the on-site SPV elec-
tricity generation plant. This can be inferred from the situation observed in year 2021, 
during virtual activities, during pandemic and on-site SPV electricity generation. Fig. 
12 plots the electricity consumed from CFE together with the electricity consumed from 
the on-site SPV plant at CIC-IPN for the years 2019 to 2022. 

Table 1. Electricity consumption from CFE from April to September, 2019-2022. 

Month Consumption in 
2019 (kWh) 

Consumption in 
2020 (kWh) 

Consumption in 
2021 (kWh) 

Consumption in 
2022 (kWh) 

April 45852.60 50867.18 43371.69 44033.93 
May 85999.78 52014.39 48061.50 50217.20 
June 58871.98 52714.84 45802.28 49983.73 
July 52008.66 55462.55 41661.53 45057.21 

August 67767.51 54887.86 42394.53 49806.90 
September 68705.77 52642.27 40469.10 50500.70 

Mean 63201.05 53098.18 43626.77 48266.61 

 

 
Fig. 12. Electricity consumption from CFE and from SFV plant for each month of 2020-2022. 

4 Conclusions and Future Work 

From the discussion presented before, it can be concluded that the measures taken due 
to the COVID-19 pandemic has affected the electricity consumption profiles of public 
buildings, including educational and research centers as is the case of CIC-IPN. Four 
electricity consumption profiles were identified: 1) pre-pandemic and pre-virtual activ-
ities (2019), 2) during pandemic and virtual activities (2020), 3) during pandemic and 
virtual activities and SPV electricity generation (2021), 4) post-pandemic and in person 

0

10000

20000

30000

40000

50000

60000

70000

January February March April May June July August September October November December
kWh from CFE (2020) kWh from SPV (2020) kWh from CFE (2021) kWh from SPV (2021) kWh from CFE (2022) kWh from SPV (2022)

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 449

pmoreno
ISBN 978-9942-44-109-6



12 

activities and SPV electricity generation (2022). Hence, even activities are becoming 
in person, due to on-site SPV electricity generation, there is a reduction in electricity 
consumption from CFE, and this means economic savings and contribution to the re-
duction of CO2 emissions (indirectly) [7]. Notice that the total electricity consumption 
of the building of CIC-IPN is the sum of the electricity provided by CFE and the elec-
tricity generated on-site by the SPV plant. Hence, it may be expected that the demand 
when activities became totally in person and normal, will match that one in 2019, before 
the pandemic and before virtual activities. However, on-site SPV electricity generation 
will continue and it is expected to cover between 18% to 20% of the total electricity 
demand of CIC-IPN [7]. 

Further work includes applying clustering algorithms to group working hours and 
out of work hours, week and weekend days, for example. 

In normal conditions, in the context of electricity usage in educational and research 
public buildings, the declines in electricity usage are associated with workday hourly 
load patterns that resemble pre-COVID weekend and holiday usage. Hence, it is rele-
vant to quantify the impacts of crises like the pandemic using a unified modeling frame-
work; this in order to understand the effects of the associated societal response on elec-
tricity demand in time of crisis. 
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Abstract. The use of artificial lighting for greenhouse applications has
been proven to be necessary as a result of the increased demand for food
resources around the world. For the full adoption of horticultural light-
ing, there is a need for the study of the effects of artificial lighting on
the plants. A crucial part of the system is the LED driver, which is the
system required to supply power to the LED array. According to liter-
ature, the most widely used light wavelengths are red, green, and blue
wavelengths of light. Hence, a need for a multi-channel LED driver. This
work outlines the design of a multi-channel LED driver with the use of
a voltage pre-regulator and triple-channel linear current regulators. The
results outlined are the light spectrum as observed through a spectrom-
eter. The conclusion is that such a system has a relatively low cost but
results in a slightly unstable light intensity.

Keywords: PAR (Photosynthetic Active Radiation) · PWM (Pulse Width
Modulation) · DSP (Digital Signal Processor).

1 Introduction

In this section, the advancements and studies made regarding the effects of
LED lights on plants are outlined. They are outlined with regards to the most
preferrable light wavelengths by the plants, specifically the tomato plant which
is the plant of subject of this thesis.
Although, LEDs have been in production since the 1960s, it was not until the
1990s where they had been developed to the point of their possession of the
ability to emit high luminousity to the point of usefulness for the study of plant
biology. LEDs have been shown to have the highest efficiency of all the artificial
light sources such as incandescent light, and carbon arc lighting. Green plants
have been studied and shown to be most responsive to red and blue lights on
the PAR range. The LED presents the least complicated way to obtain red and
blue lights separately. Additionally, due to the directly proportional relationship
between diode forward current and light intensity, light intensity control of LEDs
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is an uncomplicated process in comparison to the methods required to control
fluorescent lights. UV lights consist of high frequency light particles that have
been proven to exhibit bacteria eliminating qualities. This makes it an effective
decontamination tool on surfaces, including those of fruits and vegetables, [1],
[2]. Red blue(RB) light has been studied to observe its effect on fruit ripening
[3], it was also found that melatonin played a crucial role in the ripening process.
It was concluded that RB light regulation of melanin was a possibility, because
the ripening process occurred faster under RB light than it did under white light.

According to [4], for tomato plants, temperatures of about 26C in combi-
nation with RB light are said to be optimal for increasing plant height. The
plant height was found to be positively correlated with chlorophyll content in
the plant. One of the general understandings of the effects of artificial lights on
plant morphology is that high R:FR ratios could improve the defense system
of plants as opposed to low R:FR ratios which induce a series of strong growth
reactions in plants known as shade avoidance syndrome. However, it has been
concluded that several unidentified agents affect tomato plant defense systems
besides R:FR ratio of the light source being used, [5]. In the study of artificial
light effects on tomato seedlings, blue and RB light have been shown to increase
biomass accumulation and CO2 assimilation as opposed to monochromatic red
light and white light. Additionally, there was observed to exist positive regula-
tion of the photosynthesis of RB light treated seedlings, [6].

Monochromatic green light has been proven to have a positive effect on root
development of tomato seedlings by driving photosynthesis. Additionally, it was
shown that there was an increase in the activity of antioxidant enzymes, [7].
As the use of LEDs on plants to not pose safety problems to the plants as long
as the emitted light is of appropriate intensity and within the PAR range, the
point of concern is to understand its effect on plant growth regulators in order
to promote technological development for tools to maximize the positive effects
of artificial lighting on plants, [8]. The studies referenced in the preceding para-
graphs indicates the effectiveness of various combinations of red and blue light
wavelengths on plants.

Having giving a background to the study, the purpose of the paper is to
outline the design and implementation of a multi-channel LED driver. The LED
driver implements independent control for each channel using linear current reg-
ulation. The following sections are outlined for the paper: The design and imple-
mentation, the experimental procedure including the apparatus used, the results
and discussion to outline the outcome and observations of the experiment, and
lastly, the conclusion of the paper is given as to the future recommendations and
the level of achievement of the objectives of the paper.
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2 Design and Implementation

This section chronicles the design of the pre-regulator which is a voltage mode
buck converter. The method chosen is the use of a PWM linear current regulator
to realise a multi-channel LED driver.

Figure 1 indicates a representation of the hardware of the system in vari-
ous blocks. Three blocks represent mechanical relays to switch between different
power sources. The main section of the system is the power electronic converter,
which in this case, is a buck converter. The converter operates under two dif-
ferent conditions; as a battery charger and a LED array supply. The system is
designed to power 3 different coloured LEDs. A design challenge is to ensure the
current in each channel i controlled separately in addition to providing the ad-
equate voltage level. The block labelled variable current output and protection
indicates the current control system required for driving the LEDs. The hard-
ware of the system includes three parts; a source switching interface, a power
electronic converter, and the sensor design required for closed loop control.

The target power rating for the system is 25W for each channel, however,
due to financial constraints a lower output power for the LED is demonstrated
in the results section of the report.

Fig. 1: Block diagram representation of the system hardware

The basic structure of the driver is shown in Figure 2 includes a buck con-
verter and three MOSFETs for the purpose of individual current control of each
LED channel.The red section represents the buck converter which serves as the
voltage pre-regulator. The blue section represents the linear current regulators
using MOSFETs. With regards to the design, the aspects of focus are the size of
the inductor and capacitor of the system, which are calculated as follows,

δ =
iLrL + Vout + Vfwd

Vin − Vce + Vfwd
(1)
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Fig. 2: Basic structure of the LED driver

L ≥ (Vin − Vce − iLrL − Vout)× δ

∆L,pk−pkfsw
(2)

C ≥ ∆IL,pk−pk

8∆Vc,pk−pkfsw
(3)

With regards to the mosfet and diode rating, the output and input voltage
and current rating are considered; The system is designed to be powered from
either a solar panel array, a fixed 48V DC power supply, or a 24V battery. Hence,
the system is designed for a maximum of 48V for the input voltage. With re-
gards to the output voltage, the battery charger system requires more power,
voltage and current wise than the LED array. Hence, it is used as the reference
for choosing the power components.

The concept behind including a battery charger is to account for instances
where the grid, or solar power is unsuitable hence requiring a third power source.

A requirement for the battery is to power the LED array all through the
night. Taking into account the worst case scenario of longer night times, the
battery is required to operate for 10 hours. With a day light time of 14 hours,
a current of at least 7A is required to charge the battery in the appropriate time.

Taking into account a worst case parasitic resistance for the inductor and the
capacitor, the following parameters are used in the calculation of the minimum
inductance and capacitance required.

Vin = 45 V, Vout = 29.4 V, ∆ Vo,pk−pk = 0.02Vo,ave , ∆ IL,pk−pk = 0.1IL,ave

Vce,sat = 0.0552V, Vfwd = 0.95V, rL = 100m, resr = 3m, Iout = 4A

Therefore
δ =

4× 0.1 + 29.4 + 0.95

44− 0.0552 + 0.95
= 0.6849

L ≥ (44− 0.0552− 4× 0.1− 0.95)× 0.6849

0.1× 4× 100000
= 242.2µH
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C ≥ 0.1× 4

8×0.02× 29.4× 100000
= 0.85µF

3 Experimental Procedure

The following are the apparatus that were utilised to obtain the relevant results
for the system:

– A C1880MA light spectrometer needed to view the spectral profile of the
light produced by the LED array.

– An Arduino Uno which is used to obtain the information from the light
spectrometer.

– The multi channel LED driver with the parts included in the parts list sec-
tion.

The implemented LED driver shown in Figure 3a possesses three channels
to enable connection to the 3 colored LED array, shown in Figure 3b. For light
spectrum data collection, the light spectrometer shown in Figure 4b is placed in
a dark enclosure such that the only light source received is from the LED array.
It is subsequently connected to an arduino microcontroller as shown in Figure 4a
that processes the data and sends the light spectrum information to a computer
for the purpose of being saved as a txt file.

The following are the steps followed to obtain the light spectrum results:

1. The C1880MA light spectrometer is placed in an enclosed space with all the
visible light removed.

2. The LED array is placed over the enclosed space such that the only source
of light observed by the spectrometer is from the LED array.

3. The light spectrum is recorded to observe the baseline power level of the
system.

4. The multi channel LED driver is connected to the LED array and turned
on.

5. The light spectrum is recorded for different colour light intensity ratios.
6. The steps mentioned above are observed for the solar panel as a power source

and a battery as the power source.
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(a) The Implemented LED driver (b) The RGB LED array

Fig. 3: Experimental circuit and LED array

(a) Arduino Uno to PC connection
(b) The C1880MA light spectrometer

Fig. 4: Light spectrum data collection setup

4 Results and Discussion

In this section, the results obtained for the spectrum analysis are outlined and
discussed. From the data, the red, green, and blue LEDs used represent wave-
lengths of 620-630nm, 530-535nm, and 440-455nm respectively. The goal was
to obtain light spectrum profiles for 5 major scenarios, which are as follows;
A light spectrum profile with the red wavelength light intensity proportionally
larger than the 2 other wavelengths, a similar scenario for the blue and green
wavelengths being dominant, as shown in Figure 5 , Figure 6, and Figure 7
respectively. A profile with relatively equal light intensities from the red and
blue wavelengths as shown in Figure 8. Lastly, a profile with all 3 wavelengths
present as shown in Figure 9. A point to note is that although the figures indi-
cate a reading for the light intensity, the light spectrometer utilised is optimized
for high accuracy wavelength measurements, with a trade-off of light intensity
measurements of lower accuracy. Hence, the light intensity values indicated on
the figures represent relative measurements only.

The profile is analyzed for a wavelength between 400nm and 700nm. This
represents the PAR. The results shown are those of the spectrum profile. The
individual red, green, and blue magnitude are adjustable. These are evident
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from the series of results obtained of the profiles. For the study of the effects of
artificial lights on plants. There are certain ratios that are taken note of. Varying
ratios of red and blue light wavelengths are observed to be effective for plants.
An effective system will signify one that can produce similar ratios that have
been shown to produce effective plant growth results.

The method utilised was the use of linear current regulators to obtain aver-
age current control through the LED string. It appeared from the results that
the frequency was not sufficiently high as a flicker was observed by the light
spectrometer. The integration time of the sensor utilised had to be increased to
stabilise the spectral power readings to obtain the required results.

From the results, the green component has a tendency to be overpowered by
the red and blue wavelengths. Thus, highlighting the limitation of the system in
studying the effects of green wavelengths on plants. Additionally, The relatively
low green composition could be as a result of the positioning of the sensor.

Fig. 5: Light spectrum with the dominant red wavelength
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Fig. 6: Light spectrum with the dominant blue wavelength

Fig. 7: Light spectrum with the dominant green wavelength

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 458

pmoreno
ISBN 978-9942-44-109-6



Variable light intensity system for greenhouse applications 9

Fig. 8: Light spectrum with equal intensities for the red and blue wavelength

Fig. 9: Light spectrum with all three wavelengths present

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 459

pmoreno
ISBN 978-9942-44-109-6



10 H. Kupolati et al.

5 Conclusion

With a knowledge of the importance of light quality for plant growth, the goal of
the work was to develop a multi-channel LED driver for grow light applications
for the end purpose of the study of the effects of artificial lights on vegetable
plants to determine the best light spectral profile for favourable plant growth.
To achieve this, the system developed needed to have the ability to emulate the
light spectrum profiles that have been shown to have positive effects on select
vegetable plants.

With the objective noted, an electronic system has been developed that varies
the light intensity of an LED array with the ability to control each channel inde-
pendently. The design of the system has been outlined in the preceding sections
with special attention placed on the buck converter used as the pre-regulator.
The results have shown that there is independent varied control of the light in-
tensity, however, fluctuations were observed by the light spectrometer.

Future recommendations for the system are to do with the size and stability
of the current which in turn affects light intensity. Possible improvements that
can be made to the system are re-designing the linear current regulators section
of the circuit to accommodate for continuous current on the output. Possible
ways to achieve this are the look into current-sharing and single inductor, mul-
tiple output topologies for a reasonable trade-off between system size and stable
output current readings for each channel. Additionally, the light spectrometer
could be connected directly to the control unit for more precise control of the
light intensity.
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Abstract. 
 

The sustainability of livestock production has been put in question due to the 
greenhouse gas emissions and pollution of soil and water. However, the 
implementation of renewable technologies in the farming practices such as anaerobic 
digestion and solar energy can overturn this situation.  
In this work, an anaerobic digestion system for biogas production, under mesophilic 
conditions, fed with pig slurry and energetically covered with hybrid solar panels has 
been modeled. In this sense, the electrical requirements are covered by photovoltaic 
energy and thermal energy heats the digester to reach the mesophilic range (35ºC). 
The biogas generated in the process passes through an upgrading system to obtain 
high calorific content biomethane for as grid injection, vehicle fuel or electricity and 
heat generation. The system has been studied in five different climatic regions to see 
the effect of solar irradiation and temperature on the final biomethane production. The 
results demonstrate that slurry management is a viable alternative within the energy 
transformation framework of farms in isolated environments where solar irradiation 
convertible to energy is available. 
 

Keywords: Anaerobic digestion, Biomethane, Energies hybridization, Rural 
areas, Solar energy, Waste to energy 

 

1 Introduction 
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1.1 Decarbonization Economy - Biofuels and Renewable Technologies 
 
Currently there is a high dependence on fossil resources to produce energy and raw 
materials, however, the rapid penetration of renewables in the energy sector makes 
electrification and renewable gases the main technologies for the decarbonization [1] 
   The technological development of electric renewable energies has allowed that, in 
many cases, they are currently the most competitive alternative to generate electricity, 
allowing a reduction in electricity costs for consumers [2] despite the obstacles of the 
diffusion of decentralized systems [3]. 
 According to the last estimations, in 2050 more than half of the GHG emissions will 
be produced in the primary sector due to the special characteristics that make 
mitigation difficult [4]. By transforming the energy sector towards a renewable 
perspective based on the substitution of oil derivatives, environmental, social and 
economic benefits will be achieved. The main renewable sources that enable this 
transformation are biomass, solar energy, wind energy and biofuels such as 
bioethanol, biodiesel and biomethane [5]. In the case of biomass and biofuel, 
renewable feedstocks must be used to ensure sustainability, e.g., agricultural and 
forestry residues. 
   Anaerobic digestion is presented as a biological process that, under controlled 
conditions, the avoid the methane emission which has an effect about 80 times more 
harmful than CO2 [6]. In addition, the process also produces biogas as a high value-
added by-product and digestate 
 
1.2. Rural development 

 
In recent years, rural activities, whether agricultural or livestock, have faced different 
barriers to development and evolution. Understanding rural development as a process 
that seeks social change and sustainable economic growth for the permanent progress 
of the rural community, the ultimate goal is to improve the quality of life of these 
societies and conserve the environment [7].The significance of environmental 
protection has made renewable resources a strategic alternative to achieve sustainable 
development goals [8]. 
 
1.3. Technology hybridization 
 
The lack of availability of these renewable energy resources throughout the complete 
year has led to research in the area of hybrid renewable energy systems [9]. 
Access to the grid is not always possible and the use of renewable energies does not 
always guarantee energy availability except in more complex installations. The 
possibility of mixing more than one renewable technology will allow a more constant 
energy generation optimizing the design and reducing costs [10]. 
   This work presents a novel proposal for the hybridization of renewable energies in 
isolated areas where organic waste is produced and there is no access to the electricity 
grid. An anaerobic digester fed with pig slurry whose energy needs are obtained from 
the sunlight favoring a circular economy and decarbonization within the framework 
of rural development is proposed and modeled. For this purpose, different locations 
have been studied and the process has been simulated in each of them to see the 
differences in terms of biogas production and system efficiency. 
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2 Materials and Methods 
 

2.1 System description 
 
The scheme of the proposed system can be seen in Figure 1. The system consists of 
an anaerobic reactor and a set of Photovoltaic/Thermal (PV/T) modules connected to 
a battery system and a thermal energy storage tank respectively. 
   The anaerobic digester is the tank where the biological reactions of organic matter 
transformation of the substrate will be carried out. As a by-product, biogas is obtained, 
which will be passed through an upgrading equipment that will eliminate CO2 and 
other undesirable elements to obtain biomethane. 
   The thermal energy captured by the module field is transferred to a thermal energy 
storage tank and a heat exchanger is used to heat the digester and the substrate. 
 

  
Figure 1. Schematic diagram of the Anaerobic digestion/Solar (AD/S) system studied 
  
The electrical energy produced by the PV/T modules is fed to the junction box and 
protections, and then supplied to the load and/or battery system for the final use 
(substrate pumping, mixing and biogas upgrading). In periods of power lack, the 
upgrading process will be stopped to minimize power consumption while maintaining 
digester operation. 
   The simulated PV/T hybrid module was based on a commercial module with a 
maximum operating temperature of the PV/T collector is 80 ϶C, and the set point of 
30-45 ஈ&� VHW� LV� WR� FRQWURO� WKH� LQVLGH�RI� WKH� DQDHURELF� UHDFWRU�� L�H���ZKHQ� WKH�RXWOHW�
WHPSHUDWXUH�RI�WKH�VWRUDJH�LV�ORZHU�WKDQ�WKH�VHW�SRLQW��WKH�V\VWHP�ZLOO�WXUQ�RQ�DQG�UDLVH�
LWV�WHPSHUDWXUH�WR�WKDW�OHYHO��,Q�FDVH�WKH�WDQN�WHPSHUDWXUH�FRQGLWLRQV�DUH�EHORZ�WKH�Vet 
point, the system will be supported by a biogas boiler that will generate thermal 
energy. 
 
2.2 Designed system 
 
The slurry management of a 2,000 head pig farm is proposed. For this purpose, a 
cylindrical reactor of 4.5 m height and 9 m diameter has been designed with operating 
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parameters of a hydraulic residence time (HRT) of 25 days and a working temperature 
of 35 ࣙC [11]. The characteristics can be seen in Table 1. 
   Pig slurry, as a substrate, can be very changing in composition and organic content. 
Representative average characteristics have been taken for any given pig farm [12].  
   The upgrading system chosen is the chemical absorption as it adapts very well to 
the energy model presented since its operation has an electrical consumption of 0.125 
kWh/m3 and a thermal consumption of 0.625 kWh/m3 [13] with an efficiency of 
97.3%. 
   The solar installation will be based on the installation of 150 hybrid solar panels 
with a surface area of 2 m2 per unit and a thermal efficiency of 60% and electrical 
efficiency of 17% respectively compared to the theoretical photoelectric conversion 
efficiency of the photovoltaic subsystem and the thermal efficiency of the thermal 
utilization subsystem of the PVPT system of 26.7% and 68.4% [14]. 
 
Table 1. Characteristics of the proposed system 
 

Anaerobic digester 
Work volume (m3) 700 
Work temperature (ࣙC) 35 
HRT: Hydraulic Retention Time (days) 25 
Substrate: Pig slurry 
Managed volume (m3/year) 11,500 
Humidity (%) 95 
Total Solids (kg/m3)  
Volatile Solids (kg/m3)  
Biogas upgrading technology: Chemical absorption 
Energy consumption 0.1-0.15 kWh/m3 and 0.5-0.75 

kWh/m3 (heat) raw gas 
Efficiency (%) 96.7-97.7 
Solar system: Hybrid technology 
Șe thermal conversion efficiency (%) 60 
Șpv photoelectric conversion efficiency (%) 17 

 
2.3 Study localizations 
 
In order to analyze the effect of the hybrid AD/S system under different climatic 
scenarios, where the solar resource and ambient temperature allow a comparison 
between different regions, five cities were selected for the study: Soria (Spain), 
(United States), (Denmark), (Brazil) and (China). All of them, regions with high swine 
activity [15]. 
   The meteorological information for each city corresponds to a standard year. Table 
2 shows the main characteristics of the regions analyzed. Since the five cities studied 
have different ambient temperatures and solar radiation, the thermal energy generation 
needs of the PV/T system to satisfy the demand of the anaerobic reactor will be 
different. 
   The annual thermal energy required for the reactor was calculated from the thermal 
energy that would be required to maintain the reactor and the input substrate at 35ࣙC 
throughout the year (Equation 1 to 3). Similarly, the electricity required for the system 
takes into account the reactor mixing and pumping needs, as well as biogas 
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purification. It is expected that in the winter months where irradiation and 
temperatures are lower, biomethane production will be limited since part of the biogas 
will be used to generate thermal energy. 
 
�ሺ݉ଷሻ݁݉ݑ݈ݒ�ݎ݁ݐݏ݁݃݅ܦ ൌ ௦௨௦௧௧�
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ᤪήయሻ כ οሺ ܶ௫௧ െ ௦ܶ௨௦௧ሻሺᤪܥሻ  eq. 3 
 
To show more fully the climate scenarios studied, Fig. 2a and b show the mean 
monthly ambient temperatures and irradiance for the five selected regions. This 
information has been generated with Solargis software. The ambient temperature, as 
well as the availability of the solar resource, determine the thermal energy 
requirements. In the same way, the software has determined the optimal tilt angle for 
the solar panels in each location. 
   It is observed that China, Soria, Denmark and Iowa have a similar pattern in 
temperatures throughout the year with hot summers and cold winters. In China the 
summers reach higher temperatures and in Iowa the winter temperatures are colder. 
The availability of sunshine in these four regions is different since Denmark has lower 
values, especially in winter while Soria has more irradiation throughout the year and 
especially in summer. 
   The case of Brazil has a different behavior with more constant temperatures and 
irradiation throughout the year. 
 
Table 2. Cities selected for the study 
  
  

 Soria 
(Spain) 

Iowa 
(USA) 

Odense 
(Denmark) 

Santa 
Catarina 
(Brazil) 

Laixi 
(China) 

Latitude and longitude 41.7, -2.4 41.6, -91.7 55.3, 10.3 -26.9, -51.7 36.9, 120.5 
Annual irradiation (MWh/m2) 1618.7 1492.0 1023.1 1760.0 1477.3 
Average annual temperature 
(ࣙC) 

11.4 10.1 9.1 16.7 13.0 

Optimum inclination angle (ஈ) 36 37 40 26 33 
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Figure 2. (a) Average temperature and (b) monthly ambient irradiation. 
 
2.4 Data processing 
 
The data generated has been processed and analyzed in the Microsoft Excel program. 

 
3 Results and Discussion 

 
3.1 Energy analysis. Energy requirements 
 
According to the meteorological data available, monthly effective irradiance ranged 
between 148.2 and 201.4 kWh/m², while the temperature is between 24.9 and 26.09 ࣙC 
Figure 3 presents the graphs of demand and electrical and thermal production of the 
system with monthly data. It can be seen how the adjustment in biomethane production 
has been more limited by the electrical part, especially in the winter months where 
irradiation is lower. 
   In the graphs on the right, the thermal production is not sufficient in the months of 
lower irradiation and lower temperatures. This difference is made up by the biogas that 
is not converted to biomethane and is transformed through the boiler into heat. 
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In the case of Denmark, in the most unfavorable months of irradiation, the system can 
not meet the required electrical demand, and this could lead to a loss of control of the 
anaerobic digestion process in the reactor. 

 

 

 

 

 

0

2000

4000

6000

8000

kW
h

Electricity production Electricity demand

0

5000

10000

15000

20000

25000

kW
h

Thermal production (solar) Thermal demand

0

2000

4000

6000

8000

kW
h

Electricity production Electricity demand

0

5000

10000

15000

20000

25000
kW

h

Thermal production Thermal demand

0

2000

4000

6000

8000

kW
h

Electricity production Electricity demand

0

5000

10000

15000

20000

25000

kW
h

Thermal production Thermal demand

0

2000

4000

6000

8000

kW
h

Electricity production Electricity demand

0

5000

10000

15000

20000

25000

kW
h

Thermal production Thermal demand

a 

b 

c 

d 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 468

pmoreno
ISBN 978-9942-44-109-6



8 
 

 

 
 
Figure 3. Thermal and electrical production and demand for the study locations: a) 
Soria; b) Iowa; c) Odense; d) Saint Catherine; e) Laixi 
 
3.2 Biomethane productivity 
 
The biomethane production study can be seen in Figure 4 where, as in the previous case, 
the winter months require the use of part of the biogas to ensure the operational viability 
of the system.  
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Figure 4. % of biogas destined for upgrading and generation of biomethane for the 
study locations: a) Soria; b) Iowa; c) Odense; d) Saint Catherine; e) Laixi 
 
Table 3 shows the % of biogas used for biomethane for the whole year. Brazil has the 
highest production (83.25%) and Denmark the lowest due to the difference in climate 
(39.67%). The rest of the locations, being temperate climates, have an average 
production (64.67 - 71.75%).  
 
Table 3. % of biogas destined for upgrading and generation of biomethane for the study 
locations: a) Soria; b) Iowa; c) Odense; d) Saint Catherine; e) Laixi 
 

 Biogas to 
biomethane (%) 

Soria (Spain) 71.75 
Iowa (USA) 70.83 
Odense (Denmarck) 39.67 
Santa Catalina (Brazil) 83.25 
Laixi (China) 64.67 

 

 
4 Conclusions 

 
Within the framework of rural development and the management of organic waste 
available from agricultural or livestock activity, the use of a hybrid system of anaerobic 
digestion and solar energy is presented as a viable alternative even in areas without 
access to the electricity grid. 
   The high temperatures and the availability of sunlight will favor this type of system 
in terms of energy efficiency and can optimize the production of biomethane, a 
substitute for natural gas. 
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Abstract: The imminent need to incorporate renewable energy sources (RES) as 
a useful solution to the scarcity of conventional resources and the environmental 
problems that they entail has motivated the development of new systems capable 
of producing, storing and serving energy based on demand, called microgrids 
(MGs). They are mainly made up of distributed generators (DGs) and energy 
storage systems (ESSs) and due to their great advantages, they are being 
implemented throughout the world and could be a great means for the 
development of RES. However, the intermittence of RES and general 
characteristics of MGs, constitute an important challenge for the scientific 
community in order to optimally manage the resources. For this, control 
strategies are being developed, putting attention in reducing operational costs, 
reducing damage in ESSs, insuring the stability of the system, etc. All this 
questions, the motivations that lead to develop a management system in each case 
and the solutions found so far are presented in this paper, as an overview of the 
progress achieved until now. Furthermore, a prediction about future trends in this 
field is done, based on the current situation and the estimations made on the 
energy future and the needs of communities in the coming years. 

Keywords: energy management system, microgrid, optimization algorithms, 
control strategies 

1 Introduction 

Nowadays, the energy production is still related to great problems: the cost of the 
conventional energies together with the fact that they are running out, means that the 
exploitation of renewable energy sources (RES) will be simply necessary in the near 
future [1] and advanced strategies must be developed to take advantage of these 
resources. 

Renewable sources produce energy from various natural phenomena [2]. 
Consequently, one of their main characteristics is that nature provides abundant supply 
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[3]. However, its production depends on climatic and economic conditions [4], so 
dealing with these drawbacks is an important challenge for the scientific community. 

To this end, microgrids (MGs) are being developed as a good tool to alleviate the 
scarcity of conventional resources and to adapt energy development to the new 
circumstances. 
An MG is a group of interconnected loads and distributed energy resources (DERs) [5], 
which are distributed generators (DGs) and distributed energy storage systems (ESSs). 
It can generate, distribute and regulate flow of electricity to costumers. It usually 
contains the Microgrid Central Controller (MGCC), smart switches, protective devices 
and automation systems [6] and it can operate in both connected and isolated modes 
[7].  
 

 
 

Fig. 1. Scheme of a common MG [8]. 

 
Given the above, it is clear that MGs are commonly conformed by multiple devices 

so the information flow between all of them is complex. The optimal coordination of 
all the elements is necessary to provide quality energy to consumers. So, to this end, 
researchers are developing energy management systems (EMSs) whose general aim is 
to control the energy produced, stored and consumed [9] at any given time so that the 
system is never exposed to harmful conditions and user satisfaction is ensured.   

When developing an EMS, investigators consider a great variety of goals among 
which are reducing the costs, enlarging the life of the ESSs and the DGs, improving the 
energy distribution and, definitely, optimizing the system operation while meeting the 
needs of consumers.  

Knowing what progress has been made in recent years allows researchers to apply 
them to real world MGs around the globe and then, establish improvements in the 
strategies based on their own outcomes. This will favour the implementation of the 
MGs in the near future. So, the purpose of this paper is to present a summary of the 
control strategies that have been recently developed. Both the motivations that lead the 
authors to choose one or the other goals, and the variables that are considered in each 
case are analysed. Some relationships between different control strategies are 
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established and the results obtained by each author are shown. To end, a prediction 
about the possible future trends in EMSs is made according to the current scenario. 

The paper is organised as follows: in Section 2, the criteria followed by researchers 
for managing MGs, together with the strategies developed so far, are presented. In 
Section 3, an estimation of the future perspectives in this field is made. Finally, the 
conclusions are given in Section 4. 

2 Microgrids Management 

The Energy Management System of a MG includes the basic functions like local 
generation and consumption control and ESSs management to reach multiple targets. 
The growing desire to improve the characteristics of future MGs carries a challenge for 
the development of control systems [10]. Some strategies are day-ahead and some are 
in real-time. In the first case, statical information is consider and methods to deal with 
uncertainties have to be incorporated, while in real-time models the information of 
power produced and demanded is updated in short periods of time and decisions can be 
made without unreliability. Traditional optimization methods cannot solve multi-
objective systems, so intelligent multi-objective optimization methods are being 
developed to consider multiple system constraints. At the same time, researchers try to 
improve the computational viability of the processes.  

Although EMSs are configurated according to multiple targets, there are two 
objectives that stand out as the most important: reducing MG costs and increasing the 
lifetime of the ESSs. Reducing grid dependency, smoothing the change between grid-
connected and islanded modes, lessening the instability and maximising the power 
coming from RES are less common targets.  

This section explains the objectives and the strategies developed so far in the field 
of MGs management. 

2.1 Reducing the Operating Costs 

Reducing the MG operating costs is the most common objective when talking about 
MG management. To reach this goal, multiple variables are considered.  

Interaction with the main grid can maximize the profits when the excess of power 
produced by the MG is sell to the grid. It is usual to charge the ESSs when the power 
price is low and discharge them when the price rises. So, examining the possible 
variations in grid-price is one of the most used strategies. Finding the right storage size 
and location and decreasing the damage in ESSs are also contemplated. While the 
RSWLPDO�(66V¶�VL]H�FDQ�DPHOLRUDWH�WKH�RSHUDWLQJ�FRVW��WKH�LQVXIILFLHQW�FDSDFLW\�FDQ�UHVXOW�
in a cost increase of conventional fuel usage. Furthermore, as durability is increasing, 
it is not necessary an outlay of extra money to change the storage. Some authors have 
studied the impact of considering meteorological data as well as the repercussions of 
LQWURGXFLQJ�5(6¶�SURGXFWLRQ�HVWLPDWLRQV DQG�WKH�FRQVXPHUV¶�UHTXLUHPHQWV in the final 
costs of the MG. All these questions are exposed in [8], [11]±[22] and the followed 
schemes and conclusions are presented now. 
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Fig. 2. Considerations taken by researchers when reducing the operational costs. 

 
Authors address the issue of components durability in [11]. Different ways of 

managing a hydrogen storage based MG are examined in order to find the cheapest 
operational mode. The study contemplates the model predictive control (MPC); 
hysteresis band control strategy (HBCS), which is focused on the state of charge (SoC) 
of the batteries; equivalent consumption and minimization strategy (ECMS), whose 
main objective is to minimize the total fuel consumption; and state machine (SM), that 
controls charging/discharging periods. The results showed that the lowest cost is 
achieved by applying the HBCS strategy. 

 Finding the optimal battery energy system size and location is the point in [8], [14], 
[15]. The authors in [8] presents the modified shuffled frog leaping algorithm (MSFLA) 
in a day-ahead management strategy and the method is validated in three different 
scenarios for the SoC of the ESSs, while [14] proposes the Fuzzy Logic Wolf 
Optimization (FL-FWO) based metaheuristic method. Both strategies show advantages 
when compared to other optimization methods such as GA and the FL-FWO also 
reduced the consumption of fossil fuels in the system. Precisely, the GA is used in [15] 
considering PV power predictions in order to mitigate the effect of DGs intermittence. 
The simulation showed that the method reduces the cost of the MG as 24% relatively 
to the scenario in which optimal ESS installation, but no PV forecast were done. It also 
reduces the cost as 31% relatively to the case in which PV prediction was considered, 
but no optimal ESS implementation was done and it improves the power profile as 28% 
relatively to when none of the considerations were bore in mind. Results highlight the 
importance of choosing the right storage system in all the cases discussed. 

 Introducing weather forecasts and predictions about produced and consumed energy 
can optimize the operation of the MG. The effect of these considerations is shown in 
the following publications [13], [16]. Authors in [13] propose the hybrid economic 
model predictive control (HEMPC) approach for an islanded MG that can automatically 
connect to the main grid to sell the renewable energy surplus or to get power when the 
battery banks are in a lower level than desired. Weather forecasts and system constraints 
such as minimum disconnection/connection time and maximum connection frequency 
are contemplated to reach the connection/disconnection regulation from the utility grid. 
The control algorithm has been tested by simulations considering different 
meteorological scenarios. On the other side, in [16], a demand-side management (DSM) 
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formed by three stages is proposed for a grid-connected MG. It is in the first stage 
where real-time meteorological data is considered. At the end, the Quantum Particle 
Swarm Optimization is used together with the system constraints to reach the results.  

Authors of [12], [22] estimate future loads. In [12], the electricity market price is 
FRQVLGHUHG�WRJHWKHU�ZLWK�WKH�EDWWHULHV¶�6R&�WR�FRQWURO�WKH�FKDUJLQJ�GLVFKDUJLQJ�UDWH�RI�
the ESSs, as well as the power difference between load an RES. The fuzzy logic-based 
EMS proposed was experimentally validated on a real-world grid-connected MG in the 
energy storage test bed at Newcastle University, UK, resulting in a reduction of the 
average peak load and operating cost. To end, non-homogeneous loads in a population 
of 1000 consumers belonging to different social classes are considered in [22]. Here, 
authors propose a dynamic clustered community home energy management system 
(DCCHEMS) in conjunction with PSO to attain minimizing the costs and a flatter 
power demand. The results show that the costs were reduced by 4%. 

Grid-connected MGs can sell power to the main grid when the power price is higher 
and can buy energy when necessary, obtaining benefits if the correct control strategy is 
introduced.  This exchange is the motivation of the following methods, which consider 
the variable grid-price to manage the energy resources in the MG [17]±[21]. In [17] an 
EMS based on a regrouping particle swarm optimization (RegPSO), formulated over a 
day-ahead scheduling horizon, is developed. The objective function not only considers 
WKH� TXDQWLW\� RI� SRZHU� H[FKDQJH� ZLWK� WKH� PDLQ� JULG�� EXW� DOVR� FRQVLGHUV� WKH� (66V¶�
characteristics. The RegPSO is compared to the genetic algorithm (GA) and shows 
better results in less computational time based on a real-world industrial MG in Beijing, 
China. In [18], it is sought that the fuel and electricity price fluctuations do not impact 
on the costs of the MG. The objective is minimizing the system levelized cost of energy 
(LCOE) according to the constraints. The environmental conditions are also considered 
making the strategy more feasible. In [20], the authors contemplate the costs paid to the 
main grid and try to minimize them through a two-stage planning framework of the 
battery ESS and micro-turbine (MT). The model is verified both in grid-connected and 
islanded mode and, at the same time, computational efficiency is improved. The 
intelligent controller based on artificial neural network (ANN) designed in [19] has also 
been validated in the two operational modes of the MG. The studied MG is a residential 
MG and the assumptions done in the development of the strategy are based on a single 
person behaviour. In every case, simulations in Matlab/Simulink have proved the 
validation of the control strategy with an accuracy of 95%, more than other methods to 
which the comparison is made in the paper. In [21], authors consider the energy cost 
profile, together with the future load behaviour to develop a MPC strategy which was 
validated by simulations and by laboratory experiments.  

2.2 Ensuring the Optimal Operation of the Energy Storage Systems 

ESSs have been shown to be a crucial element of the MGs. They play an essential 
role in maintaining the frequency and voltage stability when the MG works in the 
islanded mode [23] and contribute to constantly maintain the balance between energy 
produced and consumed establishing as a solution to smooth RES power fluctuations, 
reducing the necessity of conventional resources [24]. For all these reasons, EMSs have 
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been implemented to increase the lifetime of the ESSs. With an optimal control 
strategy, not only the lifetime of the ESSs can be extended, but the number of DGs can 
be decreased.  

The ESSs can be damaged for multiple reasons. Rapid power fluctuations [25], 
overcharging or over discharging [26], grid faults, that destabilize the MG, and 
intermittence periods of charging and discharging are some of the inconveniences that 
researchers have to deal with. 

 

 
 

Fig. 3. Criteria followed when optimizing the operation of the ESSs 

 
Hence, authors propose multiple solutions. In [26], the energy sharing between the 

different ESSs in the MG is studied, as well as the SoC of the batteries, which is also 
analysed in [24], [27]±[29]. Investigators study how to prevent the systems from being 
overcharged or over discharged. To this aim, the multiple characteristics of each storage 
equipment (such as capacity, lifecycle, depth of discharge, charging/discharging rates, 
etc.) have to be considered. As the elevated number of switch ON/OFF leads to 
premature degradation of the ESSs, the aim of [31], [32] is to reduce the number of 
start/stop events ensuring the durability of the ESSs.  

The SoC of the batteries is the main point in [26], while effective power sharing 
between the systems is also analysed. A virtual impedance control strategy for an 
islanded MG with hybrid ESS, consisting in batteries, which provides steady state 
power, and SCs that supports transient power fluctuations is proposed.  

In [24], [27]±[29] authors study the charge/discharge rates of the battery energy 
storage systems (BESSs). In [24], the simulation based on real-world MG data shows 
that the proposed EMS can maintain the SoC of the batteries in a good range at any 
given time and in any situation. Furthermore, as an optimal management of batteries 
was done, the use of diesel generator was reduced while the lifetime of DGs was 
increased. In [27], a combined control scheme for the grid-connected ESS is presented. 
The strategy is composed of two stages: the power control mode for the charging or 
discharging condition, and the energy control mode for the stand-by condition. By 
selecting appropriate control parameters, the ESSs can be kept in safe ranges according 
to frequency limits without human intervention. In [28], the control of the 
charging/discharging rates is done by the integration of a smart controller for DC/DC 
converter.  The  main novelty of this solution is the integration of  artificial  neural  
network  (ANN)  for  the  estimation  of  the  battery  SoC. The stability of the system 
is ensured in order to reduce the damage caused in ESSs. In [29], Lyapunov 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 477

pmoreno
ISBN 978-9942-44-109-6



7 
 
optimisation is used to satisfy the time-coupled constraints. To this end, a variable V 
algorithm is employed.  

The studies [31], [32] show a way to reduce the number of switch ON/OFF. In [32], 
the study proposes a method in which the FC is operated at maximum efficiency power 
based on hysteresis band control (HBC) and it has been proved that it reduces the 
number of switch ON/OFF by 25%. In [31] a MPC methodology with a time horizon 
of a few seconds is exposed for optimizing the durability of the components in a grid-
connected and hydrogen-based MG. As a short time horizon has been implemented, the 
system responds rapidly to possible disturbances and the model results in a good 
approach to reality. Both the aging of components and the operational constraints are 
considered as the method permits operations with high complexity. The MPC and 
hysteresis band (HB) are compared: the number of start/stop events is reduced by an 
additional 25% in MPC compared to HB. 

2.3 Optimizing the Energy Distribution and Increasing the Production 
Coming from Renewable Energy Sources 

Optimizing the energy distribution can make the MG a more sustainable and less 
expensive system as the power coming from renewable sources are maximizing. RESs 
bring great advantages that have been commented previously in this paper; but, due to 
their intermittence, it is necessary to develop a control strategy to ensure constant 
energy flow.  

 

 
 
Fig. 4. Summary of the considerations made when designing control strategies for optimizing the 
energy distribution 

 
In this case, the schemes are focused on the most suitable configuration of ESSs, so 

that RESs production is upgraded, and on the relation between the production costs of 
different DGs. All these questions are analysed in [33]±[35]. 

In [33], authors propose a sizing methodology for the RES components with various 
ESS scenarios with a techno-economic feasibility analysis. The aim is to maximize the 
RES utility while equating the cost to national tariff. To this end, the authors search the 
most suitable ESS configuration for a MG consisting in WT and PV. Thus, four 
scenarios are proposed and studied. The results showed that none of them achieve the 
target proposed above, so the final objective of the study is maximizing the fraction of 
RES with lower cost. The paper concludes that the optimal ESS for that MG is a hybrid 
storage formed by HFC and PHS. Furthermore, in [34] the multi-objective optimization 
algorithm of the Marine Predators Algorithm (MOEMPA) is proposed in order to 
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maximize the renewable factor so that emissions and costs are reduced at the same time. 
Authors proved its efficacy by comparing it to other multi-objective algorithms in the 
paper. Finally, in [35] the same goals are met by considering the equipment life of 
DERs, the physical limitations on the individual controllable resources and the 
frequency in which the MG operates, applying a MPC based optimal coordination (OC) 
strategy and studying the impact of different time steps in the results. 

2.4 Stability of the Microgrid 

Control policies to ensure the stability of the MGs are crucial to prevent the DGs 
from working in undesirable conditions. Thus, the instability of the system can lead to 
not secure the safe, continuous and maximized power production, so costumers will 
notice a lack of power and a decline in energy QoS. Furthermore, as DGs can suffer 
damage, they would have to be replaced increasing the operational costs.  

 

 
 

Fig. 5. Scheme that summarizes the objectives sought to ensure the stability of the MG. 

 
Hence, researchers have studied the importance of regulating reactive power 

resources, such as micro-generators or static var compensator, to avoid voltage 
fluctuations caused by the intermittence of RESs. There must be control strategies that 
dispatch active and reactive power of each resource separately. It is sought that the DC 
link voltage remains constant. To this aim, the grid voltage converters should adjust the 
produced output power, balancing the required load power. When loads increase, the 
voltage decreases and control strategies must be developed to ensure the stability in this 
situation [37], [38]. The stability analysis has to be done in both grid-connected and 
islanded modes and even when the operating mode changes between them [9]. The 
instability of the grid-connected MG during grid faults is studied in [39]. Here, voltage 
faults are considered to be addressed as a priority. RES must be able to produce limited 
power as overcurrent problems caused by voltage sags can be prevented, but at the same 
time, their production must be maximized to make RES viable. Likewise, control 
algorithms must manage DC side voltage to save DGs converters from damage caused 
by the potential DC voltage increase during faults. Voltage unbalances at the point of 
common coupling (PCC) are studied in [40]. The destabilized line currents generated 
by unbalanced loads result in a PCC voltage containing negative-sequence components, 
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which affect induction motors and power electronic converters, so reliability of the 
system cannot be insured.  

In [37], the online averaging fixed horizon control (AFHC) algorithm is developed 
to solve the MG energy distribution matter. This algorithm considers some 
uncertainties in renewable power production and load demands that are in line with the 
real situation, and makes it a better option in contrast to receding horizon control 
(RHC), that does not consider the uncertainties in data. The algorithm has been applied 
to a real-world MG in Heku town (Nantong city, Jianshu province, China). Simulations 
in Matlab has shown that the online model converges to the offline optimal solution. 
Thus, the necessity of considering both active and reactive power LQ�0*V¶�PDQDJHPHQW�
has been proved. In addition, the results showed that the algorithm achieves the 
objectives of smoothing the output of diesel power and optimizing energy. And, on the 
other hand, in [38] a real and reactive power dynamic management strategy is presented 
for a grid-connected MG, while power-sharing between the elements of the MG is 
insured. The adaptive fractional fuzzy sliding mode control (AFFSMC) is used to this 
end.  

The transition from grid-connected mode to autonomous mode is smoothing in the 
control strategy proposed in [9]. Features of ESSs are taken into account to ensure the 
power flow and stability of the MG. Hence, the real-time MPC is used in this paper for 
controlling the MG managing power electronic devices including DC-DC converters 
and grid-connected inverters. The scheme is validated in different actual situations and 
proved its efficacy at regulating de DC bus voltage during instability periods. 

In [39], the author aims to find the correct strategy to control the voltage unbalances 
during both nominal and faulty grid conditions. The paper presents a novel DC-link 
voltage stabilization algorithm based on the following conditions: DC-link voltage 
must be stable and controlled in all working regimes. Two situations are considered: 
One of them consists in one DC-DC converter and one inverter, while the other consists 
in multiple DC-DC converters connected to common DC-link. To this aim, a new DC-
link voltage control has been developed based on new approaches. The amplitude of 
the currents injected into the grid is limited to a defined boundary during all regimes 
and oscillations in active and reactive power are eliminated.  

Finally, in [40] authors purpose a novel strategy to mitigate the voltage unbalance at 
the point of common coupling (PCC) in an islanded MG. The study is based on PCC 
negative-sequence voltage feedforward. A virtual voltage source is added to the DG 
terminal at the negative-sequence. Then, the effective impedance between the 
distributed generation unit and the PCC can be reduced proportionally to the 
compensation coefficient. The impact of the DG equivalent output impedance is 
attenuated and the unbalanced voltage droop is compensated. 

2.5 Reducing the Main Grid Dependency 

The grid dependency is studied in [41], [42]. To this aim, Multi microgrids (MMGs) 
are being developed to facilitate the interaction between neighbouring MGs, regulating 
the resources without needing the main grid participation. Other authors try to reduce 
the energy import from the grid by optimizing the power resources.  
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A two-stage, day-ahead energy management strategy is proposed in [41]: at the first 
stage each MG is managed by its own system in a day-ahead strategy considering 
probabilistic data about DGs output and load demand, and share information with the 
EMS of the MMG. Then, at the second stage, the EMS coordinates the connected MGs. 
The proposed method is proved considering four interconnected MGs in four scenarios 
(different SoC and DGs in each one). It showed that the grid dependency was reduced 
to zero.  

In [42], a day-ahead power management strategy for a Mega-scale grid-connected 
MGs is proposed in order to minimize the grid power import. The optimization model 
is solved using the ant colony optimization (ACO)-based metaheuristic approach, 
which has few parameters to update during the process compared to other methods 
previously studied. To prove its efficacy, it was applied to a real-world MG in Atlanta, 
GA, USA. 

 

 
 

Fig. 6. Summary of the criteria taken into account to reach the MG independency. 

3  Future Trends 

Up to this point, some samples of the research carried out so far in the field of MG 
management have been presented, giving a general idea of the current situation in this 
field. 

In this sense, we can make an estimate of the points on which research will focus 
attention in the coming years, considering the current reality of the energy market, the 
climate change and the progress made in recent years.  

A brief summary of future objectives is presented below: 
� The need to reduce the emission of GHG and other effects related to 

conventional energy sources served as a motivation to further implement 
RES in the last decades. Nowadays, fossil fuels are running out, so it is very 
likely that one of the main objectives will be to implement energy 
generation systems that come from inexhaustible sources to deal with the 
energy crisis. In addition, the avenues for studying storage systems are still 
open in order to put an end to the problem of the intermittence of these 
sources. In the design of control strategies, both the layout of the systems, 
and the best combination of sources and storage systems will be studied to 
achieve efficient systems, relegating conventional sources to the 
background. One of the technologies that is intended to be developed in the 
near future is the storage of Power to Gas (P2G), which generates hydrogen 
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through a hysteresis process from electricity. It would mean reducing costs 
and increasing capacity compared to conventional systems. 

� One of the reasons for developing MG is to be able to work autonomously 
and researchers will mainly focus on them since they will take on 
importance in many industries, such as aerospace or marine [43]. 

� Management systems with short response times will be developed, so that 
the flow of information is evaluated almost constantly. This provides MGs 
with more reliability, since no information will be lost. It also helps to 
reduce potential damage in devices, since data about SoC of the ESSs and 
about the power produced and consumed is updated all the time and the 
systems will not work in undesirable circumstances. 

� In this regard, researchers will design strategies to protect the data from 
cyberattacks and possible loss of information.  

� Currently, an efficient flow of information is achieved through the 
installation of numerous sensors. EMSs will also focus on reducing these 
elements, achieving less complex and faster data transmission. The 
arrangement of sensors and protection elements of the MG will be studied 
[44]. 

� Until now, the mathematical models have been based, in general, on MGs 
simulations and, furthermore, they are operationally complex, obtaining 
with them results that do not sufficiently adjust to reality and that entail a 
great deal of computing time. 

In short, the expectations for the future involve achieving the autonomous 
functionality of MGs through the small objectives discussed in this section. Another of 
the great goals will be to greatly increase the installed power from renewable energies. 

For all this, research to design new security, storage, energy production and 
information transmission systems has been key up to now and will continue to be so in 
the coming years. The joint work of this part of the scientific community with those 
who study the most appropriate management systems in each case allows progress to 
be made in the development of MGs and smart grids, which have already established 
themselves as important systems in the field of energy. 

4 Conclusions 

An MG is a set of interconnected loads, generators and storage systems whose 
ultimate goal is to provide quality energy to consumers. Their characteristics have 
motivated their integration as environmentally friendly systems that, moreover, can be 
installed in remote areas and have proven to be useful in many sectors and industries. 

But the fact that they are made up of so many different resources and the need to 
coordinate information between these systems, consumers and other external variables, 
constitutes a challenge for researchers. 

Precisely, the main challenge of these systems is to develop energy management 
systems that meet the various needs in each case. 
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This paper attempted to provide a review of the state of the art in microgrids 
management. Considering MGs conformed by different DGs and ESSs, and meeting 
multiple objectives. The motivations that lead to study each case and the solutions 
proposed so far are presented. Although reducing operating costs and damage in ESSs 
are the most common goals within the scientific community, other targets such as 
maintaining the MG stability, maximizing the RES production and lessening the grid 
dependency have been also studied. 

For all these objectives, different control strategies that meet multiple criteria have 
been successfully developed. When reducing de operational costs of the MG, authors 
consider the interaction between the MG and the main grid; the durability, size and 
location of the components, and meteorological data. The control strategies developed 
to reduce the damage in the ESSs focus on the specific characteristics of each system 
in order to maintain the optimal SoC and they also try to reduce the number of start/stop 
events when charging the batteries. The most suitable configuration of the resources is 
studied to optimize the energy distribution. On the other hand, researchers have paid 
attention to both active and reactive power when developing the EMS to insure the 
stability of the MG. Smoothing the change within grid-connected and islanded modes, 
and controlling the DC link voltage as it remains constant are the objectives in which 
researchers have focused on in this case. Finally, to reduce the grid dependency, MMGs 
are being studied and the optimization of energy production is indispensable to this aim. 

The description of the strategies has been developed in the article and comparisons 
and relationships between some of them have been established. 

To finish giving an overview of the issue, an estimate of future research has been 
made in the last section. Given the current climatic circumstances and the progress 
made so far in the study of MGs, it is expected that efforts will be made to achieve the 
autonomy of the systems and the implementation of clean energy sources. To do this, 
MG stability and resource security must be prioritized through better information flow, 
more effective sensor systems, more reliable weather forecasts, and other resources that 
are taken into account in the developing of future control strategies. 

All of this will improve the working conditions of these systems that intend to be 
installed more and more all over the world, having demonstrated their qualities in recent 
years. 
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Abstract. In bottom-up approach to the smart city, the construction of the house 
and its related land consumption is the fundamental cell for governing urban de-
velopment and its sustainable relationship with society and the rural area.  Given 
the situation in northern Argentina, the research outlines a construction system 
based on the sustainable wood supply chain, with industrialized production of 
wood wafer panels and the proposal of a deconstructible house whose elements 
can be transported by truck.  Sustainability of the building system is achieved 
through the use of wood from rotational forests and the proposed re-purposing of 
river and rail transport, while building sustainability is pursued through the inte-
grated use of photovoltaics, heat pump, rainwater and surface geothermal energy.  
The designed dwelling envelope results B rated, according to the IRAM 11605 
Argentine standard and the ³Minimum Quality Standards for Social Housing´� 

Keywords: prefabricated building wood components, energy efficiency, rain-
water usage. 

1 Introduction 

«A smart city should above all be a human city��>«@�Today, digital platforms are key 
components of all these urban systems but I don¶t believe they are the real answer. What 
would help is to imagine the city differently in a more radical way» stated Carlos 
Moreno in an interview in 2019 [1].  If we consider how the urban metabolism is af-
fected by supply and waste of construction materials before any building goes into ser-
vice, we can argue the sustainability impact of construction phase is not negligible, 
even if the present standard and law context does not seem to care a lot, while building 
energy efficiency is much more under (sometimes strict) regulations. 

In this context, the Authors investigated in the last years how to improve the city 
metabolism and sustainability by a bottom-up approach, that is, working on the basic 
bit the urban fabric is made of: housing. 

First, smart buildings must be brilliantly managed and produced in a sustainable 
way. Second, a really smart location of smart buildings (and homes) is a matter of urban 
planning, of a radical change in the conception of the city.  Third, collaborative net-
working, IoT, and big data management etc. are critical, but they are the rails to guide 
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change, not the engine and the fuel for it.  Confident in these three criteria, the research 
team began working on the first assumption. 

Sustainable houses should adapt to the local availability of energy, e.g., solar energy 
and rainwater, by integrating into the area network: reducing energy demand for HVAC 
systems and managing rainwater could be a brilliant way to physically integrate the 
building into the urban organism; furthermore, learning from nature, a sustainable hous-
ing system should be located where humans carry out their main activities (unlike hu-
man behavior, it is not common to travel far to work in nature) and thus, in principle, 
houses could be moved according to the supply of work. In this way, clogged streets, 
traffic jams, and peak hours of public transportation could be relieved, the city would 
become more human-scale, and, ideally, people would choose to travel primarily for 
leisure.  Moreover, relocation for work would not necessarily imply abandoning an 
empty building ³shell´ to seek or build another one elsewhere.  The result would be a 
dynamic city not only in the metabolism of energy and networked resources, but also 
in the texture of the building fabric. 

This paper presents a proposal for a sustainable housing construction/deconstruction 
system suitable for the forest resources of Argentina and Latin America.  The system is 
designed to meet the energy integration needs mentioned above, and its production is 
aimed at fostering the demand for local labor force, avoiding its relocation. 

Based on the forestry situation in Argentina, we propose a possible way to locally 
industrialize the prefabrication of the main components for such type of building sys-
tem, comparing the expected performance with the requirements of Argentine social 
housing legislation and some case studies of prefabricated housing.  

2 Argentina¶s forestry and wood supply chain current situation 

Argentina has 33 million hectares of native forests and about 1 200 000 hectares of 
production forests (the latter with a growth of 40 000 hectares per year) and it¶s one of 
the most productive countries in Latin America in the forestry sector.   

Wood production yearly rates of Argentine forests, mainly pine and eucalyptus, 
range between 35 m3 and 45 m3 per hectare and are about 6-10 times higher than pro-
duction rates recorded in European and North American forests [2]. This is made pos-
sible by favorable climatic conditions and soil quality enjoyed by Argentina¶s forests 
(which allow above-average growth rates), most of which belong to the green lung of 
Gran Chaco in Nordeste Argentino (NEA), which is the second largest tropical forest 
in Latin America after Amazon rainforest. According to Ministerio de Agroindustria 
data released in 2015, 85% of country¶s total wood production is concentrated precisely 
in Nordeste, whose main provinces are Misiones, Corrientes and Entre Ríos. 

Despite the enormous potential related to continuous availability of raw material, 
Argentine wood supply chain has several problems basically related to infrastructural 
deficiencies and high costs for logistics (timber storage and transportation). This is 
caused by the large distance between NEA forests and main commercial ports in the 
central provinces of Santa Fe, Córdoba, and Buenos Aires. At present, connection be-
tween production centers and ports (foreign market) or distribution centers (domestic 
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market) is only possible by tractor trailers that travel along existing road networks, re-
sulting in poor sustainability and disadvantages in terms of time, cost, personnel em-
ployment for transportation, and increased pollution. 

 
 

 
Fig. 1. Map of production forests in Nordeste Argentino (NEA) and Table of hectare distribution 
of production forests broken down by provinces. [3] 

A significant abatement of transportation charges and environmental footprint could 
result from the use of alternative infrastructure or the smart rehabilitation of decommis-
sioned ones.  

In the first case, thanks to the presence of Paranà and Uruguay rivers (which connect 
the NEA with areas where actually ports and distribution centers take place), river 
transport could be a promising alternative, so much that Argentine government already 
attempted to encourage the birth of this network in the 1990s, through the construction 
of some river ports. However, the lack of agreements with neighboring countries, which 
share the river basin, has not so far allowed for a consolidation of this transport network. 

In the second case, an important alternative to the road network could come from the 
use of the current rail network, with an upgrading of Nordeste Argentino local network 
and its connections to central areas. Argentina¶s current forestry situation is thus di-
vided between infrastructural deficiencies and new prospects for more economically 
and environmentally sustainable models.   

3 A more sustainable wood supply chain 

The housing needs due also to manpower relocation and the forestry situation previ-
ously described suggest a systemic approach to the whole wood supply chain, in order 
to better express social, economic benefits and sustainable development. 

The housing issue can be addressed not only by improving subsidized housing, but 
also by increasing the income of those who, today, find it difficult to access the housing 
resource: both of these objectives can favorably dovetail with the development of forest 
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resource, providing that its use is tied to rotational plantations in order to reverse the 
current deforestation trend. 

A sustainable forest management in the NEA would complement the traditional ag-
ricultural economy, also by involving the natives in occupations and incomes that 
would result from a responsible management of rotational plantations, without impos-
ing extraneous working models to local cultures. There are many abandoned industrial 
areas in Chaco, usually relics related to industrial exploitation of agricultural resources, 
e.g., the production of various seed oils for food use. These areas are often close to river 
routes or railroad networks and their redevelopment could allow the settlement of new 
activities related to timber processing from rotational forests wood into building com-
ponents, in order to increase employment and local professional qualifications in a so-
cial process that is aimed at the placement of both young recent graduates and skilled 
unemployed people in the world of work.  

Abandoned industrial sites cover more than 80 hectares of land in Chaco area and 
they include some large warehouses used until the second half of the 20th century: most 
of those are in disrepair, but about one-third are reusable through modest rehabilitation 
works (mainly roof and facility renovation). Road, rail and energy network are still 
potentially efficient. 

The historical industrial heritage reuse and recovery is a proactive activity that tends 
to enhance the history of a territorial area: the feasibility of industrial redevelopment 
and reactivation is based both on the advantage provided by reuse of existing facilities 
in term of environmental, social and economic sustainability, and also on new oppor-
tunities of education and training dissemination powered by the new industry demand. 
In contexts of relevant economic fragility, such as the city of Resistencia in Chaco, the 
synergy between education-training-cultivation-production-construction is a particu-
larly essential condition for the feasibility and sustainability of this systemic approach. 

The restart of Chaco industry is also a favorable condition for the enhancement of 
more sustainable transportation systems alternatives to road.  The rail network was in-
itially sized and articulated to serve factories that have now disappeared: for this reason, 
its reactivation and coordination with the rest of the Argentine rail system does not 
require large resources, but rather a new connected and smart management system (e.g., 
rail freight convoys with electric locomotives should travel only when the sun provides 
sufficient energy through photovoltaic farms: timber has no deadline and no hurry) and 
provides, on the other hand, an additional factor for the development of employment 
and social welfare.  The river network can be managed almost in the same way. 

Using alternative and more sustainable methods to transport building components 
constitutes an added value compared to the raw material alone, lowering the unit selling 
price thanks to a less impact handling charges and favoring the spread of the product. 
The latter, consisting of building envelope elements, has in turn the potential to be a 
driver of a wood construction market that, in Argentina, can still grow a great deal and 
will increasingly need skilled figures (from designers to assemblers). This will have a 
positive spin-off in local employment opportunities and in the quality of available hous-
ing.  Not only jobs, then, but also increased income to facilitate access to housing and 
its increased quality, also far from urban areas, where the complexity of access routes 
may make transportation of prefabricated building components less immediate.  The 
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systemic approach to the wood supply chain, moreover, has positive spillover effects 
on satellite activities: from service and network providers, to equipment maintainers, 
railroaders, seafarers, etc., which is a significant multiplier of investment, public or 
private, in this sector. However, this is limited by the low uptake of wood construction 
with industrialized components (e.g., panels), which today is still conditioned by certain 
regulatory preconceptions. 

4 A look to the current social housing regulations in Argentina 

Over the past two decades, Argentina has completed a series of regulatory efforts to 
improve habitability and thermo-hygrometric comfort of social housing, along with an 
increasing attention and care for environmental sustainability.  

From 2000 to 2019 there have been a series of regulations with technical prescrip-
tions to increase requirements for thermal quality, use of renewable energy, and proce-
dures and technical specifications have been introduced for the evaluation, diagnosis 
and certification of constructions according to sustainability criteria established by Ar-
gentine legislation [4]. 

Secretaría de Vivienda del Ministerio de Infraestructura y Vivienda de la Nación, 
together with Ministerio de Ambiente y Desarrollo Sustentable y el Ministerio de En-
ergía have produced in 2018 the ³Handbook of Sustainable Building´ [5]: this guide 
(regarding Site, Integral Design, Energy, Water, Urban Agriculture, Building, and Best 
Practices) proposes an assessment tool called ³traffic light´ which emphasizes for each 
topic the distinction of desirable versus undesirable variables and effects.  The tool also 
incorporates the concepts of flexible and accessible design in addition to the need to 
carry forward building design by contemplating future plans for redevelopment, decon-
struction and recycling. 

Among the possible technological solutions for construction, one of the main aspects 
that limited (and partially still hinders) wood construction is the fact that it was consid-
ered by Argentine regulations to be an ³unconventional´ system.  For this very reason, 
any use of it required the development of a ³Certificate of Technical Aptitude´ (CAT) 
to be submitted to the Secretaría de Vivienda, for which it was necessary to complete 
numerous tests, trials and produce a thorough technical report. 

Since 2018, however, Resolution 3-E-2018 of the Ministry of Housing and Habitat 
[6] has finally recognized the wood frame construction system as ³traditional´: thanks 
to this recognition, the wood house sector has benefited from a major regulatory update 
and a significant incentive that greatly favors this system over others.  The growing 
awareness and concern for environmental issues, coupled with the abolition of CAT, 
have created favorable conditions for rethinking the wood supply chain in the construc-
tion industry, also in terms of sustainability and social spinoff. 

Considering energy saving strategy, the ³Minimum quality standards for Social 
housing´ [7] stated the value of ³K´��WKHUPDO�WUDQVPLWWDQFH� for the exterior wall and 
roof must be equal to or lower than the maximum established in Table 1 of IRAM 
11605 standard (1996 edition) for level B, i.e., 0.6 to 1 W/m²K for walls and 0.52 to 
0.83 W/m²K for roofs (depending on the local climate). 
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5 Housing sustainable rethinking 

Some best practices on wood housing in Argentina can be traced among recent social 
housing developments. 

In the city of Virasoro (province of Corrientes), 320 km far from the capital, 11 social 
housing units of 70 m² each were built in 2015: the prototype was designed by the 
Corrientes Housing Institute (INVICO) and consists of a one floor building with din-
ing/living room, a kitchen, a bathroom, two bedrooms and two covered loggias (Fig. 
2). This plan setting derives from the traditional local housing model. These houses 
were built with wood-frame technology and insulated infills, pitched roofing, interior 
sheathing of gypsum board, and exterior cladding of painted wood; windows and doors 
are made of aluminum frame.  The constructions rest on a raised and ventilated base-
ment in order to avoid contact between wooden elements and soil moisture. Each dwell-
ing was built in 29 working days by four carpenters, an electrician and a plumber and 
14.15 m³ of lumber was used [8]. 

 

 
Fig. 2. Floor plan, elevation and photographs of the construction phases of INVICO¶s viviendas 
sociales at the Virasoro locality. [© INVICO (drawings) and Erick Kennedy (photographs)] 

Similarly, in Entre Ríos Province, twelve houses were built between 2014 and 2015 
in the Chaco neighborhood of the city of Chajarí, each one of 67 m².  In 2016, eight 
more houses of 62 m² each were built in the La Florida neighborhood. Also in the prov-
ince of Entre Ríos, in the city of Concordia, another 250 houses are being built in the 
Agua Patito neighborhood, in order to be able to relocate families who lived in the 
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flooded areas: these are 48 m² homes, each of which used 3.6 m³ of wood for the load-
bearing structure in addition to 65 m² of facade cladding made of horizontal solid wood 
slats laid in ³American style´� 170 m² of interior matchboarding, and 30 boards of 9 
mm thick phenolic plywood. 

6 Toward a prototype of a locally produced system for wooden 
houses 

As anticipated in § 3, this research investigated the possibility of local production of 
sandwich panels, framed elements and complements to promote the integral use of 
wood resource and, at the same time, to improve local housing conditions, enhancing 
skills and availability of local workforce, as well as responding to the needs of Argen-
tine housing emergency, especially in the North, also conditioned by the persistent dif-
ficulty in accessing housing credit [9].   

Below are described the first results obtained in the design of the technological sys-
tem, which is first and foremost oriented toward simplifying the manufacturing process, 
lowering construction and handling costs, and favoring simple and flexible floor plans. 

This flexibility and simplicity appeared to be a necessary condition to allow the dec-
lination of the proposed model according to the various cultural, social and climatic 
instances that are a very true expression of the local tradition: in fact, the diffusion of a 
³new´ building system cannot be associated with the imposition of a new way of living, 
but rather the system itself should be naturally metabolized by the socio-cultural con-
text of reference, which can ³appropriate´ it in the ways and with respect to local cus-
toms.  The sustainable city can be made of sustainable technology, but it can not be 
made of sustainable buildings that are empty and rejected.   

For this reason, the example of conceptual application of the system is intentionally 
inspired by the traditional vivienda rural that is typical of the northern subtropical re-
gion of Argentina (fig. 4).  The so-called casa rural was born in close contact with the 
territory and its climate, so much that home is a simple shelter from bad weather and 
only destined for basic functions such as sleeping, cooking, and even giving refuge to 
domestic animals. As a result, the vivienda has no definite boundaries, there is no clear 
or fixed separation between inside and outside, and it is not even possible to ³crystal-
lize´ certain functions within it.  The functional scheme is therefore an open and dy-
namic model always connected to the outdoor, both to extend the living function to the 
outside environment and to allow further additions through aggregation of the same 
model, which is developed on a single floor usually elevated above the ground in order 
to prevent possible river flooding. The galería is the recurring element: a central aggre-
gative space, covered but not enclosed, in which all the social activities of daily life 
take place.  On this galería insist the habitación, which consists of bedrooms, the only 
enclosed spaces of the dwelling. Technological and planimetric linearity together with 
the use of natural materials (mainly wood) allow the implementation of a series of bio-
climatic principles to which these Argentine rural houses conform, achieving favorable 
interior microclimates thanks, for example, to natural ventilation and shading control 
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(think of the opposing openings of the central galería, or shading and evapotranspira-
tion cooling given by dense surrounding vegetation).  Two rural homes are illustrated 
in Fig. 3 [10, 11]. 

The proposed technological system is based on locally producible elements: 2 or 4 
cm thick wood planks measuring 132 × 52 cm (and also 17 or 10 cm to allow better 
utilization of the log), while the processing waste is used to produce wood wool that 
can form thermal insulation of the infill and bracing panel.   

6SHFLILFDOO\��³ZDIHU´�SDQHOV�DUH�FRQFHLYHG�ZLWK�VROLG�SHULPHWHU�IUDPes suitable for 
tongue-and-groove joining, consisting of boards 4 cm thick on the outside and 2 cm 
thick on the inside.  The thickness of the gap is governed by the thickness of the frame, 
which can be 2, 4, or 6 cm.  In the most thermally favorable case (6 cm cavity filled 
with wood wool), the resulting panel has a thickness of 12 cm and a thermal transmit-
WDQFH�RI� OHVV� WKDQ�����:�Pð.� �ZKLFK�PHHWV� WKH�%� OHYHO� UHTXLUHG�E\� WKH� ³0LQLPXP�
4XDOLW\�6WDQGDUGV�IRU�6RFLDO�+RXVLQJ´��L�H���IRXU�WLPHV�PRUH�IDYRUDEOH�WKDn the more 
usual hollow brick wall of similar thickness (2 W/m²K) compared to which it would 
also be much lighter (30 kg versus 60 kg for an equal area of hollow brick wall).  
Smaller panels have corresponding lower performance, lower mass and lower manu-
facturing cost. 

 

 
Fig. 3. Argentina subtropical area: typical rural housings (Carli C L, [10]) 

In order to contain costs and simplify the whole process, the proposed system al-
lows the construction of e.g. an entire house through the use of the same multi-layer 
wood panel.  This logic of unification and simplification facilitates both the manufac-

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 509

pmoreno
ISBN 978-9942-44-109-6



9 

turing, which is faster and more sustainable (less waste), as well as warehouse manage-
ment, and the construction phase, with greater simplicity of supply and speed of assem-
bly.  The size of the panel also favors quick assembly (no winches or cranes are needed 
and everything can be completed by a couple of workers), resulting in lower costs for 
both site management and components procurement [12, 13]. 

All the elements of which the multilayer panel is made of are illustrated and cata-
logued in Table 1. 

From the cut of the C element of which the multi-layer wood panel is composed, it 
is possible to make additional solid wood elements, which are depicted and catalogued 
in Table 2 below, again with an approach to simplifying production and limiting mate-
rial waste. The latter are used to assemble the portals with a structural function, suitably 
braced by the multi-layer wood panel, which combines the bracing function with that 
of external closure: the same panel is, moreover, used to make the entire envelope of 
the house (floor, external walls, roofing) and any partitions with its lesser thicknesses. 

Table 1. Multi-layer wood panel manufacturing steps: (a) from the logs of the production for-
ests, all the necessary material, including wood fiber for the insulation panel, is obtained in the 
supply chain and waste minimized; (b) (c) exploded views of the panel (see element list in the 

lower part of the table); (d) complete multi-layer wood panel 

 
wooden wafer panel function: bracing and infill panel (floor, vertical and roof envelope) 

cod. dim. LxDxH [cm] material No. of panels needed: 
A 132x52x2 solid wood Floor: 90 
B 112x32x6 wood wool Vertical envelope: 168 
C 132x52x4 solid wood Roof: 126 
D1 52x10x4 (No. 2) solid wood Total: 384* 
D2 112x10x4 (No. 2) solid wood 

*No. of wafer panels needed to build the 
proposed dwelling model 

E1 32x10x2 (No. 2) solid wood 
E2 132x10x2 (No. 2) solid wood 

 
The inner side of the building envelope can also be completed with electricals, fit-

WLQJV��SLSLQJ�HWF���DOVR�WR�HQDEOH�EXLOGLQJ¶V�HQHUJ\�VHOI-sufficiency (e.g., photovoltaics, 
thermal solar panels) and finishing materials (plasterboard, matchboarding, flooring, 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 510

pmoreno
ISBN 978-9942-44-109-6



10 

etc.) even at a later stage, because as supplied the assembled system allows immediate 
use of the volumes as soon as the windows and doors are placed. This also makes it 
usa-ble in cases of immediate relief or for the construction of temporary buildings (ex-
hibi-tion stands, mobile construction sites, etc.).  Furthermore, the reiteration of the 
elementary cell can give rise to multi-family buildings, small schools, clinics, service 
centers, etc. 

The small size of the elements of which the system is composed allows them to be 
transported even by common vans, facilitating their distribution even in the most de-
centralized rural areas that could achieve a sustainable housing development and bene-
ILW�IURP�WKH�³FRQQHFWHG�VRFLHW\´�GLVWULEXWHG�FKDQFHV: all the elements for this dwelling, 
repeating the traditional rural houses scheme of two compartments and central gallery, 
can be transported with a couple of trips of a tractor-trailer: it is a matter of transporting 
about 40 tons of material with a footprint of about 50 m3. 

On the other hand, the intrinsic characteristics of the system, in accordance with the 
requirements of the mentioned ³Manual of Sustainable Construction´ make it easily de-
constructible and transportable elsewhere, as well as fully reusable and recyclable, with 
the exception of only the pair of masonry baffles that are needed for the interface of the 
house with the ground. De-constructability and transportability, due to dry assembly 
and the small size of the elements that make up the system, is also advantageous in 
terms of reliability of investment for the house: in the case of relocation, the vivienda 
can be moved elsewhere, without the need to be resold on site, perhaps in a market 
condition where demand is weak and the price would not be adequate for the original 
resource commitment.  So doing, the soil usage is almost reversible and the ghost house 
phenomenon avoided. 

Table 2. List of the additional solid wood elements for house portals (they are all obtained by 
appropriate cutting of the ³C´ elements)  

 cod. dim. LxDxH 
[cm] 

Function: 
structural portals  

 

C1 (C/3) 132x17x4 

 

 

C2 (C1/2) 66x17x4 

 
C3 (C2/2) 33x17x4 
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7 Sustainability and house energy equipment  

The energy transition asks people to change the model of production and consuming to 
achieve a Positive Anthropogenic Impact (PAI) on the environment. Therefore, policies 
are required for the efficiency of consumption, production, transmission and distribu-
tion of energy and the increase in the production mix from renewable sources, consid-
ered to have a low climate impact. All bXLOGLQJV�FRQWULEXWH�WR�WKH�FLW\¶s sustainability, 
and the wafer wood panel building system is no exception; this is why the proposed 
house design was geared toward reducing energy needs and environmental impact, both 
in the manufacturing and construction process and during its life. 

In facts, as elementary bit of the city fabric, the wafer wood panel house is in close 
relationship with its physical and social neighborhood, connected with the district net-
work systems and relied also upon Energy Communities (i. e. a socio-economic model 
consisting in a consortium of users, focused on the decentralization and local exchange 
of energy, according to the principles of circularity, and aimed to self-produce from 
renewable sources, consume and manage energy through one or more local energy 
plants, in order to achieve energy self-sufficiency).  It is not a matter of connection 
only, but also of the way of connection.  

Smart cities are made of smart behaviors of each member: a building can not take 
whatever it needs at any time, and so the first rule should be to reduce as much as 
possible the energy footprint on the town. 

For this reason, electrical, HVAC, and plumbing systems are integrated into the same 
design and such as to decrease the house¶s energy footprint to city grids (see Fig. 4): on 
sunny hours, the rooftop generates electricity through a photovoltaic-battery-inverter 
system; during rainy days, the rooftop collects rainwater that the downspouts do not 
convey into the city sewer system (avoiding its overloading), but take it to a large un-
derground reservoir, where it can be used in the part exceeding the minimum operating 
level in the tank for toilet flushing but mostly stored as a closed-loop heat sink to feed 
the water-to-water heat pump.  During dry periods, the heat-pump uses water stored in 
the reservoir as a closed water loop DQG�³WKHUPDO�IO\ZKHHO´�to exchange energy to the 
ground [14]. 

In daylight hours, the system will operate almost off-grid, while the closed loop of 
rainwater for the heat pump is made to facilitate energy exchange to the ground as well.  
Any PV production during stand-by periods of the heat pump will be sold via smart 
connection to an energy community through the city grid or stored in battery packs.  

The Argentine Board of Construction (Cámara Argentina de la Construcción) has 
estimated [15] that the average electricity requirement (Heat Pump excluded) of sus-
tainable social housing is about 1.5 MWh per year.  A photovoltaic array of 1.16 kWp 
can generate about 1.6 MWh/year in Buenos Aires and 2 MWh/year in Mendoza, being 
sufficient for the general electricity demand, while the photovoltaic capacity would 
have to be about 4 or 3 times higher to cover the heat pump needs as well. 
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Fig. 4. Scheme for energy and HVAC system in the proposed prefabricated wood dwellings 
(summer and winter operation). 
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Fig. 5. Monthly simulation for a 1.16kWp PV system in Buenos Aires (1650 kWh/year (±10). 

 
 

8 Conclusions 

The energy transition asks people to change the model of production and consuming to 
achieve a Positive Anthropogenic Impact (PAI) on the environment. Therefore, policies 
are required for the efficiency of consumption, production, transmission and distribu-
tion of energy and the increase in the production mix from renewable sources, consid-
HUHG�WR�KDYH�D�ORZ�FOLPDWH�LPSDFW��$OO�EXLOGLQJV�FRQWULEXWH�WR�WKH�FLW\¶V�VXVWDLQDELOLW\��
and the wafer wood panel building system is no exception; this is why the proposed 
house design was geared toward reducing energy needs and environmental impact, both 
in the manufacturing and construction process and during its life: the de-constructible 
house can also be enlarged or reduced in size according to users¶ needs and can be 
disassembled, moved, and assembled elsewhere, reducing the impact of abandoned 
houses.    

In facts, as elementary bit of the city fabric, the wafer wood panel house is in close 
relationship with its physical and social neighborhood, connected with the district net-
work systems and relied also upon Energy Communities (i. e. a socio-economic model 
consisting in a consortium of users, focused on the decentralization and local exchange 
of energy, according to the principles of circularity, and aimed to self-produce from 
renewable sources, consume and manage energy through one or more local energy 
plants, in order to achieve energy self-sufficiency).  It is not a matter of connection 
only, but also of the way of connection.  Smart cities are made of smart behaviors of 
each member: a building cannot take whatever it needs at any time, and so the first rule 
should be to reduce as much as possible the energy footprint on the city grid and the 
waste of embedded energy.  Considering the possibility of volunteers to assemble/dis-
assemble the house, the cost is competitive with that of conventionally built houses; but 
the main purpose of the proposed system is to enable mobility-reuse of building com-
ponents: the same costs can thus be amortized two or three times. 
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Fig. 6. 3D modelling of the proposed wafer wood panel rural house. 
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Abstract. This paper analyzes the feasibility of using simulation software for the 
application of lighting improvements in university buildings, specifically in the 
case of the Aerospace Engineering School (Escuela Técnica Superior de Inge-
niería Aeronáutica y del Espacio ± ETSIAE) of the Universidad Politécnica de 
Madrid (UPM). The paper analyzes the effects of a project to change the lighting 
fixtures in several classrooms. An analysis of the lighting in the students' work-
stations was carried out by means of in situ measurements and simulations, taking 
as a reference the data prior to the change, using the DIALUX® software. The 
simulations were able to relatively predict the evolution of the lighting character-
istics of the classrooms after the renovation project. 

Keywords: Lighting, lighting simulation, illuminance, DIALux, educational 
building. 

1 Introduction 

The quantity and quality of lighting is a vital aspect of building construction. In the 
literature, there are numerous examples of the impact that poor lighting can have on the 
mood and productivity of workers or occupants of a building [1±4]. There are also sev-
eral studies that highlight the importance of good visual comfort conditions in academic 
institutions of all types [5±18]. Although visual comfort can be influenced by other 
factors, it depends mainly on lighting [18, 19]. 

 
There is a vast literature that relates illuminance levels and their uniformity to the 

quality of illumination [17, 20±22]. Similarly, there is also a large literature that studies 
the negative impact of glare on perceived lighting quality and performance [1, 23, 24]. 
Finally, another of the most frequently analyzed aspects is the importance of correct 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 532

pmoreno
ISBN 978-9942-44-109-6



2 

color rendering by artificial light sources [25±28]. Based on the above, the UNE-EN 
12464-1:2012 standard, which regulates lighting projects in workspaces, with the aim 
of guaranteeing acceptable lighting quality, takes as indicators 

x the average horizontal illuminance values, 
x the horizontal illuminance uniformity, 
x the color rendering index of the installed luminaires, and 
x the values of the Universal Glare Rating (UGR). 
 

 
Fig. 1. Aerial view of the Escuela Técnica Superior de Ingeniería Aeronáutica y del Espa-
cio (ETSIAE). Source: Universidad Politécnica de Madrid. 

This paper continues the work previously carried out on the study of the lighting 
characteristics at the Aerospace Engineering School (Escuela Técnica Superior de In-
geniería Aeronáutica y del Espacio ± ETSIAE) of the Universidad Politécnica de Ma-
drid (UPM) [29], in which a detailed study of the lighting characteristics of typical 
classrooms in different buildings of the ETSIAE was carried out (see Fig. 1). In this 
study, through an extensive measurement campaign, the illuminance values of the dif-
ferent type classrooms were obtained. Using the data obtained and by modeling the 
installed luminaires, a model of the classrooms was made using the DIALux® software, 
studying the impact of different measures to reshape the lighting installation in order to 
adapt the work areas to the requirements established in the UNE-EN 12464-1:2012 
standard (see Table 1). 

 
This work proposed a methodology based on representing through software, and 

taking into account the measured data, the lighting characteristics of the spaces in order 
to be able to propose improvement measures. 
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Table 1. Required lighting quality indicator values of mean perpendicular illuminance Em, max-
imum UGR value, uniformity factor Uo, and chromatic reproduction Ra for working areas ac-

cording to UNE-EN 12464-1:2012 for classrooms [30]. 

Type Em [lx] UGRL Uo Ra 

Classroom 300 19 0.60 >80 
 
In 2021, and based on the previous work [29], the luminaires of the ETSIAE were 

updated. As a consequence, some luminaires were completely replaced, while in other 
cases, only the lamps were replaced. 

 
Based on the above, it was proposed to analyze, based on the methodology proposed 

in [29], the effects that these changes had had on the lighting characteristics of the stud-
ied classrooms. 

 
This paper is divided as follows. First, the methodology used for the study is ana-

lyzed, considering the simulations performed using the DIALux® software, as well as 
the campaign of real illuminance measurements. Second, the results of the study are 
discussed. Finally, a series of conclusions are presented. 

2 Materials & methods 

To verify that the standard requirements are met, a measurement campaign has been 
carried out in 4 classrooms of ETSIAE (see Fig. 2), which were selected in previous 
work [29] as representative of the different types of poorly illuminated classrooms prior 
to the luminaire update. This was done by selecting for each classroom size type (see 
Table 2) the classroom which obtained the worst illuminance measurement results, and 
for which extensive analysis was performed prior to the luminaire update. 

Table 2. Detail on the classrooms selected as representative of poorly illuminated classrooms. 

Classroom Capacity (students) Surface (m2) 
A-005 (medium size) 99 103,53 

A-016 (small size) 28 31,20 
A-038 (big size) 115 111,59 

B-306 (average classroom building B) 96 86,94 
 

In this campaign, the perpendicular illumination has been measured both in tables 
and blackboards in the classrooms themselves and also a simulation has been made in 
DIALux® to verify that the UGR did not exceed the maximum allowed, to make this 
simulation as accurate as possible the luminaries were measured in the laboratory to 
adjust the polar curves of the LED tubes simulating them being installed in the current 
luminaries of building A, the process concluded with an adjusted model of the .ldt ar-
chives that the software DIALux® uses; although it regulates the polar curves it does 
not alter the glare, only the width and shape of the light beam. 
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Fig. 2. Images of the four classes studied: a) A-005; b) A-016; c) A-038 & d) B-306. 

2.1 SIMULATION 

 
Once the rooms representative of the ETSIAE classrooms were selected, their light-

ing situation was represented as accurately as possible using DIALux® simulation soft-
ware. Due to the data collected in the testing campaign, the simulations were carried 
out taking into account precise details from: 

x the geometry of the classes; 
x the actual layout of the luminaires, which was reproduced; 
x the arrangement of desks, chairs, blackboards, and elements that affect lighting, and 

the textures of the walls and floor; and 
x the degradation of the luminaires, which was implemented by dimming the wattage 

to account for soiling due to age, dust or any other defects that the reflector may have 
on its surface, parameters which were estimated.  
 
This was done to reproduce both the geometry and the lighting conditions of the 

classrooms as accurately as possible in the subsequent simulation. For the geometry 
and disposition of luminaires, physical measurements were performed. 

 
Within the group of classrooms studied, it should be noted that in each building a 

different technology has been implemented, in building A LED tubes have been chosen, 

a) b) 

c) d) 
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while in building B the choice has been LED screens, Figure 3 shows the comparison 
of classroom A-005 and its simulation with DIALux®. 

 

Fig. 3. Comparison between a real image (left) of the A-005 classroom and its simulation in 
DIALUX® (right). 

2.2 Classroom measurements 

A CEM-DT 1308 luxmeter was used to take the measurements at the different points 
on the tables and the blackboards of the horizontal illuminance. These measurements 
were carried out on consecutive days, specifically on June 7 and 8, 2022, between 21:00 
and 23:00. The time of the day was selected to reproduce the conditions of [29] in 
which, to evaluate the most unfavorable conditions, illuminance was measured after 
sunset and with the classroom curtains covering the windows (when possible). For the 
desks, a set of 7 representative points was measured for each desk position (see Fig. 4). 
For the blackboards, measurements were made at each 1 m on the mean height line. 

 

Fig. 4. Diagram of the position and distribution of the points selected for horizontal 
illuminance measurements on the classroom desks. 
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3 Results & discussion 

This study aims to analyze the quality of lighting in the Escuela Técnica Superior de 
Ingeniería Aeronaútica y del Espacio (ETSIAE) at the Universidad Politécnica de Ma-
drid (UPM). The reason was the poor lighting that the school had in recent years, espe-
cially in the evenings, and since a change of luminaires was made at the beginning of 
the year, its impact was studied. The work was carried out: 

ņ by measuring the illuminance of representative classrooms of this faculty, and 
ņ by simulation. 
With the simulation in DIALux® and the measurements taken in the classrooms, con-
clusions can be drawn about which technology is the most appropriate for a university 
teaching building and the degree of compliance with the standard, especially regarding 
the glare levels. Table 3 shows the lighting and glare values of the simulation carried 
out with DIALux® for the different classrooms. 

Table 3. Data obtained with DIALUX® simulations and measured in the classrooms showing 
the maximum, minimum and average perpendicular illuminance Emax, Emin and Eav and the 

maximum UGR values for the working planes. 

Classroom Model Emax(lx) Eav (lx) Emin (lx) UGR 
A-005 Measured 154 116 62  

DIALux 141 117 89 17.0 
A-016 Measured 165 104 40  

DIALux 152 109 74 21.0 
A-038 Measured 156 116 60  

DIALux 152 118 81 17.0 
B-306 Measured 1256 954 604  

DIALux 1248 951 668 20.2 
 
As can be seen in Table 3 classroom B-306 is the only one that meets the minimum 

lighting requirements of UNE-EN 12464-1:2012, although it exceeds the maximum il-
lumination and UGR values. However, the classrooms in building A do not meet the 
minimum lighting requirements, being well below the target value, although they do 
meet the UGR requirement in 2 of 3 classrooms. The classroom that does not meet the 
UGR requirement (A-016) has a different configuration of the lamps, which leads to 
higher glare on some desks. 

 
As can be seen in Table 3, the measured values and those from the DIALux® simu-

lation are practically identical, which shows that if the wear and tear of the reflectors is 
correctly adjusted in the software, a faithful representation of reality can be obtained, 
which also suggest the use of this software to evaluate the different possible alternatives 
to improve the lighting performance of buildings. 
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The results indicate a poorly illumination in one of the buildings and an excessive 
glare in the other, which proved that the LED tubes are not the correct technology to be 
used in this type of buildings, and to improve the current situation, three possible solu-
tions are suggested: 

ņ Connect a dimmer to reduce the power of LED screens without having to replace 
them with another model, with the objective of reducing the maximum brightness of 
the lamp to not exceed 1000 lx, and reducing the glare below 19. 

ņ Place a diffuser that reduces glare on the LED screens to reduce the UGR so that it 
does not exceed a value of 19. 

ņ Replace the LED tubes in building A with the LED screens that are being used in 
building B. 

4. Conclusions 

As it has been shown in the previous section, none of the classrooms meet the basic 
standards of illumination and glare, although this would be easily achieved with the 
implementation of the solutions previously stated. These poor results also put into per-
spective the poor conditions under which students take classes at night, which might 
affect their performance. 
 
DIALux® EVO software was used to analyze the current situation of the illumination 
conditions in classrooms. Comparison with results from physical measures indicate that 
using lighting simulation software not only can correctly predict and represent the light-
ing performance in buildings but also suggest its use to evaluate measures to improve 
the actual lighting conditions. 
 

Future work that follows this study should focus on: 

ņ Including daylight in the lighting analysis, as some classrooms might have glare 
problems at certain periods of the day. 

ņ Include the energy consumption of luminaires in order to find the most sustainable 
solution, given that the current situation in Europe shows the need to reduce energy 
consumption in the short term. 

ņ Establish methods to quantify and apply the wear and tear of the reflectors in the 
simulations. 

Finally, the importance of this study must be emphasized, as it reveals a serious 
problem that could also exist at other UPM schools and faculties and at other Spanish 
universities. 
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Abstract. This study focuses on the search for building materials modified in 
such a way that their thermal properties are adapted to sustainable energy appli-
cations. Several materials with different thermal properties are proposed as addi-
tives to modify the thermal conductivity of mortar. Initially, tests are carried out 
to determine the thermal conductivity of all the manufactured mixtures, analysing 
the influence of each of the additives. In this sense, materials that show extreme 
thermal behaviour (crystallised gypsum with higher conductivity and polyester 
fibres with lower conductivity) can improve the conductivity or isolation of a 
construction, depending on the need of each case. The samples with the selected 
additives were subjected to heating-cooling tests using a low-cost solar simulator 
in order to analyse their behaviour using a thermographic camera. After compar-
ing its thermal performance with that of a reference mortar (without additives), it 
was concluded that differences of up to 30% in final temperature variation can 
be achieved by using this kind of additives. Without being a definitive study, this 
contribution allows drawing promising conclusions for the construction industry, 
showing new development possibilities and future lines of research for new sus-
tainable materials in the construction sector. 

Keywords: Thermal properties, Sustainable material, Solar simulator, Additive 
mortar. 

1 Introduction 

The effects of climate change are becoming more and more compromising even in 
our urban environments [1]. The possibilities of mitigating its undesired effects can no 
longer depend solely on the implementation of emission reduction policies; it is neces-
sary to adopt coordinated measures on many other fronts of action.  
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One of the unwanted effects of this climatic emergency that we are beginning to 
suffer is the creation of heat islands that significantly alter the environmental stability 
of these urban environments [2]. The forms of mitigating this undesired effect go 
through the reasonable programming of urban spaces. Initially, the inclusion of green 
areas has been shown to be one of the fundamental favourable factors, lately, the inclu-
sion of mitigation measures in the building construction procedures have also been con-
sidered. On the other hand, the current energy crisis makes it necessary to implement 
saving measures in urban environments, which will also result in a reduction in green-
house gas emissions. Ideally, a combination of measures to mitigate unwanted effects 
with energy saving measures could even be proposed, such as the approach of systems 
for the use of residual heat stored by the heat island effect for energy purposes. 

This work aims to study the thermal behaviour of different additives for building 
materials, which allow them to perform a second function (in addition to its structural 
nature), related to energy efficiency and mitigation of the heat island effect. For this to 
occur, it is necessary to look in two different directions, on the one hand, in some loca-
tions, it will be preferable for the material to conduct and/or store heat more efficiently 
while in other locations the opposite effect will be desired. In this way, some building 
structures can be set up to reduce the heat island effect where necessary, and others to 
take advantage of this waste heat and distribute it efficiently. Traditionally, the thermal 
properties improvement in mortars has been tested from the thermal conductive point 
of view [3], this research includes thermographic analyses that have been used in ther-
mal tests with other materials with promising results [4]. In this sense, it is proposed to 
apply active thermography by means of a solar simulator in such a way that the different 
composition of the materials causes alteration of the thermal diffusivity and heat flow 
[5]. These differences can be captured by a thermographic camera, which allows full 
field analysis unlike point contact sensors. 

As consequence, an experimental campaign is carried out on mortars with different 
additives using conductivity and thermographic test to analyse their thermal behaviour. 
After this Introduction, Section 2 describes these materials and techniques employed. 
In Section 3, the experimental results for each test are shown and a discussion of these 
results is given. Finally, in Section 4, a series of conclusions are drawn about the suit-
ability of a series of compounds in thermal mortar mixtures that will allow the devel-
opment of future research on the way to introduce these elements in the usual processes 
of the construction industry. 

2 Materials and methods 

This work focuses on the use of additives particularly selected to alter the thermal 
properties of mortars. When the additives for this preliminary study were selected, the 
following factors were taken into account: 

x Thermal conductivity, the property of selected additives capable of altering in one 
way or another the thermal behaviour of the resulting building material. It oversees 
conferring the desired energetic behaviour to the mixture. 
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x The availability of additives, so that their possible integration into manufacturing 
processes does not pose a logistical and economic problem. 

x No reactivity of the additives with the mixture in the setting process, thus ensuring 
that the mechanical properties of the final product are maintained. 

Once the additives materials for the mixtures had been selected, the samples were 
prepared for the subsequent tests. Respecting the setting period, thermal tests were car-
ried out on the samples, consisting of thermal conductivity tests using the needle probe 
method [6], as well as reflectivity and thermal distribution tests by means of a thermo-
graphic camera [7] on the samples that have shown the most promising results in the 
conductivity test. Fig. 1 shows a schematic diagram of the workflow followed.  

 
Fig. 1. Workflow diagram. 

2.1 Materials for the additive mortars 

Due to the importance given to the building materials in construction as stated in the 
introduction in terms of temperature efficiency, it is valid to assume that a change in 
the characteristics in the base of those materials such as bricks and mortar could make 
a significant change in its behaviour. In this line of research, the mortar will be the 
focus of study since it is widely used and it can be mixed with different additives in 
order to increase or decrease its resistance to temperature. 

In order to select the additives some key factors have been determined such as it ease 
of obtaining, the possibility of giving the additive a second life reusing them for this 
objective or if any additive happens to exist in different forms (e.g. dust or liquid) each 
of them has to be studied in order to determine if it could present any differences; ad-
ditionally, the additives selected cannot currently be used commercially. 

Consequently, five different additives have been chosen (Fig. 2): polyester fibres, 
polystyrene, graphite, gypsum powder and crystallised gypsum. All of them relatively 
easy to access and possible reuse in the construction industry. 
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Fig. 2. Different additives selected to be used in the mortar mix. From left to right: polyester 

fibres, polystyrene, graphite, crystallised gypsum and gypsum powder. 

In the case of the polyester fibres, the factors that determined their selection are 
based on their easy access and possible reuse, since bags made of polyester are usually 
used in construction, as an example, the sample used for this research was obtained by 
ripping said bags and obtaining the fibres. Polystyrene shares the key factors of poly-
ester fibres as it is commonly used as packaging from which the sample was extracted. 
Graphite is a mineral used in various industries such as the pharmaceutical industry, 
construction or even electric industry used in electrodes, so it would be another use to 
which it could be applied, given its easy access. Gypsum is one of those materials that 
could be presented in different form, in this research its crystalline and powder form 
have been considered since the crystallised gypsum is its base mine form whereas the 
powder form is the gypsum form that has been processed. The gypsum powder is ex-
tensively used in construction as a paste for trim, as a bonding and joint paste or for 
artistic purposes, so it is already present on the construction sites and could be pre-used 
for the mortar. 

For the purpose of the decision in the quantity of the additive that has to be added in 
the mortar, given the nature of the form of the additives presented in Fig. 2, the meas-
urement of the additive has to be in % volume since if it was by weight additives such 
as polystyrene would exceed the amount of mortar used per sample. The following 
Table 1 presents a summary of the additives. The inaccuracy in the measurement is due 
to the complexity of measuring the additives, in addition it should be considered that 
this study seeks to locate general behaviours, and in no case has it exceeded 5% by 
volume in order not to alter the mechanical properties of the final mortar. 

Table 1. Summary table of additives, its thermal conductivity (O) and their percentage by vol-
ume used. 

 Polyester  
(fibres) Polystyrene Graphite Gypsum 

(crystal) 
Gypsum  
(powder) 

 O (W/m·K) 0,038 [8] 0,035 [9] 130 [10] 0,56 [9] 0,30 [9] 

% Volume ��5 % ��5 % ��5 % ��5 % ��5 % 

 
Once the additives have been selected and the quantity is decided, it is important to 

determine the base mortar mixture on which they will be added. For this study, the 
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mortar will consist of natural siliceous aggregates, Portland cement and water in a pro-
portion of 3:1:0,5 respectively. The characteristics of the components of the mortar 
mixture are as follows: 
x The cement used corresponds to white Portland cement with limestone (EN 197-

1:2011 [11]) with a resistance of compression of 42,5N by AXTON. 
x The selected natural aggregates are siliceous sand treated with a test sieve (UNE 

7050-3 [12]) of 2mm (Fig. 3). 
x The sample water is non-aggressive according to UNE 83952 [13]. 

 
Fig. 3. Detail of the sieve used and the difference in the sand processed. 

In order to optimise the material for the samples, the mortar dosage consisted of 600g 
of natural aggregates, 200g of Portland cement and 100g of water. A volume of 5% has 
been estimated for the additive concerning the whole sample volume by using a cubic 
measurement container with an edge of 3.5 cm. 

The moulds with dimensions of 160 x 40 x 40 mm described in the UNE-EN 196-1 
standard [14] were used for the manufacture of the samples. The curing conditions were 
respected by keeping the samples in the moulds for the first 24 hours and subsequently 
the specimens were kept in water at a temperature of 20±2 ºC.  

A total of 18 samples were manufactured, so that three specimens were obtained for 
each of the six mixtures (5 additives and reference mortar). One of these specimens was 
used for the thermal conductivity tests and another one was used for the heating-cooling 
tests. The remaining specimen was kept for safety and for future research. 
 
2.2 Thermal conductivity test 

Thermal conductivity parameter was measured in laboratory thanks to the thermal 
properties of the TEMPOS analyser used��7KH�GHYLFH��FRPPHUFLDOO\�E\�³'(&$*21´��
complies with the ISO 2008 standards and the ASTM 5334 and IEEE 442 and is de-
signed for taking accurate readings of thermal conductivity, thermal resistivity, specific 
heat, and thermal diffusivity of materials [15].   

Depending on the material and the specific parameter to measure, different specific 
needles are used, generating discrete amount of heat to virtually eliminate the moisture 
movement (or free convection in the case of liquids) that could influence the reading  

The basis of measuring of this devise is the infinite line heat source theory, in which 
thermal conductivity is calculated from monitoring the dissipation of heat in the needle 
probe. Heat is injected to the needle for an established heating time th, and temperature 
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is then measured in the monitoring needle during heating and for an extra time equal to 
th after heating. Equation 1 describes how the temperature during heating is obtained 
[16].  

ܶ ൌ �݉ ݉ଶݐ �݉ଷ݈݊(1)    ݐ 

Where m0 is the ambient temperature during the heating stage; m2 is the rate of back-
ground temperature drift; and m3 is the slope of a line relating temperature rise to loga-
rithm of temperature. 

The model during cooling is described in Equation 2. 
ܶ ൌ �݉ଵ  ݉ଶݐ  ݉ଷ݈݊

௧
௧ି௧

    (2) 

The thermal conductivity of the sample is finally obtained from Equation 3, which 
also considers the heat flux (q). 

݇ ൌ 
ସయ

            (3) 

In this research, RK-3 sensor was used to carry out the thermal conductivity meas-
urements with TEMPOS device. This sensor is specifically designed for solid and rocky 
materials and its main specifications are included in Table 2. 

Table 2. Specifications of the single needle RK-3 used with TEMPOS analyser. 

RK-3 needle ± TEMPOS 

Size 3.9 mm diameter x 60 mm length  

Range Resistivity: 17 ± 1000ºC·cm/W 
Conductivity: 0.1 ± 6 W/(m·K) 

Accuracy Conductivity: ±10% from 0.1 ± 6 W/(m·K) 

 
2.3 Thermographic analysis  

The thermal behaviour has been monitored with a thermographic camera after heat-
ing the specimens with a low-cost solar simulator. 

Specifically, a FLIR T540 thermographic camera with built-in RGB sensor and a 42º 
lens (FOV of 42º x 32º) capable of capturing 30 fps has been used. It is a device that 
offers a resolution of 464 x 348 pixels in the TIR and 5 MPx in the VIS spectrum. In 
addition, it has a laser sensor that allows knowing, prior of acquisitions, the distance 
between the camera and the object to perform autofocus. It has a thermal sensitivity of 
<30 mK at 30°C and it is calibrated for use within the temperature range of -20 to 
120°C. 

Regarding the lighting system, a 250W metal arc halide lamp from Philips was cho-
sen. Table 3 shows the main features of this lamp. This type of lamps is one of the most 
used to simulate the heating produced by solar rays [17, 18]. 
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Table 3. Features of the Philips metal halide arc lamp. 

Parameter Value 
Product name HPI-T Plus 250W/645 
Nominal luminous flux 19500 lm 
Colour temperature 4500 K 
Length 255 mm 
Diameter 47 mm 

 
Fig. 4. Low-cost solar simulator device. 

Finally, this lamp was installed on a platform designed ad-hoc to form the low-cost 
solar simulation system (Fig. 4). This system is composed of a ballast to regulate the 
continuous flow of the arc as well as to provide the appropriate voltage to the lamp, a 
support for the lamp with an aluminium plate to concentrate the radiation, the metal 
halide lamp, and the sample tray. Solar simulators are devices capable of approximately 
simulating, by means of artificial light, the natural light of the sun. In this study, the 
uniformity and temporal stability of the luminous flux received by the samples is guar-
anteed because they were always located in the same place with respect to the lamp, in 
addition to the fact that the heating-cooling tests were carried out under the same con-
ditions (same turn-on and turn-off duration for all simulations). Regarding the optical 
spectrum, metal halide lamps have a spectral coverage close to the global solar radiation 
spectrum. 

3 Experimental results and discussion 

3.1 Thermal conductivity test 

Test setup 
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When performing the thermal conductivity test with the already described TEMPOS 
analyser, samples were radially drilled for the introduction of RK-3 needle. The contact 
between the needle and the material is ensured by inserting thermal grease in the men-
tioned hole. 

Before the measuring process, RK-3 sensor was accordingly calibrated with the spe-
cific sample supplied by the manufacturer. Once calibrated, three measurements (of 
around 10 minute each) were carried out on each mixture to evaluate possible measur-
ing uncertainties and errors. A total of 18 measurements were made on the performed 
samples (3 thermal conductivity tests on the 6 mixtures). 

It must be also mentioned that ambient temperature was kept as constant as possible 
at 25ºC during the measurement process to obtain the most accurate data possible. In 
this sense, to minimize these sources of error, about 15 minutes for samples and needle 
to equilibrate with the ambient temperature before taking measurements and around 15 
minutes between readings for temperatures to equilibrate. In the following Fig. 5 it is 
possible to observe the laboratory measuring with TEMPOS analyser and RK-3 sensor.  

 

 
Fig. 5. Process of samples measuring in laboratory with TEMPOS analyser. 

Thermal conductivity test results 
The following results presented in Table 4 and Table 5 are obtained by measuring the 
three samples individually. The mean (;ࡃ ) and the standard deviation (G) was also cal-
culated. 

Table 4. Results of the thermal resistance of the samples. 

Sample Thermal resistance (ºC·cm/W) ܺ     G 
Mortar 173 159 183 171.67 12,055 
Polyester 276 241 264 260.33 17,786 
Polystyrene 106 112 111 109.67 3,21 
Graphite 125 104 122 117 11,358 
Gypsum (C) 96.7 80.1 111 95.93 15,464 
Gypsum (P) 205 225 247 225.67 21,008 
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Table 5. Results of the thermal conductivity of the samples. 

Sample Thermal conductivity (W/m·K) ܺ G 
Mortar 0,579 0,6275 0,5465 0,5843 0,041 
Polyester 0,3626 0,4156 0,3783 0,3855 0,027 
Polystyrene 0,941 0,894 0,9014 0,9121 0,025 
Graphite 0,799 0,96 0,8226 0,8605 0,087 
Gypsum (C) 1,034 1,249 0,899 1,0607 0,177 
Gypsum (P) 0,4879 0,4449 0,4044 0,4457 0,042 

 
Consequently, compared to the reference mortar with 0,58W/m·K, materials with 

higher thermal conductivity and lower thermal conductivity have been obtained. As for 
the material with higher thermal conductivity, the gypsum in its crystalline form, has a 
value of 1,06W/m·K, which represents an increase of 0,476W/m·K with respect to the 
reference mortar. On the other hand, the mortar with polyester fibres with 0,39W/m·K 
shows a decrease of 0,199W/m·K in its thermal conductivity properties. These varia-
tions can also be observed in their thermal resistance where the polyester sample pre-
sents an increase of 89ºC·cm/W and the gypsum in its crystalline form presents a de-
crease of 76ºC·cm/W, both referred to the reference mortar. 

The other additives have also modified the thermal properties but to a lesser extent. 
On the one hand, it could be expected that the sample with polystyrene would reduce 
the conductivity given its low value, similar to polyester fibres. However, this sample 
has obtained a higher thermal conductivity than the reference mortar, which could be 
explained from the point of view of the shape of its particles and their interaction with 
the mortar. On the other hand, graphite originally has a high conductivity. Mortar with 
this additive has increased the final value, but to a lesser extent than other additives. 
Finally, the powdered gypsum (which had a slightly lower value than the mortar) 
slightly reduced the conductivity of this mixture. 

Considering the margin of error of the measuring device and given that the aim of 
this study is to locate general behaviours, it was decided to select the two samples with 
the most extreme behaviours: crystallised gypsum and polyester fibres. Nevertheless, 
the results obtained from the three measurements show that they are consistent and have 
allowed us to obtain a valid approximation for the thermal conductivity of each of the 
samples. 

 
3.2 Thermal behaviour 

Test setup 
The thermal behaviour study was carried out with the three samples selected after 

conductivity tests. In this way, the materials with the highest (mortar with crystallised 
gypsum) and lowest (mortar with fibres) thermal conductivity were selected, in addition 
to the reference mortar. Considering that the original samples of 160 x 40 x 40 mm 
were divided into two for the two types of tests, the dimensions of the samples for the 
thermal test were 80 x 40 x 40 mm, with the illumination being applied on the side with 
the larger dimensions. 
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The tests for each material were carried out individually, placing the samples in such 
a way that the illumination had a vertical incidence on the surface to be studied, with a 
distance of 0.5 m. The camera was placed at the same distance with the least possible 
inclination to avoid errors in the measurement. 

In order to guarantee the same initial conditions in each test, the samples were kept 
isolated until they were placed under the solar simulator. In this way, the initial tem-
perature of each sample was 25º. To ensure that the illumination was stable and to avoid 
deviations during heating, the lamp was turned on for 10 minutes until the sample was 
placed. Once the sample is placed, the thermographic image acquisition stars during the 
heating stage, with a duration of 15 minutes. Once this time has elapsed, the solar sim-
ulator is switched off and the cooling stage begins, maintaining image acquisition for 
an additional 30 minutes. No additional device was used during this stage, so the sample 
was cooled by natural convection. Although the ambient temperature remained stable 
during the whole process, the heating of the solar simulator device itself can cause slight 
variations in the ambient temperature, so that slight oscillations can occur during the 
cooling of the samples. 

Regarding the acquisition of thermographic images, a frequency of 1 fps was used, 
since counting heating and cooling, a total of 2700 images were acquired (45 min).  

For each of these images, in order to study if there were significant differences be-
tween the inside and outside of the sample due to edge effects three Region Of Interest 
(ROI) were selected (Fig. 6): i) full sample, corresponding to the entire study surface; 
ii) edges, corresponding to the outer region with a width of 10 mm; and iii) centre, 
corresponding to the inner area with dimensions of 60 x 20 mm. 

 

 
Fig. 6. Selected Regions Of Interest for thermal analysis. 
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Thermal results 
The tests were analysed using two different approaches. On the one hand, the tem-

perature evolution curve was analysed, both in the heating and cooling phases in order 
to study the differences in the behaviour of each material. On the other hand, the ROIs 
described above were studied to determine the possible influence of edge effects and 
effectiveness of the heating device. 

Heating and cooling curves 
The heating and cooling curves (Fig. 7) were obtained for each of the samples. For 

this purpose, the mean value of the full ROI was calculated for each of the thermal 
images to eliminate point errors or defective pixels. Then, a moving average filter was 
applied to eliminate anomalous values caused by erroneous frames. This filter allows a 
smoother curve to be obtained while reducing noise due to camera sensitivity. 

 

Fig. 7. Heating and cooling curves of thermal tests. 

Once the curves were plotted, the values corresponding to the end of heating and 
cooling were extracted. These values correspond to the maximum temperature increase 
and the final temperature variation of the sample (Table 6). These values, together with 
the graph, allow a better analysis of the heating and cooling processes. 

Table 6. Maximum temperature increase and final temperature variation for each material. 

Sample Maximum temperature increase (ºC) Final temperature variation (ºC) 
Fibre 2.69 0.46 

Reference 2.78 0.66 
Gypsum 2.65 0.85 
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With regard to heating, the curves for each of the materials are practically similar, 
reaching a similar maximum temperature increase. The slight differences in this value 
are barely significant (0.1ºC) and may be due to causes associated with the measure-
ment process, such as the sensitivity of the camera or the slight thermal oscillations 
caused by natural convection. In this sense, it must be considered that the heating is 
produced by radiation and that only surface heating is produced because the time is not 
very long, so it is difficult for the difference in conductivity to have an influence. 

In the case of the cooling phase, significant differences can be seen, both in the 
curves shown in Fig. 2 and in the final values shown in Table 6. In this case, there is a 
difference of 0.4ºC between the fibre sample and the crystallised gypsum sample, cor-
responding to those with the lowest and highest conductivity respectively. The refer-
ence sample is practically equidistant between the two. Due to the fact that the heating 
is carried out by radiation and in a short period of time as mentioned above, there is 
mainly surface heating, which means that the difference in conductivity does influence 
the final temperature of the sample in this case. In the case of the mortar with fibre, as 
it has a lower conductivity, the heating is only superficial without heating the whole 
sample, which causes a greater reduction in temperature during the cooling phase. On 
the other hand, the sample corresponding to the mortar with crystallised gypsum can 
heat up inside due to the higher conductivity, not only being a superficial heating. In 
this case, the heating of the whole sample causes the final surface temperature to be 
higher. 

In this sense, it would be interesting to know the internal temperature of the sample 
for a more exhaustive analysis in order to check these hypotheses and to analyse the 
thermal profile at different depths to determine the influence of conductivity. In the 
same way, heating for a longer time and reaching a higher temperature should also show 
differences in the heating phase, which in this case did not exist. 

Nevertheless, the results obtained show significant differences in the behaviour of 
materials with additives to modify their thermal conductivity. Thus, thermal conductiv-
ity has a notable influence especially in the cooling phase, since if we observe the sur-
face temperature values at the end of the whole process, the sample with fibre has re-
duced its temperature by 30% with respect to the reference sample, while the sample 
with crystallised gypsum has increased its temperature by 29%. 

Edge effect analysis 
The analyses described above for the full ROI were performed for each of the ROIs 

shown in Fig. 6 in order to determine whether the heating of the sample was homoge-
neous and to detect possible edge effects. The results for the temperature increase after 
the heating phase are shown in Table 7 and the results for the final temperature varia-
tion after the cooling phase are shown in Table 8. 
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Table 7. Maximum temperature increase for each ROI. 

Sample Full ROI Centre ROI Edge ROI 
Fibre 2.69 2.70 2.68 

Reference 2.78 2.79 2.76 

Gypsum 2.65 2.65 2.64 

 
The results show a similar behaviour during the heating phase as the difference be-

tween the centre and edge region does not exceed 0.03ºC in any case. This indicates 
that during heating, edge effects are not visible, as these small differences fall within 
logical values attributable to the sensitivity of the camera. Nevertheless, it is true that 
in all cases the centre temperature is equal to or higher than the edge temperature, so it 
would be interesting to carry out an analysis with a longer heating time and higher 
maximum temperatures to check whether these effects are visible in this case. In any 
case, it seems reasonable to assume that the heating of the solar simulator is homoge-
neous, since the temperature of the sample does not show spatial irregularities. 

Table 8. Final temperature variation for each ROI. 

Sample Full ROI Centre ROI Edge ROI 
Fibre 0.46 0.50 0.41 

Reference 0.66 0.72 0.61 

Gypsum 0.85 0.89 0.80 

 
In the case of the results for the final temperature, differences can be seen between 

the temperatures corresponding to the central region and the edge region, while the 
temperatures for the full ROI are logically situated between the two. In this case, the 
differences reach 0.1ºC, so that the edge ROI cools more than the centre ROI in all 
cases. These results show the need to consider both regions for more detailed studies, 
and it would be interesting to study the thermal profile as mentioned above to determine 
from what distance the edge ceases to have an influence. In this sense, it would be 
advisable to work with larger sample sizes in order to make a more detailed analysis 
taking full advantage of the resolution of the thermal sensor. 

4 Conclusions 

This work consists of a preliminary study to investigate the possibilities of using 
additives in the manufacture of mortar in order to adapt its thermal properties to the 
needs of use in applications in the construction and building sector where materials with 
a specific thermal behaviour are required. The use of materials with adjusted thermal 
properties can be an advantage in terms of sustainability and energy efficiency, as well 
as the consequent cost savings in construction materials and during the useful life of 
the infrastructures. 
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The additives used for the manufacture of the mortar showed that they were able to 
modify the thermal properties of the final mix. In this sense, it was determined that the 
additives with the greatest influence were polyester fibres and gypsum in its crystallised 
form. The former achieved the greatest reduction in thermal conductivity, as the thermal 
conductivity of this material is very low. The second achieved the highest value for 
thermal conductivity among the mixtures manufactured, even though its value is similar 
to that of the mortar.  

Regarding the other additives, the addition of polystyrene caused an increase in ther-
mal conductivity, even though this material has a very low value; graphite caused an 
increase in thermal conductivity, although to a lesser extent considering its high value; 
finally, the mixture with powdered gypsum slightly reduced the thermal conductivity, 
its value also being slightly lower than the reference value. 

The heating-cooling tests carried out with a low-cost solar simulator made it possible 
to analyse the thermal behaviour of the two materials with extreme behaviour and com-
pare it with that of the reference. In this respect, no significant differences were found 
in the heating phase, but differences were found in the cooling phase caused by the 
difference in conductivity. The mixture with fibres acted as an insulator and caused the 
surface temperature at the end of the test to be lower than the mixture with crystallised 
gypsum, which ended with a higher temperature than the previous and reference sam-
ples. 

Finally, an attempt was made to analyse the possible influence of the edge effect to 
find out the factors that may affect the results and try to find the best configuration for 
future tests. The results showed that the heating device produced a homogeneous heat-
ing and hardly affected the spatial distribution of temperatures. Nevertheless, there was 
a higher cooling at the edges of the sample, which will require increasing the sample 
size and differentiating between the two areas in future tests. 

The results obtained highlight the influence of the additives tested on the thermal 
behaviour of the mortar. These results are a starting point for further research to facili-
tate their incorporation in the construction industry. The application of the studied ma-
terials with lower conductivity as cladding in buildings could result in a decrease in 
their temperature during the cooling periods (night) and the consequent decrease in the 
heating-cooling sequence by starting at a lower initial temperature, thus contributing to 
the reduction of the heat island effect in cities. On the other hand, the use of materials 
with a higher conductivity becomes more interesting in uses where a material that fa-
vours heat transfer is needed, such as geothermal installations or heat exchanger walls. 

In both cases, it can be considered that the work yields promising results for the 
sector that motivate the continuation of this line of research. Future work will focus on 
carrying out more exhaustive analyses of the behaviour of these materials, carrying out 
tests with different configurations. In this sense, it will be interesting to check their 
behaviour over longer heating-cooling times, and it will also be possible to carry out 
thermal profile studies to analyse temperatures at different depths. 
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Abstract. Cities are key players in the transition to sustainability, and more and 
more local leaders are now working towards sustainable and climate-neutral cit-
ies. In order to achieve this, new participatory processes have been developed as 
innovative governance mechanisms. In the city of Soria (Spain), with less than 
50,000 inhabitants, the City Council has promoted the participatory process Soria 
2030, based on the transition management approach at the urban scale. We pre-
sent the Soria 2030 process to impulse local change to sustainability through em-
powerment of city actors. This paper focuses on determining the obstacles that 
may have hindered the potential of this process and its extrapolation to other sim-
ilar cities. For this purpose, the participatory mechanism and the main implemen-
tation gaps in the co-creation process identified by [1] are analyzed. We identified 
key factors that have positively influenced participation, such as the members of 
the work team engagement scale, as well as the methodology and tools used by 
the project coordinating team. Obstacles WKDW�OLPLWHG�WKH�RUJDQL]DWLRQV¶�ZLOOLQJ�
ness to participate have also been identified, such as summer calendar and dead-
lines. Due to the requirements of the health crisis context, most meetings were 
virtual, which entailed the use of multiple digital tools, for which it would be 
worth exploring in the future whether the use of such tools has contributed to 
improving the co-creation process of the local working group. 

Keywords: Sustainability transitions, Urban low-carbon development, Urban 
climate governance 

1 Introduction 

Metropolitan governance has become one of the key issues for the development of the 
New European Urban Agenda. Cities play a key role in economic and demographic 
growth, but so far they have not been able to respond to expectations about improving 
the living conditions of their inhabitants [2, 3]. As cited in [4], within the fields of 
collaborative governance of the 'right to the city[5 ,2-3]  ࡇ� and the role of citizen-ship in 
designing the city [6]; there are academic contributions that point to the high degree of 
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conflict between the actors that are part of the urban transformation process, for exam-
ple [7], where the authors looked at the right of the city symbol in civil society in Cape 
Town, hugely divide across racial and class lines). The complexity of achieving a bal-
ance between meeting the needs of the population, the productive sectors and ensuring 
long-term sustainability falls under what sustainability researchers called persistent 
problems [8, 9]. This type of problems is often called ³ZLFNHG´ [10].  Some authors 
point out that in order to address municipal management focused on achieving sustain-
ability in the future, it is necessary to incorporate new approaches and methodologies 
that overcome what has so far been the role of planning, the results of which have not 
been up to the task of sustainability [11]. The challenge for governments is, firstly, to 
recognize that business organizations, civil society, groups and citizens have a role in 
the pursuit of sustainability and, secondly, to have sufficient capacity for effective and 
efficient coordination, steering and reorientation [11]. Furthermore, governance for 
sustainability entails sensitizing all institutions to achieve social change [11]. One ap-
proach that fosters reflective governance is transition management [10-12-13, 14]. This 
approach has received attention both in the public policy field, see [15, 16] and in the 
social science field under the concept of transitions, see [12-17-18, 19]. 

The European Commission has gradually given greater importance to the urban 
sphere in its programs and policies. There is now a growing concern for integrated sus-
tainable urban development, both in its environmental and social aspects [20]. Cities 
have become one of the central axes of its cohesion policy, and are accompanied by 
instruments and initiatives such as community-led local development mechanisms, in-
tegrated territorial investments, or the Urban Innovative Actions and the URBACT pro-
gram, where metropolitan areas appear specifically as eligible subjects to present pro-
jects (more details in [21], as cited in [20]). URBACT helped to strengthen relationships 
between cities and EU institutions and was initially conceived as a learning networking 
experience to produce and exchange usable knowledge [21]. 

Several projects have been carried out over the years, such as the MUSIC project 
1(2010-2015), funded by Interreg IVB, which used transition management in the urban 
context to catalyze and regulate carbon and energy reduction in urban policies, activi-
ties and the built environment in five pioneering European cities (Dutch Research In-
stitute for Transition, 2014). Inspired by the concept of the "living lab"[22] as a user-
centered open innovation ecosystem, [23] presented "Urban Transition Labs" (UTL) as 
settings in which real life trajectories of sustainable development in cities are deployed 
and observed at the same time, in collaboration between actors and researchers. UTL is 
considered a hybrid, flexible and transdisciplinary platform that provides space and 
time for learning, working as an incubator for transformative urban innovation and add-
ing an additional dimension to the local urban governance approach, but not replacing 
it, with the aim of supporting sustainable development in cities. The UTL concept was 
developed at its first experimentation in the EU MUSIC project and first impressions 
on the barriers and facilitators of this first experience where shared by [23]. 

                                                           
1 EU MUSIC project: Mitigation in Urban areas: Solutions for Innovative Cities 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 566

pmoreno
ISBN 978-9942-44-109-6



3 

Two EU-funded projects were developed by EIT Climate-KIC2: Pioneer Cities and 
Transition Cities: The Pioneer Cities project (2012-2013) highlighted the role of the 
urban scale in facilitating transitions and collected information on low-carbon innova-
tion projects underway in partner cities. In 2014, the follow-up Transition Cities project 
was set up to refine the methodology and develop approaches to identify pilot projects 
and replicate the projects in new cities by developing case studies of lessons and expe-
riences learned from the projects [24]. These authors illustrated the practical applica-
bility of the UTL concept in European cities by analyzing these last two projects as case 
studies, identifying five barriers that limited their implementation [24]. They concluded 
that, in order to maximize the practical utility of the approach, it should be kept in mind 
that the processes are difficult to manage, with a variety of actors involved [25], and 
recommended to focus on key elements to meet initial expectations and avoid frustra-
tion. In this study, the funded projects were focused on short-term results, which led to 
disorganized decision-making, and different stages were carried out in parallel due to 
restricted time frames and financial budgets. Also, in the framework of multilevel gov-
ernance, lack of knowledge may be a barrier worthy of further research. In conclusion, 
they advise paying attention to the difficulties and conflicts that arise during the project 
implementation phase to lead a better understanding of whether removing them may 
help to convert ³VKDOORZ´�SURFHVVHs into real transitions [24]. 

In recent years, Urban Living Labs (ULL) have become spaces for experimenting 
with co-creation processes, as a format for collective urban governance and experimen-
tation towards to urban sustainable living. Living labs can promote a more proactive 
and co-creative role of users in the research and innovation process of smart city solu-
tions [26]. The co-creation pathways and different mechanisms of shared governance 
in 3 European projects: CLEVER Cities, Sharing Cities, and SUNEX, have been ana-
lyzed by [1], identifying the key principles that allow consolidating models for the co-
creation of urban planning policies. The importance of embedding co-creation princi-
ples is discussed to create more participative and realistic ULL. "Co-creation changes 
the innovation game from designing for people to designing with peoSOH´ as cited in 
[1] (p. 4-5). Among the key dimensions, they identify: geographical embeddedness (the 
context), experimentation and learning approach, participation and end-user involve-
ment as partnership (see [23]), and temporal approach.  

The city of Soria has also considered tackling this challenge from a cross-cutting 
perspective, through a participatory process to build with the community and local 
stakeholders the Soria 2030 Roadmap, with the main lines of action to guide the city 
towards climate neutrality. The participatory process is largely based on the transition 
management approach [10], acting as a strategic governance tool to induce a transition 
towards sustainability. The aim of this paper is to evaluate the participatory process, 
carried out over nine months in the context of a small city in a particularly depopulated 
territory in Europe, to assess the possibility of extrapolating it to other small European 
cities.   

                                                           
2 Climate-KIC (Knowledge and Innovation Community). Private innovation partnership focused 

on climate innovation to mitigate and adapt to climate change. More information on KIC's 
activities is available at www.climate-kic.org 
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2 Analysis of the case 

2.1 Presentation 

The participatory process Soria 2030 was born because of an agreement between the 
Soria City Council and the Cesefor Foundation with the main objective of developing 
a Soria 2030 Roadmap to free the city from carbon dioxide emissions by 2030. The 
Roadmap will become in the new Sustainable Energy and Climate Action Plan of the 
city (new SECAP of the Covenant of Mayors) and the instrument to be submitted to the 
EC Mission 100 carbon neutral cities by 2030 - by and for the citizens. This initiative 
differs from those mentioned above in the European projects Pioneer Cities and Tran-
sition Cities, composed of medium-sized to large conventional cities [24]. The Cesefor 
Foundation has coordinated the participatory process from its inception in 2020 until 
the end of the first phase in November 2021 with the approval of the Roadmap. 

2.2 Research methodology 

The empirical analysis of the case benefits from access to first-hand information, as the 
researcher has contributed to coordinating and dynamizing the whole process as 
Cesefor staff. The use of participatory action research (participative-research and action 
methodology) (PAR) as a social research process and a social intervention process, is 
configured as a space-time spiral, as cited in [27]; which helps citizens to define their 
needs and define lines of change, generating a process of exchange and collective con-
struction of knowledge. PAR seeks to unite the field of research with that of action, 
promoting the participation of citizens in general and their most active sector in partic-
ular through local organizations, in all phases of the research, in order to enhance the 
value of popular and institutional knowledge and skills related to the environment [27]. 
From the point of view of the methodology proposed, the researcher, who is part of the 
team that stimulates energises the participatory process and who also plays a multidis-
ciplinary technical support role, has been an active knowledge builder and not merely 
a neutral data collector [28]. She has become transformed in the process she has re-
searched, acquiring new knowledge thanks to the space for co-creation generated in the 
working group. It has gone from a study model as an element to be observed (as in 
classical research) to considering it as an active subject capable of transforming itself 
in the researched process.  

Data has been collected through multiple techniques and instruments, such as par-
ticipant observations in the working meetings (attendance and active participation), 
documentary analysis, forms and proposals sent through the web platform and email. 
Through participatory observation, social action could be recorded and documented in 
vivo, as was the case in the empirical analysis [24], conducted through the observations 
and working groups that took place throughout the Transition Cities project (2014-
2016), rather than relying on interviews, where data must be reconstructed from the 
narratives, interpretations or comments of the interviewees.  

For the analysis, we use the framework of "Urban Transition Labs" described by 
[23], and also used by [24] and [1], on the basis that co-creation processes through these 
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urban laboratories aim to develop revolutionary solutions in urban sustainability and 
sustainable development, taking into account collaboration, communication and trans-
parency between all relevant actors, organization, planning and monitoring of activities 
and outcomes of the processes, their commitment and long-term projection.  

2.3 Research questions and starting hypothesis  

The article focuses on determining the obstacles that may have hindered the potential 
of the participatory process and hinder its extrapolation to other cities with similar char-
acteristics. To this end, it analyses the type of participation mechanism used and the 
main implementation gaps in the co-creation process indicated by [1], focusing on the 
nature of the stakeholders that have been part of the working group (Task Force), the 
activities carried out throughout the different working meetings, the commitment of the 
team to develop lines of action that contribute to achieving the objectives in a time 
horizon beyond the short term.  

The hypothesis of the study is that the participatory methodology of Soria 2030 en-
courages the responsible participation and commitment of citizen organizations to iden-
tify, through joint production, the lines of action that will drive the ecological transition 
for the city, generating transformative changes. 

2.4 Working team and selection of actors 

In the case of the Soria 2030 process, the transition team in charge of supervision is 
formed by the Soria City Council and the Cesefor Foundation, the latter being the co-
ordinating and dynamizing body of the project. After an initial diagnosis of the context 
of the city of Soria, as in the case study of [23], the space for co-creation of the partic-
ipatory process was organized collaboratively, i.e. the closed virtual platform for the 
working group where each member could incorporate their proposals, comments and 
assessments, the number of virtual and/or face-to-face sessions or meetings to be held, 
the objective and work plan were determined. A study was also carried out to select and 
convene the local actors who should be involved and form part of the working group 
[14, 29], as cited in [24] and the team in charge of guiding the sessions and supervising 
the process was determined.  

The selection of participants was based on an 'actor analysis' by mapping potential 
stakeholders according to their competences, interests, informational and transforma-
tive power [23]. An initial group of 'core' pioneers was selected, defined as visionary 
individuals or organizations (who have a link to the city in question) who are able and 
willing to engage in a creative process of innovative thinking regarding a desirable 
long-term future for a sustainable city. Participants should have an explicit ambition for 
sustainable innovation and the most important societal perspectives relevant to sustain-
ability development and the subject under study should be represented [10]. Through-
out the process, the addition of new actors was considered to reinforce the transition 
process [23, 30]. 
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As ³the capacity to address urban sustainability challenges relies on multi-level gov-
ernance structures, as well as the development of different modes of governance (Gar-
cia, 2006)´ as cited in [1], (p. 2), municipal governments must work together with stake-
holders and local communities to build partnerships, attract resources, design plans and 
demonstration projects to accelerate the adoption of long-term sustainable measures 
[31-32, 33]. 

In the case of Soria, the organizations that were invited to participate in the task force 
were: nine from the civil and social sphere; three from the economic sphere; four from 
the educational, cultural and research field; four from the environmental sphere; and 
five from the government field.  

Thus the "transition arena" was gradually set up, with a working group made up of 
these organizations that share the project's objective, and a group of experts in the dif-
ferent issues to be worked on (Think Tank), who guide and advise the core team. 

This kind of process in comparison to more usual projects approaches, entails the 
introduction of a radically new co-creation space to the usual model carried out by mu-
nicipal governments (city councils), by passing the rigidity, control and command atti-
tudes from politics and administrations, strict planning without room for creativity and 
manoeuvre, and leaving room for reflection, reconsideration and mutual learning, [23].  

The structure of the participatory process has been flexible and adapted to the sug-
gestions of the participating organizations (in terms of inviting new members, the need 
to increase the number of meetings due to the interest of the topic to be discussed, etc.). 
In addition, members of the Think Tank expert group have been invited to contribute 
their vision and suggestions at the working group meetings to enlighten participants 
and encourage participatory learning. 

2.5 Goal development: Visioning and development of driving actions for 
change 

The process of developing visions that represent the desired future state in each of the 
domains being worked on allows creating a shared definition of the problem to be ad-
dressed, identifying long-term goals, outlining the trajectory of change and building 
coalitions (i.e. gaining stakeholder support), [10, 25]. The involvement of local change 
agents is also likely to increase the success of project visualization [23]. A shared vision 
connects and engages actors with different backgrounds and interests, and this vision is 
employed to engage the community, [19]. Starting from the inspiring vision, strategies 
to achieve the desired future situation were outlined. This back-casting exercise, (see 
[23, 34], has resulted in the strategic transition path that includes the actions of the 
Roadmap.  

In Soria, throughout the participatory process, inspiring visions of the city in 2030 
were provided in the different areas worked on ("Built Environment", "Mobility and 
Transport", "Responsible Food Production and Consumption", "Energy", "Water and 
Waste" and "Governance"), and the changes and actions needed to make this future a 
reality were identified and evaluated.  
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For this purpose, tools provided by EIT Climate-KIC have been widely applied in 
systemic innovation and transition management combined with other project manage-
ment and innovation instruments. These are adaptable and flexible methods to address 
the challenges and issues of climate change through envisioning activities, as well as 
cooperative learning methods, peer-to-peer activities and horizontal working formats 
that aim to enhance the development and skills of participants in the field of climate 
change, both professionally and organizationally. Twelve working group meetings 
were held (10 virtual, 2 face-to-face) involving the working group organizations as well 
as other invited parties. 

2.6 Experimentation and implementation of the Roadmap 

The transition management approach emphasizes the need and importance of small-
scale experiments, because of their potential to develop new solutions and facilitate 
learning processes [35, 36], as cited in [24]. In the framework of the Soria 2030 process, 
several pilot experiments have been set up, such as bike rides to school in certain edu-
cational centers; a line of sustainable and innovative street furniture through signage 
designed and built thanks to the collaboration of the Integrated Vocational Training 
Center Pico Frentes and the Cesefor Foundation, with 100% PEFC-certified pine wood 
from Soria, such as the "Soria in 15 minutes" sign that promotes active mobility in the 
city; the pedestrianization of streets, spaces in the city center; incentive policies to pro-
mote recycling in catering establishments, etc. After the approval of the Roadmap, the 
Soria 2030 project promotes its implementation in the city by the City Council, through 
consortiums and associations. The Soria 2030 Roadmap itself establishes that the local 
administration must lead the ecological transition, leading by ex-ample. In this sense, 
more concrete alliances are sought with the organizations in the working group and 
other stakeholders, as well as funding through national and European calls for projects. 
The City Council participates in the Climate Projects of the Carbon Fund for a Sustain-
able Economy (FES-CO2) in conjunction with the Science Park Foundation of the Uni-
versity of Valladolid (UVa) as part of its objective to comply with the 2030 Agenda 
and to promote sustainable development. As a promoter of the Soria 2030 initiative, it 
plans to implement Green Public Procurement to improve the competitiveness of or-
ganizations and private bidders and to develop accompanying, awareness-raising and 
reinforcement actions for all publics. It has also obtained an al-location of European 
funds to reduce the impact of the carbon footprint through the BRERA project - Well-
being, restoration, resilience and adaptation. Soria 2030, with the aim of "renaturing 
the city" and materializing the driving action 1 of the Roadmap (Improving resilience 
and increasing carbon sinks). This project, developed together with the Cesefor Foun-
dation and the Natural Heritage Foundation of Castilla y León, includes interventions 
that will increase green areas, guaranteeing their accessibility and distribution to be 
implemented before 2025, and implies an increase in the absorption capacity of 24.25 
tCO2eq. On the other hand, and before December 2024, it will carry out the Zero Emis-
sions Urban Center project, also financed by the European Union with Next Generation 
EU funds, implementing a low-emission zone in the city center, pacifying stretches of 
surrounding streets and extending a dissuasive car park, as a result of the proposals of 
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the Soria 2030 project. These two projects have been expressly endorsed by the mem-
bers of the Soria 2030 working group through support letters. 

The City Council has developed the Local Action Plan of the Soria Urban Agenda, 
which includes the initiatives underway (including the Soria 2030 project itself) and 
constitutes a commitment to the future to continue advancing towards the ten strategic 
objectives of the Spanish Urban Agenda and the Sustainable Development Goals of the 
2030 Agenda. In the participatory process with citizens and local organizations, a work-
ing group made up of local organizations has been set up, inviting the Soria 2030 work-
ing group and other organizations, mainly from the social sphere, to participate in the 
working meetings. The Soria Urban Agenda, which has already been approved by the 
City Council Plenary in September 2022, will facilitate access to national and European 
funding sources and to continue promoting the development of a more economically 
attractive, socially cohesive, sustainable and environmentally friendly city. 

2.7 Results 

Four gaps in the theoretical framework of co-creation and practical experience. 
We identify the challenges faced by the project examining the experience of shared 
governance, studying the four main implementation gaps in the theoretical framework 
of co-creation and the practical experience in the urban laboratory, as identified by [1]: 

Firstly, co-creation is based on collaboration between all relevant stakeholders: a) 
The success of the participatory process of urban regeneration depends substantially on 
the inclusion of stakeholders throughout the process of planned projects [1]. Stakehold-
ers can be defined as individuals or organizations with a vested interest in the initiatives 
or activities being undertaken and may be affected by the issues at stake [37]. 

In this case, and as previously described in point 2.4, the selection of participants 
was based on a "stakeholder analysis" by mapping potential stakeholders according to 
their competences, interests, informative and transformative power, finally convening 
different organizations from the civil and social sphere, the economic sphere, the edu-
cational, cultural and research sphere, the environment and government field.  

Of the convened organizations that agreed to be part of the project, only one ex-
pressly indicated its wish to leave the group after several working meetings, considering 
the project to be too idealistic.  

b) The success of co-creation tools, planning and implementation of any co-creation 
process that includes co-design and co-implementation phases, depends on the model's 
specification RI�VWDNHKROGHU¶V� OHYHO�RI�SDUWLFLSDWLRQ�DV�ZHOO�DV� WKHLU�FRPPLWPHQW�DQG�
SDUWLFLSDWLRQ�LQ�WKH�SURFHVV�WLPHOLQH��:H�ORRN�DW�WKH�VWDNHKROGHUV¶�OHYHO�RI�SDUWLFLSDWLRQ�
and engagement scales model categorized as non-participatory (level of engagement: 
inform and consult) and participatory (level of commitment: involve, collaborate, em-
power) engagement approaches [1]. While non-participatory methods are very one-
sided, participatory methods are more two-sided, meaning collaboration with others to 
generate change, and in the higher-level stakeholders are fully involved.  

From the outset, it was indicated to the organizations in the working group that the 
Soria 2030 participatory process, as in the ULLs, pursued a high level of participatory 
engagement with the intention of involving, asking for collaboration and empowering 
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organizations from all fields, bringing together science, policy, business and civil soci-
ety (see [38]) to create together the Soria 2030 Roadmap. Throughout the process, par-
ticipatory co-creation activities were carried out using the practical tools outlined in 
2.5. supported by EIT Climate-KIC in accordance with available technologies and the 
cur-rent health situation.  

Secondly, open and clear communication between the different members of the 
working group is required. To this end, the Soria 2030 project established a communi-
cation channel to disseminate the results to citizens through the project's website, and 
a private platform was created for the members of the working group. Likewise, virtual 
meetings were held using digital tools to promote communication, transparency and 
feedback among participants. 

Thirdly, participants need to take ownership of the process and express their com-
mitment in the long term. In this case, the participatory process for the elaboration of 
the Soria 2030 Roadmap has lasted 9 months, which has required a continuous coordi-
nation and commitment among the members of the working group. As detailed in the 
following paragraphs, attendance has decreased during the holiday periods (in summer-
time) (see Table 1).  

Fourthly, the success of the results of the co-creation process can be deduced from 
the solutions and strategies that were co-created, which confirm a new solution jointly 
created through the shared process. In relation to this point, the Soria 2030 Roadmap 
approved by local organizations and unanimously in the Soria City Council Plenary in 
November 2021, is the innovative and strategic result of the co-creation process, with 
the main lines of action to decarbonize the city by 2030. 
 
Endogenous variables studied in the participatory process. The analysis carried out 
on the participation of organizations within the Soria 2030 project has yielded the fol-
lowing results: The endogenous variables studied were attendance at the working meet-
ings held (10 virtual, 2 face-to-face); proposals sent by the organizations via the plat-
form or e-mail; number of e-mails sent by the organization to the coordinating entity; 
and active oral participation of the organization (number of minutes and oral interven-
tions) in 6 virtual meetings.  

Table 1 below displays the dates and attendance data of the organizations from the 
different areas at the working meetings held (10 virtual, 2 face-to-face). The data have 
been obtained from recordings and reports for internal use by the coordinating body. 

Table 1. Attendance at working meetings held (10 virtual, 2 face-to-face) 
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The number of attendees has varied significantly over the months of 2020 and 2021. In 
the first meetings held virtually in the "Built Environment" and "Mobility and 
Transport" areas, the number of attendees was high: on 18 March, thirteen organiza-
tions representing seventy-six percent of those convened attended the meeting; on 8 
April, fifteen organizations attended, representing approximately seventy-nine percent 
of those convened; on 29 April and 13 May, thirteen organizations attended (approxi-
mately sixty-two percent of those convened). The next meeting on 21 June was in per-
son, in the Alameda space in the city centre, and even considering health restrictions 
(one organization from the economic sphere expressly refused to attend the meeting in 
person for health reasons), fourteen participants attended, representing fifty-six percent 
of the organizations convened. In July and August, participation dropped considerably, 
reaching a low of four participants (sixteen percent of those convened) at the virtual 
meeting on 12 August. From the meeting of 7 October onwards, the number of partici-
pants increased again considerably, reaching forty-eight percent of those convened, and 
finally, on 11 November, with the approval of the Soria 2030 Roadmap, nineteen or-
ganizations  attended the face-to-face event held in the afternoon at the Palacio de la 
Audiencia, that is, seventy-six percent of those convened, and the other sixteen percent 
expressly indicated that they agreed with the approval of the document and justified 
their absence. 

As can be seen in the data collected by the researcher (Table 2) through the virtual 
platform set up for this purpose for each member of the working group, where the par-
ticipants were able to include, comment on and evaluate the proposals generated, and 
by means of e-mails: The largest number of proposals sent by the organization through 
the web platform and email correspond to the "Built Environment" axis.  The axis with 
the lowest number of ideas received was Energy (developed during the month of Au-
gust, coinciding with the decrease in the participation of the working group due to the 
summer period). 

Table 2. Proposals sent by platform or email. 

 
Of the 24 organizations that have participated in the process, (discounting the activity 
of the organization that has coordinated and dynamized the whole participatory pro-
cess), the environmental organizations are the ones that have contributed with the great-
est number of ideas, and specifically one of them has sent the greatest number of pro-
posals (105 responses, representing 38.2% of the total without counting Cesefor). 

Table 3 shows the number of emails sent by the organizations to the coordinating 
body. The same environmental organization that has sent the most proposals (see pre-
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vious paragraph) is also the one that has sent the largest number of emails to the coor-
dinating body (23 emails representing 25.8% of the total number of emails sent by the 
organizations to the coordinating foundation). 

Table 3. Number of e-mails sent by organizations in different fields to the coordinating body 

 
The researcher also analyzed the active participation of those attending the virtual meet-
ings through their oral interventions (number of minutes and number of oral interven-
tions). The data obtained were collected from internal recordings of six of the virtual 
sessions (Table 4). 

 
Table 4. Active oral participation (minutes and speaking interventions) in 6 meetings 

 
Three organizations have contributed with their active participation to the development 
of the agenda during the whole period of work. The first one is a civil organization 
(neighbourhood association), with a representative between 30 and 60 years old, which 
has actively participated in all the meetings of the working group (obtaining a 5 on the 
likert scale for its communicative activity) and which has sent thirty-five percent of all 
the proposals obtained (Table 2).  

The second organization that has contributed extensively to the development of the 
participatory process belongs to the political sphere and has participated in 11 of the 12 
meetings convened, sending 22.2% of the total number of proposals to the work plat-
form, and has obtained a score of 4 on the likert scale with which the researcher has 
perceived the leadership.  

The third organization is from the environmental field, has obtained a scale 3 in the 
perception of communicative leadership carried out by the researcher, has participated 
in 10 of the 12 meetings that have taken place and has been the organization that has 
sent the most proposals and mails. 
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3 Discussion 

The Soria 2030 project has provided data that have made it possible to identify positive 
factors that have influenced the participatory process, such as the willingness and com-
mitment of the organizations involved, as well as a barrier that has limited the group's 
activity, namely the working hours during the summer months.  

As pointed out by [1], the creation of multi-level governance systems for sustainable 
urban development is not an easy task and yet it is important, because sustainable de-
velopment does not depend only on one measure or activity, but on a set of actions. 
Collaborative governance has been the subject of debate by opening up the process to 
multiple actors and delving into the role of scientists, policy makers, urban planners 
and citizens to converge on a common vision for the future, work together and collab-
orate to co-produce knowledge that responds to the needs and challenges facing cities 
[39, 40]. 

In collaborative processes, the different interests of the actors involved in any urban 
sustainability problem, as well as their lack of awareness, values and priorities lead to 
less sustainable choices. In this regard, it has been observed in the Transition Cities 
project meetings that there existed a fragmentation between the different initiatives pro-
posed and the plans that existed in the cities [24]. This gap was not due to a lack of 
knowledge on the part of the main actors, but to other reasons, such as previous expe-
riences of collaboration between local organizations, political leadership preferences, 
existence of approved sustainability plans, funding and resources, inflexible silo think-
ing, among others. To avoid these problems, organizations belonging to the task force 
should work together with other stakeholders and the local community [31-32, 33]. 

The affinity of the objectives of each organization in the working group with the 
objectives of the Soria 2030 project has been essential in relation to their commitment 
and degree of participation. In this sense, when selecting the stakeholders, the aim was 
to bring together a group of "ambassadors" inspired to go beyond current interests and 
daily routines. These ambassadors of the "transition arena" [10, 41] belong to the vari-
ous spheres mentioned above (civil, social, economic, educational, research, environ-
mental, government).  

However, as we have seen in the previous section 2.7, throughout the Soria 2030 
participatory process, there was one economic organization that expressly and volun-
tarily abandoned the participatory process, considering it to be unrealistic. Specifically, 
it pointed out that the ideas put forward in the meetings basically consisted of putting 
flowers and trees in all the streets ("there are things that are very idealized but not real"). 
It would be legitimate to ask, for future discussions, whether the representative should 
have submitted such a decision to an internal vote within his own organization. In this 
case, and similar to the experience described in [24], the interests and expectations of 
the organization did not coincide with the objectives of the Soria 2030 project, which 
had been established and indicated from the beginning. Apart from this anecdote, the 
Soria 2030 process went smoothly without detecting any extraordinary discrepancies 
among the members of the working group, who worked actively and jointly generating 
a space for participation and co-creation of high-quality knowledge that culminated in 
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the approval of the Soria 2030 Roadmap by the local organizations and unanimously in 
the City Council Plenary.  

As indicated in the results, the Soria 2030 project has adopted a participatory ap-
proach that is more bilateral than non-participatory approaches, where members have 
collaborated with each other to bring about change (section 2.7). According to [1], 
³well-planned and inclusive engagement leads to better outcomes at all levels´, (p. 8). 
The recent shift towards community empowerment is reflected in co-creation processes 
where local knowledge is shared by the community that is involved in the problem to 
solve processes from the outset [1, 42].  

In this sense, the Soria 2030 process has been an inclusive process that has used 
communication and dissemination channels with the objective of "Leaving no one be-
hind", indicating that all members play an important role. This premise has strength-
ened the commitment and empowerment of all actors. Furthermore, contracting an or-
ganizing entity that guarantees neutrality and transparency in communication can keep 
stakeholder participation active, as pointed out [1]. In this case, the Cesefor Foundation 
has dynamized and coordinated the participatory process by enabling communication 
channels between the members of the working group.  

Furthermore, among the findings and discussions of [1], it is also indicated that co-
creation processes require flexible leadership and governance. In the Soria 2030 pro-
ject, the City Council is the driving force behind the project (the driving body of the 
project) and is committed to act as a driver of change and transition towards sustaina-
bility. Regarding the flexibility in the expected timeframe to implement the project, due 
to the COVID-19 health crisis, in the framework of CLEVER Cities, the City Council 
decided to delay the planned activities by a few months and the co-implementation and 
co-development plans were readapted to these circumstances [1].  

However, the Soria 2030 process has not been fully flexible in the timeframe and 
has not allowed for changes in the timeline, similar to other piloting processes that were 
also inflexible, such as Transition Cities [24]. To facilitate the piloting process of that 
project, funding was provided to cities to carry out pilot projects and replicate the 
scheme elsewhere. All experiments were to be undertaken and completed within twelve 
months and preference was given to pilots in more than one city at the same time. The 
administrative rigidity imposed generated frustration and confusion among project part-
ners and city stakeholders. The experience gained in the case study suggested that the 
transition required more time than the projects offered [24].  

In the case of the Soria 2030 project, time has also been a limiting factor for partic-
ipatory activity, as the results show an objective decrease in the number of members 
attending the working meetings during the months of July and August (Table 1). It 
would be interesting to investigate in future studies whether the level of participation 
during these months decreased only due to scheduling issues (as several organizations 
indicated that they could not attend the working group meetings due to holidays or 
summer work schedule) or due to the nature of the topics discussed ("Energy" and "Wa-
ter and waste"). In this regard, it should be added that the main organizations affected 
were from the economic and educational and research fields, and they expressly indi-
cated to the coordinating group that they could not be available to collaborate in the 
participatory process (via email), claiming that they were on holiday or that they had 
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changed their working hours in the summer and could not attend the meetings in the 
afternoons.  

The inflexibility of the process was due to the need to have it completed to draw up 
the Soria 2030 Roadmap on time and to be able to present the candidacy of the city of 
Soria to EC Mission 100 carbon neutral cities by 2030 - by and for the citizens. If there 
had not been an urgent deadline and the co-creation period had been more flexible, the 
participatory process could have been delayed for a few months to ensure greater at-
tendance of the parties involved, offering them the opportunity to participate in the 
meetings and in the co-creation process by sharing their knowledge and experiences. 

Even considering the time restrictions imposed, which led to a decrease in the num-
ber of participants during the months of July and August, transformative proposals were 
generated and reflected in the Soria 2030 Roadmap document. 

In any case, if the participatory process had been postponed for a few months, strong 
and continuous coordination would have been necessary to keep the co-creation process 
and the interest of all parties alive; because shared governance processes are frequently 
abandoned by stakeholders, depending on different factors [1, 43]. 

Co-management and governance of cities in transition to carbon neutrality, including 
shared cities or green transitions, are still in a phase of experimentation of policies and 
practices in the context of sustainable cities and communities [1-44, 45].  

This study reaffirms the importance and necessity of including co-creation processes 
to create successful participatory and realistic pathways, according to [1-23, 46]. 

4 Conclusion 

This article has focused on identifying the way in which the participatory process has 
been carried out and on evaluating, based on the results obtained, whether this process 
could be replicated in other cities of similar size with the same probabilities of success. 
To this end, the Soria 2030 process has also been compared with other processes de-
veloped in the framework of European programs that have followed similar approaches.  

Co-creation processes in urban regeneration produce multiple benefits if they are 
properly integrated into public decision-making routines and a common long-term vi-
sion is achieved among working group members. In addition, the processes must be 
context-specific and flexible, using mutually reinforcing elements (from long-term en-
visioning to experimentation); they are therefore the opposite of quick-win approaches 
and visible short-term results.  

The co-creation process carried out in Soria 2030 has been considered an innovative 
process for stakeholders, who have felt empowered and have contributed to achieving 
a shared governance model. Through their participation, they have developed a sense 
of identification and belonging with the proposed solutions [1-46, 47]. A specific asset 
of the project is that stakeholders have seen it as a positive and desirable project  (not 
just another obligation) according to report results, whereby most organizations have 
moved from 'having to' to 'wanting to' participate in urban design and planning [48] as 
cited in [23]. With the aim of achieving ambitious targets and for any attempt to repli-
cate the model in another city, it is important to find actors who are already adopting 
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new or alternative ways of thinking and doing, who are actively engaged in the partic-
ipatory process and want to participate in the working groups, among other factors [41].  

According to [23], the Urban Transition Lab approach within a context of transition 
management, can be applied to urban contexts if they are carefully tailored to the needs 
and characteristics of each city. It needs space, time and the necessary empowerment 
tools to be able to develop its essentials. It entails a tailor-made conception aligned with 
differences in city structures and have to be adapted to urban conditions, structures and 
situations [23, 49]. 

The global pandemic of COVID-19 has meant a shift from traditional methods of 
participation to more innovative digital solutions (meetings via virtual platforms and 
digital tools such as mentimeter or google form). These tools have now been incorpo-
rated into everyday life in combination with traditional techniques.  

It would be interesting, on the one hand, to analyze the impact and effectiveness of 
these new instruments in subsequent studies. The research also leaves other questions 
open windows open, such as exploring the degree of commitment of the organizations 
in the working group as other pilot projects and more concrete actions to be developed 
in the framework of the Soria 2030 project are implemented. 
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JURZLQJ�SUHVHQFH�RI�GLVWULEXWHG�UHQHZDEOH�JHQHUDWLRQ�VRXUFHV�>�@��7KLV�LV�D�FKDOOHQJLQJ�
VFHQDULR��VLQFH�GLVWULEXWLRQ�QHWZRUNV�ZHUH�RULJLQDOO\�GHVLJQHG�WR�XQLGLUHFWLRQDOO\�GLV�
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QHWZRUNV�DUH�KDUG�WR�ILQG��7KH�REMHFWLYH�RI�WKH�ZRUN�SUHVHQWHG�LQ�WKLV�SDSHU�LV�WR�H[SORUH�
WKH�LPSDFW�WKDW�WKH�LUUXSWLRQ�DQG�SUROLIHUDWLRQ�RI�DFWRUV�VXFK�DV�/(&�FDQ�KDYH�RQ�HOHF�
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DQDO\VHV�EDVHG�RQ�WKH�FRPSDULVRQ�RI�GLIIHUHQW�VFHQDULRV��ZLWK�DQG�ZLWKRXW�WKH�LQWHJUD�
WLRQ�RI�/(&��KDYH�EHHQ�SHUIRUPHG��REWDLQLQJ�TXDQWLWDWLYH�UHVXOWV�RI�.3,V��.H\�3HUIRU�
PDQFH�,QGLFDWRUV���7KUHH�PDLQ�LQGLFDWRUV�KDYH�EHHQ�VHOHFWHG�WR�TXDQWLI\�WKH�WHFKQLFDO�
LPSDFW�RI�WKH�LQWHJUDWLRQ�RI�/(&�IURP�WKH�SRLQW�RI�YLHZ�RI�WKH�GLVWULEXWLRQ�QHWZRUN��

x� 9ROWDJH�OHYHOV�RI�WKH�QRGHV�RI�WKH�QHWZRUN��FRQVLGHULQJ�ERWK�PD[LPXP�DQG�PLQL�
PXP�YDOXHV��

x� /RDG�OHYHOV�RI�WKH�GLIIHUHQW�OLQH�VHFWLRQV�RI�WKH�QHWZRUN��ZLWK�VSHFLDO�IRFXV�RQ�WKH�
UHODWLYH�YDOXHV�UHJDUGLQJ�QRPLQDO�OHYHOV��

x� 7HFKQLFDO�ORVVHV�GXH�WR�WKH�ORDG�IORZV�WKURXJK�WKH�GLIIHUHQW�HOHPHQWV�RI�WKH�QHWZRUN��

7KHVH�LQGLFDWRUV�KDYH�EHHQ�VHOHFWHG�VLQFH�YROWDJH�SURILOHV�DQG�ORDG�OHYHOV�RI�QHWZRUN�
LQIUDVWUXFWXUH�DUH�YDULDEOHV�KLJKO\�UHSUHVHQWDWLYH�RI�WKH�VWDWXV�RI�D�SRZHU�V\VWHP�FRQ�
VLGHULQJ�VWHDG\�VWDWH�FRQGLWLRQV��,Q�DGGLWLRQ��WHFKQLFDO�ORVVHV�DUH�FRQVLGHUHG�GXH�WR�WKHLU�
FORVH�LPSDFW�RQ�HIILFLHQF\�DQG�VXVWDLQDELOLW\��)XUWKHUPRUH��WKH�VHOHFWHG�SDUDPHWHUV�DUH�
KLJKO\� LPSDFWHG� E\� HOHFWULF� GHPDQG� JURZWK� DQG� GLVWULEXWHG� JHQHUDWLRQ� SHQHWUDWLRQ��
ZKLFK�DUH�NH\�IDFWRUV�RI�WKH�VFHQDULRV�UHODWHG�WR�WKH�HQHUJ\�WUDQVLWLRQ��

1H[W��LQ�WKH�IROORZLQJ�VXEVHFWLRQV��WKH�VLPXODWLRQ�WRROV�XVHG��DQG�WKH�EXLOGLQJ�RI�WKH�
WHVW�FDVHV�DQG�VFHQDULRV�LV�GHVFULEHG���
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���� 6LPXODWLRQ�PHWKRGV�

7KH�FDOFXODWLRQ�RI�WKH�LQGLFDWRUV�ZKLFK�ZLOO�EH�XVHG�WR�TXDQWLI\�WKH�HIIHFW�RI�WKH�SHQH�
WUDWLRQ�RI�GLVWULEXWHG�HQHUJ\�UHVRXUFHV� LV�EDVHG�RQ� WKH�DQDO\VLV�RI� WKH�3RZHU�6\VWHP�
RSHUDWLRQ�XQGHU�VWHDG\�VDWH�FRQGLWLRQV��WKDW�LV��FRQVLGHULQJ�WKH�RSHUDWLRQ�XQGHU�VWDEOH�
UHJLPH�DQG�ZLWK�QR�IDXOWV�RU�VKRUW�FLUFXLWV�LQ�DQ\�DFWLYH�VHFWLRQ�RI�WKH�QHWZRUN��8QGHU�
VXFK�DVVXPSWLRQV��ORDG�IORZ�FDOFXODWLRQV�DUH�WKH�RQHV�PRUH�VXLWDEOH�IRU�WKH�VWXG\��7KXV��
ORDG�SURILOHV�DQG�JHQHUDWLRQ�SURILOHV�HYROXWLRQ�DORQJ�WKH�GD\�DUH�VWXGLHG��7KH�WLPH�VFDOH�
RI�WKH�YDULDWLRQV�LV�W\SLFDOO\�PLQXWH�V��EDVHG��UDWKHU�WKDQ�PLOOLVHFRQG�VFDOH��7KHUHIRUH��
VHULHV�RI�ORDG�IORZ�VLPXODWLRQV�DUH�SHUIRUPHG�LQ�RUGHU�WR�REWDLQ�WKH�YDOXHV�RI�WKH�VWDWH�
YDULDEOHV�DORQJ�WKH�FRQVLGHUHG�SHULRG�RI�WLPH��LQ�WKLV�VWXG\�D�FRPSOHWH�GD\�SHULRG�LV�
DQDO\]HG���

7KH�VLPXODWLRQV�SHUIRUPHG�WR�FRQGXFW�WKH�GHVFULEHG�ORDG�IORZ�DQDO\VHV�DUH�H[HFXWHG�
XVLQJ�3RZHU)DFWRU\�',J6,/(17�>��@�VRIWZDUH��LQ�ZKLFK�WKH�EHQFKPDUN�QHWZRUN�DQG�
WKH�FDVHV�VWXGLHV�H[SODLQHG�LQ�WKH�IROORZLQJ�VXEVHFWLRQV�KDYH�EHHQ�PRGHOOHG��4XDVL�
'\QDPLF�6LPXODWLRQ�WRROER[�KDYH�EHHQ�XVHG�PDLQO\�WR�REWDLQ�WKH�UHVXOWV�SUHVHQWHG�LQ�
VHFWLRQ����

�
���� 7HVW�FDVHV�

$�EHQFKPDUN�QHWZRUN�KDV�EHHQ�PRGHOOHG�LQ�3RZHU)DFWRU\�',J6,/(17�LQ�RUGHU�WR�EH�
XVHG�DV�D�EDVH�ZKHUH�ORDGV�DQG�39�XQLWV�DUH�PRGHOOHG�FRQVLGHULQJ�GLIIHUHQW�OHYHOV�RI�
GHPDQG�HYROXWLRQ�DQG�JHQHUDWLRQ�SHQHWUDWLRQ��WKXV�GHILQLQJ�WKH�VHW�RI�VFHQDULRV�DQD�
O\]HG�LQ�WKH�SUHVHQW�VWXG\��DV�LW�LV�GHWDLOHG�QH[W��
�
%HQFKPDUN�QHWZRUN���

7KH�VFHQDULRV�DQDO\]HG�LQ�WKH�VWXG\�SUHVHQWHG�LQ�WKLV�SDSHU�DUH�LPSOHPHQWHG�RQ�WKH�
QHWZRUN�,(((�(XURSHDQ�/RZ�9ROWDJH�7HVW�)HHGHU�>��@��D�UHIHUHQFH�QHWZRUN�GHYHORSHG�
E\�WKH�,(((�ZRUNLQJ�JURXS�RI�WKH�'LVWULEXWLRQ�6\VWHP�$QDO\VLV�6XEFRPPLWWHH�RI�WKH�
3RZHU�6\VWHPV�$QDO\VLV��&RPSXWLQJ��DQG�(FRQRPLFV��36$&(��&RPPLWWHH��ZLWK�WKH�
SXUSRVH�RI�SURYLGLQJ�D�EHQFKPDUN�IRU�UHVHDUFKLQJ�/9�IHHGHUV�FRPPRQ�LQ�(XURSH��

7KH�/9�WHVW�IHHGHU�LV�D�UDGLDO�GLVWULEXWLRQ�IHHGHU�FRQQHFWHG�WR�WKH�PHGLXP�YROWDJH�
�09��V\VWHP� WKURXJK�D� WUDQVIRUPHU�DW� VXEVWDWLRQ��7KH� WUDQVIRUPHU� VWHSV� WKH�YROWDJH�
GRZQ�IURP����N9�WR�����9��7KH�WKUHH�SKDVH�WUDQVIRUPHU�DW�VXEVWDWLRQ�KDV�D�UDWHG�09$�
RI������UDWHG�YROWDJHV�RI����������N9��DQG�D�GHOWD�JURXQGHG�Z\H�FRQQHFWLRQ��7KH�UH�
VLVWDQFH�DQG�UHDFWDQFH�RI�WKH�ZLQGLQJV�DUH������DQG�����UHVSHFWLYHO\��

7KH�/9�IHHGHU�LQFOXGHV�WKH�FRQQHFWLRQ�RI�ORDGV�DW�GLIIHUHQW�QRGHV�LPSOHPHQWLQJ�D�
RQH�PLQXWH�WLPH�UHVROXWLRQ�RYHU����KRXUV�IRU�WLPH�VHULHV�VLPXODWLRQ��)RU�VFHQDULRV�FRQ�
VLGHULQJ�WKH�LQWHJUDWLRQ�RI�ORFDO�HQHUJ\�FRPPXQLWLHV��39�XQLWV�FRQQHFWHG�DW�GHPDQG�
QRGHV�KDYH�EHHQ�PRGHOHG��XVLQJ�UHDO�JHQHUDWLRQ�SURILOHV�EDVHG�RQ�GDWD�IURP�VRXWK�6SDLQ�
XQLWV��,Q�WKH�IROORZLQJ�VXEVHFWLRQV�WKH�ORDG�DQG�JHQHUDWLRQ�PRGHOLQJ�DV�ZHOO�DV�WKH�VFH�
QDULRV�GHILQLWLRQ�DUH�H[SODLQHG��)LJ����VKRZV�WKH�RQH�OLQH�GLDJUDP�RI�WKH�QHWZRUN�XVHG�
DV�EHQFKPDUN��
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)LJ�����2QH�OLQH�GLDJUDP�RI�WKH�(XURSHDQ�/9�WHVW�IHHGHU��

/RDG�SURILOHV���
$V� LW� LV� LQWURGXFHG� LQ� WKH�EHQFKPDUN�QHWZRUN�GHVFULSWLRQ��HDFK�QRGH�RI� WKH�,(((�

(XURSHDQ�/9�WHVW�IHHGHU�LQFOXGHV�D�ORDG�ZKLFK�UHSUHVHQWV�WKH�GHPDQG�FRQQHFWHG�DW�VXFK�
SRLQW�RI� WKH�QHWZRUN��$�VLQJOH�SKDVH�FRQQHFWLRQ� LV�FRQVLGHUHG�IRU�HDFK� ORDG��DV� LW� LV�
FRPPRQ�IRU�/9�IHHGHUV��VSHFLDOO\�LQ�XUEDQ�DUHDV��GLIIHUHQW�SKDVH�IRU�HDFK�ORDG�LV�FRQ�
VLGHUHG��SURYLGLQJ�D�EDODQFHG�V\VWHP�IURP�WKH�09�/9�WUDQVIRUPHU�SHUVSHFWLYH���

(DFK�ORDG�LV�PRGHOHG�FRQVLGHULQJ�EDVH�SRZHU��SRZHU�IDFWRU�DQG�ORDG�VKDSH�ZLWK�D�
RQH�PLQXWH�WLPH�UHVROXWLRQ��)LJ����D��VKRZV�WKH�GHPDQG�FXUYH�RI�RQH�RI�WKH�ORDGV�LQL�
WLDOO\�LQFOXGHG�LQ�WKH�,(((�EHQFKPDUN�QHWZRUN��7KH�ILJXUH�VKRZV�WKDW�GHPDQG�KDV�UHO�
HYDQW�SHDNV�DW�HDUO\�PRPHQWV�RI�WKH�PRUQLQJ�DQG�DOVR�ODWH�LQ�WKH�DIWHUQRRQ��EHLQJ�WKLV�
W\SH�RI�SURILOH�WKH�FRPPRQ�EHKDYLRXU�RI�VHYHUDO�ORDGV�LQFOXGHG�LQ�WKH�,(((�WHVW�FDVH��
$V�LW�LV�H[SODLQHG�QH[W��WKHVH�LQLWLDO�SURILOHV�DUH�DGDSWHG�IRU�WKH�VWXG\��

)RU�WKH�VFHQDULRV�EDVHG�RQ�WKH�LQWHJUDWLRQ�RI�/(&��39�XQLWV�DUH�PRGHOHG�FRQVLGHULQJ�
UHDO�JHQHUDWLRQ�SURILOHV�IURP�LQVWDOODWLRQV�ORFDWHG�LQ�WKH�VRXWK�RI�6SDLQ��PHDVXUHG�LQ�
-XQH���DV�LW�KDV�EHHQ�LQWURGXFHG�DERYH��7KHUHIRUH��LW�LV�FRQVLGHUHG�SHUWLQHQW�WR�FRPSDUH�
WKH�ORDG�SURILOH�LQFOXGHG�LQ�WKH�EHQFKPDUN�FDVH�ZLWK�WKDW�RI�WKH�6SDQLVK�V\VWHP��)LJ����
E��VKRZV�WKH�HOHFWULFLW\�GHPDQG�FXUYH�LQ�6SDLQ�RI�D�ZHHNGD\�LQ�-XQH�������SURYLGHG�E\�
5((��762�RI�6SDLQ�>��@��EHLQJ�WKH�SHDN�RI�GHPDQG�DW�������K��$V�LW�FDQ�EH�REVHUYHG��
WKH�W\SH�RI�SURILOH�RI�WKH�HOHFWULF�GHPDQG�LQ�WKH�6SDQLVK�FDVH�DQG�WKH�RQH�RI�WKH�ORDGV�
LQLWLDOO\�LQFOXGHG�LQ�WKH�,(((�WHVW�IHHGHU�DUH�VLJQLILFDQWO\�GLIIHUHQW���

7KXV��FRQVLGHULQJ�WKDW�IRU�WKH�VDNH�RI�FRQVLVWHQF\�RI�WKH�DQDO\VLV��LW�LV�GHVLUDEOH�WKDW�
WKH�EHKDYLRXU�RI�WKH�ORDGV�RI�WKH�DQDO\]HG�EHQFKPDUN�QHWZRUN�LV�FRPSDUDEOH�ZLWK�WKDW�
RI�WKH�GHPDQG�LQ�WKH�6SDQLVK�V\VWHP��DV�LW�LV�WKH�FDVH�RI�39�JHQHUDWLRQ���VRPH�PRGLIL�
FDWLRQV�ZHUH�PDGH�LQ�HDFK�LQGLYLGXDO�ORDG�PRGHO��DGDSWLQJ�WKH�WHPSRUDU\�SURILOH�DQG�
NHHSLQJ�QRPLQDO�SRZHU�YDOXHV�LQ�VLPLODU�UDQJHV�WR�RULJLQDO�PRGHOV��$�VFDOLQJ�FXUYH�KDV�
EHHQ�FDOFXODWHG�DV�D�IDFWRU�RI�WKH�6SDQLVK�ORDG�VKDSH�UHODWHG�WR�WKH�WRWDO�RULJLQDO�GHPDQG�
FXUYH�RI�WKH�/9�WHVW�IHHGHU�DQG�KDV�EHHQ�DSSOLHG�WR�WKH�PRGHO�RI�HDFK�ORDG��$GGLWLRQDOO\��
D�VHOHFWLRQ�RI�WKH�PRVW�UHOHYDQW�ORDGV��IRU�WKHLU�LPSDFW�LQ�WKH�WRWDO�GHPDQG��KDYH�EHHQ�
DGDSWHG�PDQXDOO\�WR�LQWHJUDWH�WKHLU�SHDN�KRXUV�LQ�WKH�W\SLFDO�SHDN�SHULRGV�RI�WKH�6SDQLVK�
FDVH��7KH�UHVXOWLQJ�WRWDO�GHPDQG�RI�WKH�IHHGHU�LV�VKRZQ�LQ�)LJ������
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� �
D��/RDG�IURP�WKH�(XURSHDQ�/9�WHVW�IHHGHU�
PRGHOHG�LQ�3RZHU)DFWRU\�',J6,/(17��

E��(OHFWULFLW\�GHPDQG�FXUYH�LQ�6SDLQ�RQ�
D�-XQH������ZHHNGD\��VRXUFH�5((�>��@���

)LJ�����/RDG�SURILOHV�FRPSDUDWLRQ��

��
)LJ�����7RWDO�HOHFWULFLW\�GHPDQG�FXUYH�LQ�(XURSHDQ�/9�WHVW�IHHGHU�ZLWK�DGDSWHG�ORDG�SURILOHV��

*HQHUDWLRQ�SURILOHV���

7KH�LQWHJUDWLRQ�RI�/(&�LV�PRGHOHG�WKURXJK�WKH�FRQQHFWLRQ�RI�GLVWULEXWHG�JHQHUDWLRQ�
XQLWV��EDVHG�RQ�39�XQLWV��LQ�WKH�GHPDQG�QRGHV��7KHVH�PRGXOHV�DUH�PRGHOHG�LQ�3RZHU�
)DFWRU\�',J6,/(17�WDNLQJ�LQWR�DFFRXQW�QRPLQDO�SRZHU�DQG�GDLO\�JHQHUDWLRQ�SURILOHV�
�EDVHG�RQ�UHDO�GDWD�WDNHQ�IRUP�39�LQVWDOODWLRQV����

2QFH�JHQHUDWLRQ�SURILOHV�DUH�GHILQHG��WKH�TXDQWLILFDWLRQ�RI�WKH�QRPLQDO�SRZHU�WR�EH�
FRQVLGHUHG�IRU�HDFK�QRGH�LV�XQGHUWDNHQ��)RU�VXFK�SXUSRVH��WKH�PDJQLWXGH�RI�WKH�WRWDO�
HOHFWULF�FRQVXPSWLRQ�DW�HDFK�QRGH�ZKHUH�WKH�39�JHQHUDWLRQ�LV�FRQQHFWHG�LV�WDNHQ�LQWR�
DFFRXQW��7KXV�� WKH�QRPLQDO�SRZHU�RI�HDFK�FRQYHUWHU�DVVRFLDWHG� WR�39�FRQQHFWLRQ� LV�
GHILQHG�DV�D�IUDFWLRQ�RI�WKH�PD[LPXP�GHPDQG�RI�WKH�DIIHFWHG�QRGH��EHLQJ�WKH�FKRVHQ�
FULWHULRQ�����RI�WKH�PD[LPXP�SRZHU�GHPDQGHG��PD[LPXP�YDOXH�EHWZHHQ�������K�DQG�
������K���)LQDOO\��VLQFH�39�FRQQHFWLRQ�LV�DVVXPHG�WR�EH�PDLQO\�IRU�VHOI�FRQVXPSWLRQ�
SXUSRVHV��WKH�WRSRORJLFDO�FRQQHFWLRQ�RI�JHQHUDWLRQ�XQLWV�DW�HDFK�QRGH�UHSOLFDWHV�WKDW�RI�
WKH�ORDGV��WKXV�EHLQJ�VLQJOH�SKDVH�FRQQHFWHG�LQ�WKH�VDPH�SKDVHV�WKDQ�HOHFWULF�ORDGV��

6FHQDULRV���

Ϭ͘Ϭϭϱ

Ϭ͘ϬϮϬ

Ϭ͘ϬϮϱ

Ϭ͘ϬϯϬ

Ϭ͘Ϭϯϱ

Ϭ͘ϬϰϬ

Ϭ͘Ϭϰϱ

Ϭ͘ϬϱϬ

Ϭ͘Ϭϱϱ
Dt
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7KH�PHWKRGRORJ\�IROORZHG�LQ�WKH�SUHVHQW�VWXG\�LV�EDVHG�LQ�WKH�FRPSDUDWLRQ�RI�GLI�
IHUHQW� LQGLFDWRUV� �LQWURGXFHG� LQ� WKH�PHWKRGRORJ\� VHFWLRQ��EHWZHHQ� VHYHUDO� VFHQDULRV�
FRQVLGHULQJ�WKH�HYROXWLRQ�RI�WKH�HOHFWULF�GHPDQG�DV�ZHOO�DV�GLIIHUHQW�OHYHOV�RI�SHQHWUD�
WLRQ�RI�/(&�EDVHG�RQ�WKH�FRQQHFWLRQ�RI�39�XQLWV��5HJDUGLQJ�WKH�HYROXWLRQ�RI�HOHFWULF�
GHPDQG��WKH�OLQN�EHWZHHQ�VXVWDLQDELOLW\�DQG�WKH�HOHFWULILFDWLRQ�RI�VRFLHW\�PHQWLRQHG�LQ�
WKH�LQWURGXFWLRQ�LV�WDNHQ�LQWR�DFFRXQW��WKHUHIRUH�D�JURZLQJ�HYROXWLRQ�RI�HOHFWULFLW\�FRQ�
VXPSWLRQ�LV�FRQVLGHUHG��DV�H[SODLQHG�EHORZ��

'HSHQGLQJ�RQ�WKH�FRQVLGHUDWLRQ�RI�WKH�LQWHJUDWLRQ�RI�/(&�WKH�VFHQDULRV�IRU�WKLV�VWXG\�
DUH�FODVVLILHG�DV�%XVLQHVV�$V�8VXDO��%$8��VFHQDULRV�DQG�/(&�VFHQDULRV��DFFRUGLQJ�WR�
WKH�IROORZLQJ�FULWHULD��

x� %$8�6FHQDULRV��7KHVH�VFHQDULRV�FRQVLGHU�D�FRQYHQWLRQDO�QHWZRUN�ZLWK�UDGLDO�RSHU�
DWLRQ��EHLQJ�DOO�WKH�GHPDQG�IHG�E\�WKH�KLJK�YROWDJH�QHWZRUN��8QGHU�WKLV�DVVXPSWLRQ��
LQ�EDVH�FDVH�VFHQDULR�WKH�GHPDQGV�DUH�EDVHG�RQ�QRPLQDO�YDOXHV�LQFOXGHG�LQ�WKH�,(((�
(XURSHDQ�/9�WHVW�IHHGHU��LQFOXGLQJ�WKH�ORDG�SURILOHV�DGDSWDWLRQV�H[SODLQHG��ZKLOH�
IRU� WKH�RWKHU� VFHQDULRV� VHYHUDO�YDULDWLRQV�RI� WKH� WRWDO�GHPDQG�DW�HDFK�QRGH�RI� WKH�
QHWZRUN�DUH�WDNHQ�LQWR�DFFRXQW��EDVHG�RQ�WKH�JURZWK�LQ�HQHUJ\�GHPDQG�IRUHFDVW�E\�
WKH�LQWHUQDWLRQDO�HQHUJ\�DJHQF\�WKDW�LV�QRWHG�LQ�WKH�LQWURGXFWLRQ��7DEOH���VXPPDUL]HV�
WKH�FKDUDFWHULVWLFV�RI�%$8�VFHQDULRV��EDVHG�RQ�GHPDQG�LQFUHDVH�UHJDUGLQJ�EDVH�FDVH��

7DEOH����%$8�VFHQDULRV�GHVFULSWLRQ��

� %$8�6FHQDULR�
� %DVH�

&DVH�
�����
GHPDQG�

�����
GHPDQG�

�����
GHPDQG�

�����
GHPDQG�

�����
GHPDQG�

'HPDQG�LQFUHDVH�UHJDUGLQJ�
%DVH�&DVH�

1$� ���� ���� ���� ���� ����

1RWH�WKDW�DOO�WKH�%$8�VFHQDULRV�FRQVLGHU�WKH�VDPH�ORDG�SURILOHV�H[SODLQHG�SUHYLRXVO\��
�
x� /(&�6FHQDULRV��7KHVH�VFHQDULRV�FRQVLGHU�WKH�LQWHJUDWLRQ�RI�39�XQLWV�LQ�WKH�GHPDQG�

QRGHV��WKXV�HPXODWLQJ�WKH�EHKDYLRXU�RI�VXVWDLQDEOH�/(&��,Q�WKLV�FDVH��IROORZLQJ�WKH�
VDPH�FULWHULD�RI�%$8�VFHQDULRV��DQG�SXUVXLQJ�WKH�IHDVLELOLW\�RI�FRPSDULQJ�VFHQDULRV��
WKH�VDPH�YDULDWLRQ�RI�QRPLQDO�SRZHU�RI�39�JHQHUDWLRQ�LV�FRQVLGHUHG�WR�GHILQH�WKH�
VFHQDULRV��7DEOH���VXPPDUL]HV�WKH�GHVFULSWLRQ�RI�/(&�VFHQDULRV��FRQVLGHULQJ�WKDW�LQ�
EDVH�FDVH�VFHQDULR�WKH�GHPDQGV�DUH�EDVHG�RQ�QRPLQDO�YDOXHV�LQFOXGHG�LQ�WKH�,(((�
(XURSHDQ�/9�WHVW�IHHGHU��LQFOXGLQJ�WKH�ORDG�SURILOHV�DGDSWDWLRQV�H[SODLQHG��DQG�WKH�
FRQQHFWLRQ�RI�39�XQLWV�DW�HDFK�GHPDQG�QRGH��ZLWK�WKH�DVVXPSWLRQV�H[SODLQHG�LQ�WKH�
*HQHUDWLRQ�SURILOHV�VXEVHFWLRQ��LV�LQFOXGHG��

7DEOH����/(&�VFHQDULRV�GHVFULSWLRQ��

� %$8�6FHQDULR�

�
%DVH�
&DVH�

�����
GHPDQG�
	�39�

�����
GHPDQG�
	�39�

�����
GHPDQG�
	�39�

�����
GHPDQG�
	�39�

�����
GHPDQG�
	�39�
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'HPDQG�LQFUHDVH�UHJDUGLQJ�
%DVH�&DVH��

1$� ���� ���� ���� ���� ����

39�JHQHUDWLRQ�XQLWV�QRPL�
QDO�SRZHU�LQFUHDVH�UHJDUG�
LQJ�%DVH�&DVH�

1$� ���� ���� ���� ���� ����

1RWH�WKDW�DOO�WKH�/(&�VFHQDULRV�FRQVLGHU�WKH�VDPH�ORDG�DQG�JHQHUDWLRQ�SURILOHV��

�� 5HVXOWV�

4XDVL�'\QDPLF�VLPXODWLRQV��ZKRVH�DSSURDFK�LV�LQWURGXFHG�LQ�VHFWLRQ������SHUIRUPHG�LQ�
3RZHU)DFWRU\�',J6,/(17��DOORZV�REWDLQLQJ�UHOHYDQW�UHVXOWV�UHJDUGLQJ�YROWDJH�OHYHOV��
ORDG�OHYHOV�DQG�WHFKQLFDO�ORVVHV��ZKLFK�DUH�XVHIXO�WR�XQGHUVWDQG�WKH�WHFKQLFDO�LPSDFW�RQ�
/9�GLVWULEXWLRQ�QHWZRUNV�RI�WKH�SHQHWUDWLRQ�RI�/(&�EDVHG�RQ�39�JHQHUDWLRQ��

7KH�REWDLQHG�UHVXOWV�FDQ�EH�VWXGLHG�IRFXVLQJ�WKH�DQDO\VLV�RQ�WKH�QRGHV�RI�WKH�QHWZRUN�
�WKH�WHVW�QHWZRUN�FRQWDLQV�DURXQG�����QRGHV��DQG�RQ�WKH�OLQH�VHFWLRQV��VLPLODU�QXPEHU�
RI�FLUFD����� OLQH�VHFWLRQV���7KH�GHVFULSWLRQ�RI� WKH�W\SH�RI�UHVXOWV�SURYLGHG�E\�TXDVL�
G\QDPLF�VLPXODWLRQV�VHOHFWHG�IRU�DQDO\VLV�DUH�VXPPDUL]HG�LQ�7DEOH���DQG�7DEOH����

7DEOH����1RGH�YROWDJH�UHVXOWV�GHVFULSWLRQ��

8PLQ����� 8PD[����� 8DYJ�����
0LQLPXP�YROWDJH�PDJQL�
WXGH�REWDLQHG�DW�DQ\�QRGH�
RI�WKH�QHWZRUN�IRU�D�PL�
QXWH�EDVHG�ORDG�IORZ�IRU�D�
��K�SHULRG�

0D[LPXP�YROWDJH�PDJQL�
WXGH�REWDLQHG�DW�DQ\�QRGH�
RI�WKH�QHWZRUN�IRU�D�PL�
QXWH�EDVHG�ORDG�IORZ�IRU�D�
��K�SHULRG�

$YHUDJH�YROWDJH�PDJQL�
WXGH�REWDLQHG�IRU�D�PL�
QXWH�EDVHG�ORDG�IORZ�IRU�
D���K�SHULRG�

7DEOH����/LQH�VHFWLRQV�SRZHU�IORZ�UHVXOWV�GHVFULSWLRQ��

0D[�/RDG����� 7RWDO�/RVVHV��N:K��
0D[LPXP�SRZHU�IORZ�
WKURXJK�DQ\�OLQH�VHFWLRQ�RE�
WDLQHG�IRU�D�PLQXWH�EDVHG�
ORDG�IORZ�IRU�D���K�SHULRG�

7RWDO�HQHUJ\�ORVVHV�LQ�WKH�OLQH�VHFWLRQ�REWDLQHG�
FRQVLGHULQJ�WKH�ZKROH���K�ORDG�IORZ�VLPXODWLRQ��
6SHFLILF�WRWDO�GDLO\�ORVVHV�YDOXH�SHU�OLQH�VHFWLRQ�
DQG�WRWDO�QHWZRUN�ORVVHV�YDOXH�DUH�FDOFXODWHG�

�
7KH�IROORZLQJ�VXEVHFWLRQV�SUHVHQW�WKH�UHVXOWV�REWDLQHG�IRU�WKH�GLIIHUHQW�VFHQDULRV���

���� %$8�6FHQDULRV�

7KLV� VHFWLRQ� VXPPDUL]HV� WKH� UHVXOWV� RI� TXDVL�G\QDPLF� VLPXODWLRQV� SHUIRUPHG� LQ� WKH�
%$8�VFHQDULRV�GHVFULEHG�LQ�VHFWLRQ������'XH�WR�WKH�KXJH�QXPEHU�RI�UHVXOWV�REWDLQHG��
JUDSKLFV�SUHVHQWLQJ�WKH�H[WUHPH�YDOXHV��UHOHYDQW�WR�H[WUDFW�FRQFOXVLRQV��DUH�VKRZQ��
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1RGHV�YROWDJHV��
7DEOH���VKRZV�D�VXPPDU\�RI�WKH�UHVXOWV�IRU�YROWDJH�YDOXHV�REWDLQHG�IRU�HDFK�VFHQDULR���
$V� LW�FDQ�EH�REVHUYHG��PLQLPXP�YROWDJH�YDOXHV�GHFUHDVH�ZLWK� WKH� LQFUHDVH�RI� WKH�

GHPDQG��EHLQJ�LQ�WKH�ODVW�WZR�VFHQDULRV�EHORZ�����RI�QRPLQDO�YROWDJH��ZKLFK�LV�FRP�
PRQO\�WKH�PLQLPXP�RSHUDWLRQ�YROWDJH�DOORZHG�E\�UHJXODWLRQ���

7DEOH����1RGH�YROWDJH�UHVXOWV�IRU�%$8�VFHQDULRV��

6FHQDULR� 8PLQ����� 8PD[����� 8DYJ�����
EDVH�FDVH� ������� �������� ��������
�����GHPDQG� ������� �������� ��������
�����GHPDQG� ������� �������� ��������
�����GHPDQG� ������� �������� ��������
�����GHPDQG� ������� �������� ��������
�����GHPDQG� ������� �������� ��������

)LJ����VKRZV�JUDSKLFDOO\�WKH�UHVXOWV��SUHVHQWLQJ�WKH�GHVFULEHG�WUHQG���

�
)LJ�����1RGH�YROWDJH�UHVXOWV�IRU�%$8�VFHQDULRV���

)LJ����SUHVHQWV�WKH�UHVXOWV�VKRZQ�E\�3RZHU)DFWRU\�',J6,/(17�IRU�WKH�PRVW�UHVWULF�
WLYH�VFHQDULR�������GHPDQG���UHSUHVHQWLQJ�YROWDJH�OHYHOV�WKURXJK�D�KHDWPDS��

�

�
)LJ�����9ROWDJH�KHDWPDS�LQ�3RZHU)DFWRU\�',J6,/(17�IRU�WKH�PRVW�UHVWULFWLYH�%$8�VFHQDULR���
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/LQH�VHFWLRQV�SRZHU�IORZV��
)ROORZLQJ�WKH�VDPH�VWUXFWXUH�WKDQ�LQ�WKH�SUHVHQWDWLRQ�RI�QRGH�UHVXOWV��7DEOH���VKRZV�

D�VXPPDU\�RI�WKH�UHVXOWV�IRU�SRZHU�IORZV�LQ�OLQH�VHFWLRQV�IRU�HDFK�VFHQDULR��

7DEOH����/LQH�VHFWLRQ�SRZHU�IORZV�UHVXOWV�IRU�%$8�VFHQDULRV��

6FHQDULR� 0D[�/RDG����� 7RWDO�/RVVHV��N:K��
EDVH�FDVH� ������� ������
�����GHPDQG� �������� ������
�����GHPDQG� �������� ������
�����GHPDQG� �������� ������
�����GHPDQG� �������� ������
�����GHPDQG� �������� ������

�
)LJ����VKRZV�JUDSKLFDOO\�WKH�UHVXOWV�DQG�)LJ����SUHVHQWV�WKH�UHVXOWV�VKRZQ�E\�3RZHU�

)DFWRU\�',J6,/(17�IRU�WKH�PRVW�UHVWULFWLYH�VFHQDULR�������GHPDQG���

�
)LJ�����/LQH�VHFWLRQV�SRZHU�IORZV�UHVXOWV�IRU�%$8�VFHQDULRV���

�
)LJ�����/RDGLQJ�KHDWPDS�LQ�3RZHU)DFWRU\�',J6,/(17�IRU�WKH�PRVW�UHVWULFWLYH�%$8�VFHQDULR���

Ϭ͘ϬϬ
ϭϬ͘ϬϬ
ϮϬ͘ϬϬ
ϯϬ͘ϬϬ
ϰϬ͘ϬϬ
ϱϬ͘ϬϬ
ϲϬ͘ϬϬ
ϳϬ͘ϬϬ
ϴϬ͘ϬϬ
ϵϬ͘ϬϬ
ϭϬϬ͘ϬϬ

Ϭ͘ϬϬй

ϱϬ͘ϬϬй

ϭϬϬ͘ϬϬй

ϭϱϬ͘ϬϬй

ϮϬϬ͘ϬϬй

ϮϱϬ͘ϬϬй

ϯϬϬ͘ϬϬй

ϯϱϬ͘ϬϬй

ďĂƐĞ�ĐĂƐĞ ϭϮϬй
ĚĞŵĂŶĚ

ϭϰϬй
ĚĞŵĂŶĚ

ϭϲϬй
ĚĞŵĂŶĚ

ϭϴϬй
ĚĞŵĂŶĚ

ϭϵϬй
ĚĞŵĂŶĚ

>ŝŶĞ�ƐĞĐƚŝŽŶƐ�ƉŽǁĞƌ�ĨůŽǁƐͲ ��h�^ĐĞŶĂƌŝŽƐ

DĂǆ�>ŽĂĚ���h�;йͿ dŽƚĂů�>ŽƐƐĞƐ���h�;ŬtŚͿ

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 592

pmoreno
ISBN 978-9942-44-109-6



���

$V�LW�FDQ�EH�REVHUYHG��ORDG�UDWLR�LQFUHDVHV�GUDPDWLFDOO\�ZLWK�GHPDQG�VFHQDULRV��EH�
LQJ�DERYH�QRPLQDO�YDOXHV�MXVW�IURP������GHPDQG�VFHQDULR��1H[W�VHFWLRQ�ZLOO�VKRZ�WKH�
HIIHFW�RI�WKH�FRQQHFWLRQ�RI�GLVWULEXWHG�39�FORVH�WR�WKH�FRQVXPSWLRQ�SRLQWV��

���� /(&�6FHQDULRV�

5HVXOWV�RI�TXDVL�G\QDPLF�VLPXODWLRQV�SHUIRUPHG�LQ�WKH�/(&�VFHQDULRV��3UHVHQWDWLRQ�RI�
UHVXOWV�IROORZV�WKH�VDPH�VWUXFWXUH�DV�LQ�SUHYLRXV�VHFWLRQ�IRU�%$8�VFHQDULRV��

1RGHV�YROWDJHV��
7DEOH���DQG�)LJ����VKRZ�D�VXPPDU\�RI� WKH�UHVXOWV�IRU�YROWDJH�YDOXHV�REWDLQHG�IRU�

HDFK�VFHQDULR��SUHVHQWLQJ�WKH�VDPH�SDUDPHWHUV�WKDQ�WKH�RQHV�LQFOXGHG�LQ�%$8�VFHQDULRV�
UHSRUW��

7DEOH����1RGH�YROWDJH�UHVXOWV�IRU�/(&�VFHQDULRV��

6FHQDULR� 8PLQ����� 8PD[����� 8DYJ�����
EDVH�FDVH� �������� �������� ��������
�����GHPDQG	39� �������� �������� ��������
�����GHPDQG	39� ������� �������� ��������
�����GHPDQG	39� ������� �������� ��������
�����GHPDQG	39� ������� �������� ��������
�����GHPDQG	39� ������� �������� ��������

��

�
)LJ�����1RGH�YROWDJH�UHVXOWV�IRU�/(&�VFHQDULRV��

,W�FDQ�EH�DSSUHFLDWHG�WKDW�WKH�FRQQHFWLRQ�RI�39�XQLWV�FORVH�WR�GHPDQG�QRGHV��ZLWK�
WKH�OHYHO�RI�SHQHWUDWLRQ�DVVRFLDWHG�WR�HDFK�VFHQDULR�DV�GHVFULEHG�LQ�VHFWLRQ������DOORZV�
DYRLGLQJ�YROWDJH�GHFUHDVHV�EHORZ�����RI�QRPLQDO�YDOXHV��WKXV�IXOILOOLQJ�PLQLPXP�RS�
HUDWLRQ� YROWDJHV� UHTXLUHPHQWV�� /LNHZLVH��PD[LPXP�YROWDJHV� DUH� DOZD\V� NHSW� EHORZ�
�����RI�QRPLQDO�YROWDJH��WKHUHIRUH�QRW�H[FHHGLQJ�PD[LPXP�RSHUDWLRQ�YROWDJH�DOORZHG�
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�W\SLFDOO\��������)LJ����FRPSOHWHV�WKH�JUDSKLF�UHSRUW�SUHVHQWLQJ�WKH�UHVXOWV�VKRZQ�E\�
3RZHU)DFWRU\�',J6,/(17�IRU�WKH�PRVW�UHVWULFWLYH�VFHQDULR��

�

�
)LJ�����9ROWDJH�KHDWPDS�LQ�3RZHU)DFWRU\�',J6,/(17�IRU�WKH�PRVW�UHVWULFWLYH�/(&�VFHQDULR���

/LQH�VHFWLRQV�SRZHU�IORZV��
7KH� VXPPDU\�RI� WKH� UHVXOWV� IRU�SRZHU� IORZV� LQ� OLQH� VHFWLRQV� IRU� HDFK� VFHQDULR� LV�

SUHVHQWHG�LQ�7DEOH���DQG�LQ�)LJ������UHSOLFDWLQJ�WKH�SDUDPHWHU�VHOHFWLRQ�VKRZQ�IRU�%$8�
VFHQDULRV��

7DEOH����/LQH�VHFWLRQ�SRZHU�IORZV�UHVXOWV�IRU�/(&�VFHQDULRV��

6FHQDULR� 0D[�/RDG����� 7RWDO�/RVVHV��N:K��
EDVH�FDVH� ������� ������
�����GHPDQG	39� ������� ������
�����GHPDQG	39� ������� ������
�����GHPDQG	39� �������� ������
�����GHPDQG	39� �������� ������
�����GHPDQG	39� �������� ������

�
)LJ������/LQH�VHFWLRQV�SRZHU�IORZV�UHVXOWV�IRU�/(&�VFHQDULRV���
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)LJ�����SUHVHQWV� WKH�UHVXOWV�VKRZQ�E\�3RZHU)DFWRU\�',J6,/(17�IRU� WKH�PRVW�UH�
VWULFWLYH�VFHQDULR�������GHPDQG	39���

�
)LJ������/LQH�VHFWLRQV�SRZHU�IORZV�KHDWPDS�LQ�3RZHU)DFWRU\�',J6,/(17�IRU�WKH�PRVW�UHVWULFWLYH�
/(&�VFHQDULR���

5HVXOWV�VKRZ�WKDW�WKH�LQWHJUDWLRQ�RI�39�EDVHG�/(&�KHOSV�WR�UHGXFH�ERWK�RYHUORDGV�
DQG�WHFKQLFDO�ORVVHV��1HYHUWKHOHVV��VFHQDULRV�FRQVLGHULQJ�D�KLJKHU�JURZWK�UDWH�IRU�GH�
PDQG�VWLOO�SUHVHQW�RYHUORDGV�HYHQ�ZLWK�39�SHQHWUDWLRQ��DOWKRXJK�VLJQLILFDQWO\�OHVV�VH�
YHUH�WKDQ�LQ�%$8�VFHQDULRV���)XUWKHU�VWXGLHV�LQFOXGLQJ�D�PRUH�GHWDLOHG�WXQLQJ�RI�WKH�
SHQHWUDWLRQ�OHYHO�RI�JHQHUDWLRQ�DQG��VSHFLDOO\��WKH�LQWHJUDWLRQ�RI�PRUH�DGYDQFHG�6PDUW�
*ULGV�IXQFWLRQDOLWLHV�ZLOO�KHOS�WR�HQKDQFH�WKH�EHKDYLRXU�RI�WKH�QHWZRUN��

)RU�WKH�VDNH�RI�FODULW\�DQG�WR�DVVLVW�LQ�GUDZLQJ�FRQFOXVLRQV��UHVXOWV�IRU�%$8�DQG�/(&�
VFHQDULRV�DUH�H[SOLFLWO\�FRPSDUHG�LQ�QH[W�VXEVHFWLRQ���

���� &RPSDULVRQ�RI�VFHQDULRV�

,Q�WKH�IROORZLQJ�ILJXUHV�WKH�UHVXOWV�IRU�QRGH�YROWDJHV�DQG�OLQH�VHFWLRQ�SRZHU�IORZV��
IRU�%$8�DQG�/(&�VFHQDULRV�DUH�FRPSDUHG�TXDQWLWDWLYHO\�DQG�JUDSKLFDOO\���

1RGHV�YROWDJHV��
7DEOH���SUHVHQWV�D�FRPSDULVRQ�RI�YROWDJHV�REWDLQHG� IRU�%$8�VFHQDULRV�DQG�/(&�

VFHQDULRV��IRFXVLQJ�RI�PLQLPXP�YDOXHV��ZKLFK�KDYH�WXUQHG�RXW�WR�EH�WKH�PRVW�UHOHYDQW��
DFFRUGLQJ�WR�WKH�UHVXOWV�RI�WKH�VLPXODWLRQV��DV�LW�LV�H[SODLQHG�LQ�VHFWLRQ������7R�FODULI\�
WKH�FRPSDULVRQ�RI�VFHQDULRV��ODVW�FROXPQ�RI�WKH�WDEOH�SUHVHQWV�WKH�GLIIHUHQFH�EHWZHHQ�
KLJKHVW�YROWDJH�GURS�LQ�%$8�FDVH�DQG�KLJKHVW�YROWDJH�GURS�LQ�/(&�FDVH��IRU�HDFK�GH�
PDQG�VFHQDULR��)LJ�����VKRZV�JUDSKLFDOO\�WKHVH�UHVXOWV��%RWK�WKH�WDEOH�DQG�WKH�JUDSKLF�
VKRZ�H[SOLFLWO\�WKH�LPSURYHPHQW�RQ�PLQLPXP�YROWDJH�OHYHOV�ZKLFK�LQYROYHV�WKH�LQWH�
JUDWLRQ�RI�/(&��ZKLFK�LQFUHDVHV�ZLWK�WKH�JURZWK�RI�WKH�GHPDQG��

7R�FRPSOHWH�WKH�YLVLRQ�RI�YROWDJH�OHYHOV��)LJ�����SUHVHQWV�PD[LPXP�DQG�PLQLPXP�
YROWDJH�YDOXHV�IRU�%$8�DQG�/(&�VFHQDULRV���
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7DEOH����1RGH�YROWDJH�UHVXOWV�FRPSDULVRQ��%$8�YV�/(&�VFHQDULRV���

6FHQDULR� 8PLQ�%$8����� 8PLQ�/(&�����
9ROWDJH�GURS�GLIIHU�
HQFH��%$8�/(&��
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�
)LJ�� ����0LQLPXP� YROWDJH� UHVXOWV� FRPSDULVRQ� IRU� %$8� DQG� /(&� VFHQDULRV�� 6HFRQGDU\� D[LV�
�ULJKW��TXDQWLILHV�WKH�YROWDJH�GURS�GLIIHUHQFH��%$8�/(&���

�
)LJ������9ROWDJH�UHVXOWV�FRPSDULVRQ�IRU�%$8�DQG�/(&�VFHQDULRV��

/LQH�VHFWLRQV�SRZHU�IORZV��
7DEOH����SUHVHQWV�WKH�PD[LPXP�ORDG�YDOXHV�IRU�HDFK�VFHQDULR�FRPSDULQJ�%$8�DQG�

/(&�FDVHV��)LJ�����VKRZV�JUDSKLFDOO\�WKHVH�UHVXOWV��
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7DEOH�����0D[LPXP�ORDG�IORZ�FRPSDULVRQ�IRU�%$8�DQG�/(&�VFHQDULRV��

6FHQDULR� 0D[�/RDG�%$8����� 0D[�/RDG�/(&�����
0D[�/RDG�5HGXFWLRQ�
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7DEOH����SUHVHQWV�WRWDO�WHFKQLFDO�ORVVHV�YDOXHV�LQ�N:K�IRU�HDFK�VFHQDULR�FRPSDULQJ�
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)LJ������7HFKQLFDO�ORVVHV�UHVXOWV�FRPSDULVRQ�IRU�%$8�DQG�/(&�VFHQDULRV��6HFRQGDU\�D[LV��ULJKW��
TXDQWLILHV�WKH�UHGXFWLRQ�RI�ORVVHV�SURYLGHG�E\�WKH�LQWHJUDWLRQ�RI�39�EDVHG�/(&��

�� &RQFOXVLRQ�

7KH�HIIHFW�LQ�/9�GLVWULEXWLRQ�QHWZRUNV�RI�WKH�LQWHJUDWLRQ�RI�VXVWDLQDEOH�/(&��EDVHG�
RQ�WKH�FRQQHFWLRQ�RI�39�XQLWV�FORVH�WR�WKH�GHPDQG�QRGHV��LV�DQDO\]HG�LQ�WKLV�SDSHU��)RU�
VXFK�SXUSRVH�WKH�TXDQWLILFDWLRQ�RI�YROWDJH�DQG�ORDG�EDVHG�YDULDEOHV�LV�FDUULHG�RXW�FRP�
SDULQJ�GLIIHUHQW�VFHQDULRV�ZLWK�DQG�ZLWKRXW�/(&��$V�LW�KDV�EHHQ�GHWDLOHG�LQ�WKH�SDSHU��
WKH�HQKDQFHPHQW�REVHUYHG�LQ�WKH�VFHQDULRV�ZKLFK�FRQVLGHU�VXVWDLQDEOH�/(&�LQWHJUDWLRQ�
LV�UHPDUNDEOH��

7KH�VWXG\�WDNHV�D�UHSUHVHQWDWLYH�/9�QHWZRUN�DV�D�EDVLV�WR�EXLOG�VLJQLILFDQW�VFHQDULRV�
LQ�WHUPV�RI� ORDG�SURILOHV��JHQHUDWLRQ�SURILOHV�DQG�HYROXWLRQ�RI�HOHFWULF�GHPDQG��(DFK�
VFHQDULR�DFWV�DV�D�WHVWEHG�ZKHUH�TXDVL�G\QDPLF�ORDG�IORZ�VLPXODWLRQV�DUH�SHUIRUPHG��
REWDLQLQJ�PLQXWH�EDVHG�YROWDJH�DQG�SRZHU�IORZ�YDOXHV�WKURXJKRXW�GD\�ORQJ�SRZHU�IORZ�
DQDO\VHV��7KH�JDWKHULQJ�DQG�FRPSDULQJ�RI�WKH�UHVXOWV�REWDLQHG�IRU�DOO�WKH�VFHQDULRV�DQ�
DO\]HG�DOORZV�TXDQWLI\LQJ�WKH�LPSDFW�RI�WKH�FRQQHFWLRQ�RI�39�EDVHG�/(&��

,Q�WHUPV�RI�YROWDJH�SURILOHV��LW�LV�REVHUYHG�WKDW�WKH�JURZLQJ�HYROXWLRQ�RI�HOHFWULF�GH�
PDQG�PLJKW�LQYROYH�PLQLPXP�YROWDJH�OLPLWV�YLRODWLRQ�LQ�%$8�FDVHV��ZKLOH�IRU�WKH�VDPH�
HYROXWLRQ�RI�GHPDQG��YROWDJHV�DUH�NHSW�ZLWKLQ�KHDOWK\�OLPLWV�LQ�DOO�FDVHV�FRQVLGHULQJ�WKH�
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UHVSHFW�WR�%$8�VFHQDULRV�UHDFKHV�RXW�PRUH�WKDQ��������
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DOVR�UHOHYDQW��7KH�VLPXODWLRQV�VKRZ�WKDW�LQ�%$8�VFHQDULRV�WKH�LQFUHDVH�RI�GHPDQG�FDQ�
LQYROYH�KLJK�OHYHOV�RI�RYHUORDGV�IRU�VRPH�OLQH�VHFWLRQV�LQ�VRPH�KLJK�GHPDQG�SHULRGV��
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LQ�PD[LPXP�SRZHU�IORZLQJ�/9�OLQH�VHFWLRQV�UDQJHV�IURP�����WR�����ZLWK�WKH�FRQ�
QHFWLRQ�RI�39�XQLWV��� ,W� LV� DOVR� UHPDUNDEOH�� VSHFLDOO\� FRQVLGHULQJ� VXVWDLQDELOLW\� SXU�
SRVHV��WKH�UHGXFWLRQ�LQ�WHFKQLFDO�ORVVHV�DFKLHYHG�WKURXJK�WKH�FRQQHFWLRQ�RI�/(&��ZKLFK�
UHDFKHV�D�GHFUHDVH�RI�����LQ�/(&�VFHQDULRV��

,Q�OLJKW�RI�WKH�TXDQWLWDWLYH�UHVXOWV�REWDLQHG�LQ�WKLV�VWXG\�� LW�LV�FRQFOXGHG�WKDW�/(&�
EDVHG�RQ�WKH�LQWHJUDWLRQ�RI�GLVWULEXWHG�JHQHUDWLRQ�IURP�UHQHZDEOH�VRXUFHV�FDQ�SOD\�D�
NH\�UROH�LQ�PHHWLQJ�VXVWDLQDELOLW\�REMHFWLYHV��IDFLOLWDWLQJ�WKH�HOHFWULILFDWLRQ�RI�VRFLHW\�
DQG�WKH�SHQHWUDWLRQ�RI�UHQHZDEOH�HQHUJLHV��
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7DNLQJ�WKHVH�FRQFOXVLRQV�DV�VWDUWLQJ�SRLQW��IXUWKHU�DQDO\VHV�LQ�WKLV�ILHOG�ZLOO�H[SORUH�
WKH�PD[LPL]DWLRQ�RI�WKH�SRVLWLYH�LPSDFWV�RI�WKH�LQWHJUDWLRQ�RI�/(&�DQG�WKH�UHGXFWLRQ�RI�
SRWHQWLDO�ULVNV��FRQVLGHULQJ�PRUH�FRPSOH[�VWUXFWXUHV�RI�VXVWDLQDEOH�/(&�LQWHJUDWLQJ�DG�
GLWLRQDO�HOHPHQWV�DOLJQHG�ZLWK�6PDUW�*ULGV�SDUDGLJP��VXFK�DV�VWRUDJH�V\VWHPV��GLYHUVH�
UHQHZDEOH�JHQHUDWLRQ�VRXUFHV�RU�HOHFWULF�YHKLFOHV�ZLWK�9�*�FDSDELOLWLHV��

$FNQRZOHGJPHQWV�

7KLV�UHVHDUFK�KDV�UHFHLYHG�IXQGLQJ�IURP�WKH�(XURSHDQ�8QLRQ¶V�+RUL]RQ������)UDPH�
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*HQHUDWLRQ²3RVVLELOLWLHV�RI�5HDO�4XDOLW\�(QKDQFHPHQW´��(QHUJLHV�������������������

��� 3UDVKDQW��$��6KDK]DG�6LGGLTXL��0G�6DUZDU��$��$OWKREDLWL�DQG�6��6��0��*KRQHLP��³2SWLPDO�
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�
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Energy and economic analysis of renewable energy-based 
isolated microgrids: Case study Bigene, Guinea-Bissau 
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Abstract. In order to reach a larger population with access to electricity, it is 
necessary to implement different strategies, alternative to centralized electrifica-
tion and grid extension. The installation of isolated microgrids using renewable 
energies has greatly increased and promises to be one of the most attractive op-
tion to bring energy to the most difficult accessible regions. This paper presents 
the energy and economic study of a system for the electrification of the isolated 
community of Bigene, Guinea-Bissau, by means of a microgrid using different 
generators and energy storage. The relationship between generation-storage ca-
pacity and its effect on variables such as auxiliary energy requirements, energy 
waste, initial investment and cost for the energy generated during the useful life 
of the project is analyzed. The results show that the capacity of the generators 
and energy storage to be installed depend on factors external to the energy anal-
ysis, such as the availability of financial capital and pollutant gas emissions to be 
avoided, since the initial investment cost of the energy storage system has a neg-
ative impact on the economic feasibility, making the prolonged use of fossil fuels 
more financially attractive. 

Keywords: Microgrid, Renewable Energy, Solar Energy, Isolated Community. 

1 Introduction 

Bringing electricity service for the majority of the world¶V�SRSXODWLRQ that need it is a 
major challenge. Despite a global electricity access rate of 90.5 % by 2020 [1], there 
are countries with very low values, most of which are located on the African continent. 
The Sub-Saharan African countries presented in the same year an average access to 
electricity of 48.4 %, in contrast to 100 % of the countries of the European Union. This 
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becomes an issue of vital importance, in which the efforts of public and private institu-
tions must contribute with new projects and technologies, seeking to reduce this huge 
gab that is the access to basic electricity services in a sustainable way. 

Different strategies have been implemented to bring electricity to the entire popula-
tion. In most cases, it has been decided to extend the transmission lines to carry the 
energy from the large generation centers to each consumer. However, sometimes the 
remoteness of the consumption centers made it impossible to extend the grid due to 
economic reasons. In addition, in other cases, the geographical location of the users, 
such as in mountains or difficult access areas, made it technically impossible to install 
transmission lines. In order to solve this problem, it was proposed to bring generators 
to the consumption centers so that the energy would be produced in the same place as 
the user, eliminating the costs and energy losses related to the extension of the electric 
grid. Based in these strategies, the microgrid model was initiated. The Institute of Elec-
trical and Electronics Engineers (IEEE) defines microgrid as ³D� JURXS� RI� LQWHUFRQ�
nected loads and distributed energy resources with clearly defined electrical bounda-
ries that acts as a single controllable entity with respect to the grid and can connect 
and disconnect from the grid to enable it to operate in both grid-connected or island 
PRGHV´ [2]. Based on the above, a microgrid can be composed of different generators, 
including renewable energies, promoting sustainable decentralized electrification. In 
the past, due to the low cost of fossil fuels, it was common to install an electric power 
generator based on diesel or gasoline combustion. However, nowadays, and due to the 
problems of environmental pollution and climate change, traditional generators have 
been largely replaced by generator based on renewable energies. This allows the elec-
tricity produced in the consumption centers to come from a clean and free source, taking 
advantage of the natural resources present in the region. This, together with the lower 
costs of renewable technologies, makes it an economically and sustainably attractive 
option for rural electrification [3]. 

Several rural electrification projects have been developed under the concept of the 
community microgrid, defined as a system that³(«) is connected with its community 
through physLFDO�SODFHPHQW�DQG�FDQ�EH�RZQHG�E\�VDLG�FRPPXQLW\�RU�RWKHU�SDUW´ [4], 
using renewable energies as the main driving force. In Puertecitos, Baja California, 
Mexico, an isolated microgrid was installed in a fishing community with a high level 
of social marginalization [5, 6]. The system was sized to meet basic needs, such as food 
preservation, comfort and education. Due to the extreme climatic conditions, where 
summers are very hot and winters have low temperatures, the electricity demand profile 
contrasts between the different seasons of the year. A 55 kW photovoltaic (PV) module 
system, a 5 kW wind turbine, a 75 kVA diesel generator as auxiliary, and a 522 kWh 
lead-acid battery energy storage were chosen. The microgrid cannot fully meet demand 
during the summer, when air conditioning equipment is needed, so the diesel generator 
is used for short periods of time to cover the energy shortage. During the winter there 
is a large amount of wasted energy because energy demand is very low compared to 
generation capacity. In Huatacondo, in the Atacama Desert, Chile, a microgrid isolated 
from the power transmission system was installed to provide electricity service for 24 
hours continuously [7]. The system incorporates 22.5 kW of PV technology, 3 kW of 
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wind power, a 140 kWh battery bank and a 120 kVA diesel generator. Another mi-
crogrid installed in Chile, in the town of Ollagüe in the Antofagasta region, incorporates 
200 kW PV power, 30 kW of wind energy, 410 kVA of diesel generation, 752 kWh of 
energy storage, and two parabolic dish solar collectors to provide hot water for the local 
school [7]. In many regions of the world, low-capacity microgrids have been installed 
for rural electrification, using renewable energies as a basis, in order to improve the 
living conditions of marginalized communities [8±10]. 

The high cost of isolated microgrids remains an impediment to their implementation 
in poor communities [11]. Therefore, the correct sizing of the equipment is of great 
importance during planning. This work presents the energy and economic analysis for 
the implementation of a microgrid for the isolated community of Bigene, Guinea-Bis-
sau, an African country, which has a high rate of social marginalization. The microgrid 
is based on the use of renewable technologies and an energy storage system using bat-
teries. Through the use of energy simulation software, it is possible to establish the 
expected energy demand and the sizing of an energy generation system that is sensitive 
to local environmental conditions, such as solar photovoltaic energy. An auxiliary 
power generation system using diesel combustion is also considered for periods when 
there is no stored energy. The study includes the analysis of the generation-storage ca-
pacity relationship and its effect on variables such as auxiliary energy requirements, 
energy waste, initial investment and cost for the energy generated during the useful life 
of the project. With the above, it is intended to establish the criteria for decision making 
regarding the capacity of the system to be installed, considering different factors, such 
as the availability of financial capital and emissions of polluting gases, among others. 

2 System description 

 
The sustainable electrification system consists of a photovoltaic module field responsi-
ble for generating electrical energy by means of solar energy. The energy produced is 
fed to the inverter/controller which, depending on the electricity demand of the com-
munity and the state of the battery system, determines whether it satisfies the electrical 
requirements and/or stores energy. An auxiliary power system based on a diesel gener-
ator is available to meet demand during periods when there is insufficient solar resource 
or stored energy. The proposed independent microgrid will be distributed by electrical 
transmission lines from the plant to the different consumers (loads). The schematic di-
agram of the system is shown in Figure 1. Wind energy was not considered in this 
system because the location does not have adequate wind speeds for its utilization. 
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Fig. 1. Schematic diagram of microgrid for rural electrification. 

3 Methodology 

The isolated community of Bigene (12.44 N, 15.54 W) is located in the region of 
Cacheu, in the African country of Guinea Bissau; it has a high social marginalization 
due to the lack of basic services, such as electricity and drinking water. Microgrids 
based on renewable energies are an excellent option to improve living conditions and 
promote sustainable economic development in this type of communities [6].  

3.1 Load profile 

Given the current conditions of no access to electricity, it is necessary to estimate elec-
tricity consumption profiles based on the essential requirements of this kind of popula-
tion, to enable the sizing of the renewable energy system. In this community there are 
different types of buildings, so a consumption profile was established for each user, in 
which houses, businesses, schools and hospitals are considered. The equipment consid-
ered within the loads are shown in Table 1. The amount and energy consumption of 
each equipment are different depending on the user, so Figure 2 shows the daily load 
established per user and the total load of the community. The users are 500 homes, 25 
businesses, 1 hospital and 3 schools. 

Table 1. Equipment considered for each user connected to the microgrid. 

Equipment Home Business Hospital School 
Light 4 x 10 W 5 x 10 W 50 x 10 W 10 x 10 W 
Fridge 1 x 600 W 4 x 600 W 3 x 600 W 1 x 600 W 
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TV 1 x 60 W 1 x 60 W 5 x 60 W 2 x 60 W 
Blander 1 x 500 W - - - 
Fan 2 x 200 W 2 x 200 W 10 x 200 W 4 x 200 W 
Computer - 1 x 600 W 2 x 60 W 2 x 600 W 
Electric motor - 1 x 1,000 W - - 
Constant load - - 1 x 3,000 W - 

 

 
Fig. 2. Load profile of different users during a day. 

For homes, equipment was considered for food preservation and preparation, lighting 
and entertainment, while for businesses, a computer and a 0.6 kW electric motor were 
added so that specialized activities can be carried out. For schools, a greater number of 
computers and televisions are contemplated for use in teaching. For the hospital alone, 
a constant load of 3 kW is considered in addition to the equipment, to be used for spe-
cialized systems that need to be on 24 hours a day. This results in a demand profile with 
an approximate peak of 450 kW in the morning and another of 400 kW after 16:00, 
mainly due to the number of domestic users.  

3.2 Climatological conditions 

The demand profile shown in Figure 2 is considered a repetitive profile throughout 
the year, mainly due to the fact that Bigene has template climatic conditions, with an 
average ambient temperature of approximately 25 °C, with no noticeable variations 
throughout the year, as shown in Figure 3. In different scenarios, when the demand 
profile differs in the seasons of the year, the sizing of the system may be affected, since 
the energy requirements would determine different optimal capacities of the system, 
i.e., it could be oversized or undersized for certain periods, increasing energy waste and 
auxiliary energy. Figure 4 shows the global solar radiation available in the study region. 
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Being close to the equator, it has stable radiation levels during most of the year, with 
maximums of up to 1,000 W/m2, which is an indication that it is a good solar resource 
for electricity production. This climatological information was acquired using Meteor-
norm software. 

 
Fig. 3. Yearly ambient temperature of Bigene, Guinea Bissau. 

 
Fig. 4. Annual global horizontal radiation of Bigene, Guinea Bissau. 

For the development of the simulation, TRNSYS software was used and hourly stud-
ies were carried out during an entire operating year. A database of climatological data 
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typical of the region was considered, as well as energy generation and storage equip-
ment available in the market. Table 2 shows the characteristics of the equipment used 
in the microgrid simulation. 

Table 2. Characteristics of the main equipment used in the simulation. 

PV module manufacturer Yingli Solar 
Model YGE 72 cells 
Power 330 W 
Batteries manufacturer BSB 
Capacity per battery 1650 Ah 
Voltage 2 V 
Charging efficiency 0.9 
Inverter efficiency 0.9 
Diesel generator efficiency 0.35 

With the climatic characteristics of the region and the particularities of the equip-
ment, it is possible to carry out studies that allow an optimal sizing of the microgrid, 
considering the most economically acceptable ratio between the wasted energy and the 
extra energy generated by the auxiliary system. For the presentation of the results, the 
annual totals of energy generation, consumption, storage and waste were made. 

3.3 Economical analysis 

The energy results shown in the previous section help to understand the behavior of 
the microgrid according to the system capacity. However, decision making should not 
be based solely on the optimal ratio between wasted energy and extra auxiliary energy 
required. The economic factor, in conjunction with the above, determines the appropri-
ate capacity with the optimal cost-benefit ratio.   

For the comparison, the Levelized Cost Of Energy (LCOE) was used, which is the 
economic valuation of the cost of the electricity generation system that includes all the 
costs over the project life, which was considered as 25 years for both, and was calcu-
lated based on [12], as follows:  

ܧܱܥܮ ൌ
ሻܦ�ሺܷܵܧܶܣ
�ሺܹ݄݇ሻܧ

 (1) 

where ܧ  is the energy that will be produced during the operational lifetime. ܧܶܣ 
is the annual total expenditures over the entire operational lifetime and are comprised 
of the investment expenditures and the operating costs accumulating over the opera-
tional lifetime [13], and it is calculated as: 

�ܧܶܣ ൌ ܺܧܲܣܥ  ܱƬ(2) ܯ 

where ܺܧܲܣܥ is the capital cost of the system and ܱƬܯ are the operating and 
maintenance expenses over the life of the project, which are calculated according as 
follows: 
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ܱƬܯ ൌ  ܱƬܯሺ݅ሻ
௧�

ୀଵ

 (3) 

where ܱƬܯሺ݅ሻ are the operation and maintenance costs during the ݅th year of oper-
ation. An ܱƬܯሺ݅ሻ expense of 2% of CAPEX was assumed for the two systems and an 
annual inflation rate ሺ݅ݎሻ of 5% [12]. Then, the ܱƬܯሺ݅ሻ is calculated as: 

 
ܱƬܯሺ݅ሻ ൌ ͲǤͲʹ ൈ ܺܧܲܣܥ ൈ ሺͳ  ሻିଵݎ݅  ܴሺ݅ሻ (4) 

  
ܴሺ݅ሻ corresponds to the eventualities that may arise during the operation of the sys-

tem in terms of spare parts or changes of individual equipment due to their useful life. 
For all capacities, an expense of 30% of the cost of the inverter every 10 years, and for 
the PV-Battery system the change of the battery bank every 4 years, were considered 
EDVHG�RQ�WKH�PDQXIDFWXUHU¶V�JXDUDQWHHV�IRU�WKLV�W\SH�RI�HTXLSPHQW��DV�ZHOO�DV�RQ�WKH�
DXWKRUV¶�H[SHULHQFH�ZLWK�WKH�3XHUWHFLWRV�PLFURJULG�[6]. The cost of the diesel generator 
is equivalent to one with a capacity of 460 kW, which is the highest instantaneous de-
mand during the year. The cost estimates of the equipment of both systems are pre-
sented in Table 3. 

Table 3. Cost estimation of microgrid system. 

Initial investment Annual cost 
PV module 400 USD/kW O&M(i) 2%  
Inverter 190 USD/kW Inflation rate 5% 
Lead-acid battery 520 USD/kAh Diesel 0.3025 USD/kWh* 
Balance of Plant 248 USD/kW Replacement costs 
Diesel generator 180,000 USD  Inverter 30% of price every 10 years 
  Batteries Every 4 years 

* The kWh cost of diesel was calculated based on the price per liter of fuel (1.145 
USD/L), its calorific value (1 L= 9.9611 kWh) and the efficiency of the direct combus-
tion generator (0.38). A 1.5% annual increase in fuel cost was considered. 

4 Results 

4.1 Energy analysis 

To perform the energy analysis of the microgrid in Bigene, parametric studies were 
carried out with different values of photovoltaic and battery storage capacity, observing 
the effect on energy production, storage and loss, as well as quantifying the energy 
requirements through the auxiliary generator. Figure 5 shows the annual energy contri-
bution of the PV system and the battery system to the community's demand as a func-
tion of the installed capacity. Up to 600 kW of PV power, the increase in the size of the 
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energy storage system does not have a significant impact on the contribution of renew-
able energy to the demand, mainly because all of the energy produced by the PV system 
is consumed, leaving no part for storage. As the PV capacity increases, the energy pro-
duction is sufficient to meet the instantaneous demand and direct an amount to the bat-
tery storage for later use. This results in a better use of the solar resource and, therefore, 
a greater contribution of renewable energies.  

 
Fig. 5. Effect of varying PV capacity and battery system size on annual energy contributed to 
demand only by PV modules and/or stored.   

However, it has to be taken into account that the electricity demand profile of the 
community does not coincide in its entirety with the energy production profile of the 
PV system. Depending on the scenario, at sometimes it may be possible that the PV 
power is greater than the community's demand and the storage system is at its maximum 
capacity, so that excess energy would be lost. Figure 6 shows the effect of PV system 
size and battery bank on energy losses. There are a large number of combinations that 
do not allow energy to be wasted. However, as the size of the PV system increases, the 
capacity of the battery system becomes vitally important. The expected annual energy 
consumption for the Bigene community is 153 MWh; a PV capacity of 1,700 kW with 
a battery bank of less than 100 kAh represents losses of up to 93% of the community's 
annual consumption. This is why the proper sizing of microgrids based on renewable 
energies is so important, having to determine the optimal ratio between energy losses 
and required auxiliary energy. 
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Fig. 6. Variation in PV system and battery system size and its effect on annual energy losses. 

Figure 7 shows the annual need for auxiliary power (diesel generator) according to 
the size of the microgrid. Without PV system and battery bank, the total energy pro-
vided by the diesel generator is 153 MWh, which is the annual energy requirement of 
the study community. As the PV capacity increases, the fossil fuel contribution is re-
duced proportionally, with no effect on the capacity of the battery bank, since all the 
energy is used to meet the demand. From about 600 kW of PV capacity, excess solar 
energy production aided by energy storage tends to reduce auxiliary power require-
ments. However, a microgrid with high PV capacity and energy storage is needed to 
almost completely eliminate the need for fossil fuels. With the maximum system values 
analyzed in this work, a 97 % share of renewable energies was achieved, the remaining 
3 % having to be produced with fossil fuels or some other source of generation. 

 
Fig. 7. Annual auxiliary power requirement according to microgrid capacity. 
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4.2 Economical comparison 

Figure 8 shows the annual cost of fossil fuel required to meet the community's energy 
needs as a function of PV capacity and battery bank. Up to a maximum of $46,200 USD 
in expenses in the first year of operation is required if the microgrid were to be powered 
solely by diesel. As PV capacity brings clean energy, these values tend to decrease, 
regardless of battery bank capacity. From 600 kW, and more noticeably after 900 kW 
of PV capacity, it is possible to store energy for later consumption, implying a reduction 
in fossil fuel costs. 

 
Fig. 8. Variation of the annual cost of auxiliary energy required to meet the demand, according 
to the capacity of the microgrid.  

Considering the equipment costs shown in Table 3, as well as the price of fuel and 
replacements, Figure 9(a) and Figure 9(b) present the CAPEX and O&M values as a 
function of the microgrid capacity. The lowest initial investment is found when consid-
ering that only the diesel generator will be installed, with a cost of $180,000 USD. 
When the capacity of renewable technologies increases, the initial investment increases 
greatly, with the cost of the battery bank being slightly more representative than the 
cost of the PV system. However, when O&M costs are considered over the useful life 
of the system (considered to be 25 years), the trend changes drastically. The increase in 
PV capacity is not representative of the O&M compared to the increase in battery bank 
capacity, mainly due to the cost of replacing it with a new storage system, considering 
a useful life of four years. This means that, during the 25-year duration of the project, 
it is necessary to replace the battery bank six times due to its short useful life. This 
greatly impacts the costs during operation, since the price of this equipment is the high-
est of all the components that make up the microgrid. On the other hand, when the PV 
capacity increases, the electrical inverter also increases, but its specific cost is not as 
high as that of the energy storage, and its replacement is every ten years only in dam-
aged parts. 
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Fig. 9. Variation of (a) initial investment (CAPEX) and (b) O&M during system lifetime, as a 
function of PV capacity and energy storage capacity. 

Finally, Figure 10 shows the LCOE as a function of the size of the microgrid. With 
this, it can be determined, in economic terms, which of the capacity combinations is 
more attractive. It can be seen that the lowest lifetime energy costs are found with low 
or no energy storage capacity, due to its high initial investment cost and short lifetime. 
As the size of the PV system increases, the LCOE decreases, concluding that PV tech-
nology does contribute to lowering the cost of energy. The calculated LCOEs are in the 
range of $0.43-2.77 USD/kWh, where the lowest values correspond to fossil fuel-only 
electrification, mainly due to its low initial investment cost and low fuel price. It can 
be predicted that, as the cost of fossil fuel increases and better and more economical 
options for energy storage systems become available, the LCOE will tend to decrease 
with respect to the increased renewable energy usage. 

(b) 

(a) 
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With Figure 10, decisions can be made regarding the selection of equipment capac-
ity, taking into consideration the previous results, such as energy losses and CAPEX. 
However, the results of this study do not determine an optimal PV-storage capacity 
ratio for the Bigene microgrid, since the final selection must take into account factors 
such as resource availability for the initial investment, reduction of greenhouse gas pol-
lution and the nature of the project (social or for-profit), to mention a few. For example, 
if the aim is to reduce the economic expense due to the use of auxiliary energy, the most 
convenient would be to increase the PV generation capacity while maintaining an en-
ergy storage capacity in the range of 800-1,000 kAh, according to the results shown in 
Fig. 8. 

 
Fig. 10. LCOE as a function of PV capacity and energy storage. 

5 Conclusions 

This paper presented the energy and economic analysis of a microgrid based on the 
isolated community of Bigene, Guinea-Bissau, as a case study. The microgrid incorpo-
rates as generation equipment PV modules and a diesel auxiliary system, as well as an 
energy storage system. An electricity demand was established for different users, in-
cluding homes, businesses, schools and hospitals, which focused on covering basic 
needs depending on the type of user. A microgrid simulator was developed and the 
generation-storage capacity relationship was analyzed and its effect on variables such 
as auxiliary energy requirements, energy waste, initial investment and the cost of en-
ergy generated during the useful life of the project. The results show that the storage 
system is the main component of the microgrid that affects the cost of energy due to its 
high initial price and short useful life, forcing it to be replaced up to six times during 
the total life of the project. The PV system contributes to reducing the cost of energy 
because, unlike batteries, it is an economical technology, requires low maintenance and 
has a long useful life. The calculated LCOEs are in the range of $0.43-2.77 USD/kWh, 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 612

pmoreno
ISBN 978-9942-44-109-6



14 

where the lowest values correspond to fossil fuel-only electrification, mainly due to its 
low initial investment cost and low fuel price. This study helps decision making when 
selecting the appropriate energy generation-storage ratio, taking into consideration 
other factors, such as initial investment capacity, reduction of greenhouse gas pollution, 
and the nature of the project (social or for-profit). 
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Abstract. Buildings as consumers of electrical energy worldwide have drawn 
the attention of researchers. To ensure comfort and effective management of the 
planet's resources, it has tried to continue developing ways to implement build-
ings with almost zero consumption. Building energy modeling is a very multi-
purpose tool for energy efficiency. This tool can help to build energy managers 
make decisions regarding the technology that could be implemented to reduce 
electricity consumption. Considering this, the objective of this article is to pre-
sent a methodology to analyze the implementation of different active technolo-
gies in traditional buildings using building energy modeling to be converted in-
to net zero buildings. To carry out this analysis, OpenStudio software was used 
to learn how implementing different active technologies could help reduce elec-
tricity consumption. The PV*SOL software was also used to analyze a photo-
voltaic system that covers the demand of the building. The results showed that 
not all active technologies alone could bring reductions in all building subsys-
tems but that combining them with advanced technologies would be necessary. 

Keywords: Net zero energy building, renewable energy, energy efficiency, 
building energy modeling, sustainable building. 

1 Introduction 

The predicted increment of energy requests drives the need to limit buildings' energy 
utilization. As per the EIA (Energy Information Administration), the building sector 
(non-residential and residential buildings) represented 40% of the total final energy 
utilized in 2021 [1]. The pace of energy-efficient improvement is meager, about 1-2% 
in the U.S. and Europe, with average energy intensity decreases of under 15%. These 
parameters can be attributed to an absence of information about cost-ideal retrofit 
strategies, low energy costs, and the powerlessness to thoroughly measure the ad-
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vantages of energy retrofitting [2]. Thus, the idea of Net Zero Energy Building 
(NZEB) has surfaced in the plan of building energy efficiency policies in numerous 
nations to tackle the rising pattern of energy use in buildings [3].  

NZEB use renewable energy and energy efficiency to produce as much energy as 
they use throughout the year. By producing their renewable energy, NZEB lower 
operating and maintenance costs, help the climate, and increment versatility during 
blackouts [4]. Sun-powered prosumer buildings are acquiring popularity and are in-
troduced as net-zero or positive energy structures. Building energy managers antici-
pate that NZEB should significantly decrease the energy utilization of renewable en-
ergy sources and energy efficiency [5]. To accomplish a Net Zero result, choosing 
energy-efficient technologies and picking stable energy sources is essential [6].  

New choice-making tools, such as Building Energy Modelling (BEM), are re-
quired to enhance the overall performance of buildings [7]. BEM is a cycle to foresee 
the energy demand of a building through virtual experience. Building energy investi-
gation through virtual experience commonly occurs because of the quest for energy 
efficiency. BEM applied to exist buildings assists with investigating retrofit opportu-
nities at minimal price and without intercession [8]. Energy simulations are a funda-
mental method for helping building-correlated activities and relate to the whole life of 
a building, from design to everyday building operations and end-of-life procedures 
[9]. 

Recent studies using BEM have shown how to improve energy efficiency in build-
ings. For example, Nabil et al. [10] developed an energy model applying efficiency 
measures in insulation materials for windows, roofs, and walls. Fazelpour et al. [11] 
simulated a green roof and a double-skin facade to optimize the building design in 
different climates to reduce energy consumption. Caponetto et al. [12] analyzed dif-
ferent performances of green building techniques and contrasted them with commonly 
adopted technology. Webb [13] proposed a fur-perfusion façade compared with other 
building envelope energy efficiency or upgrades to reduce energy consumption. Guo 
et al. [14] assess the effect of climatic circumstances and building structures on the 
passive ventilation of medium-sized exercise rooms in subtropical regions. 

As seen in the literature review, there are recent studies on building modeling to 
support building energy performance-related choices. However, most studies focus on 
passive technologies, omitting active ones to transition from traditional buildings to 
sustainable ones, such as NZEB. This paper aims to present a methodology to analyze 
the incorporation of active technologies in traditional buildings using BEM to convert 
them into NZEB. 
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2 Building Energy Model Development 

2.1 Case of Study 

For this research, a building located on a university campus was selected. Once the 
building was selected, a survey of the physical characteristics of the building was 
made. With the characteristics of the building, a digital twin was created to implement 
improvements to reduce electrical energy consumption. After creating the digital twin 
with the improvements, the original model was compared to the model with the im-
provements made. Within the Instituto Tecnológico de Santo Domingo campus, the 
Ercilia Pepín (EP) Building was selected (see Fig. 1). The EP Building has 1,180.24 
square meters distributed on three levels, one of which is underground. In the base-
ment, there are classrooms and research laboratories; on the first level, there are ad-
ministrative offices and recreation space for students, while on the second level, there 
are administrative offices and classrooms.  

For the simulation of the building, the OpenStudio software was used. OpenStudio 
is a cross-platform assortment of programming tools developed by the U.S. Depart-
ment of Energy to help with whole-building energy modeling utilizing EnergyPlus 
and high-level daylight analysis utilizing Radiance [15]. 

 
Fig. 1. View of EP Building. 

2.2 Energy Model with an Unconditioned Envelope 

The first step was to model the building considering only its physical structure, with-
out considering loads and consumption. To model the building, its measurements 
were taken using a laser distance meter because the architectural plans of the building 
were not available. In the survey carried out, the distribution of the building was rec-
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orded. The distance between walls, the ceilings, and the location of the windows in 
contact with the outside was measured. Fig. 2 shows the obtained result from the 
model. 

For this model, only the windows that have contact with the outside were consid-
ered because the interior windows do not generate a significant difference in the simu-
lation of the building model. In addition, the student recreation space was modeled as 
a window with airflow, so it will not generate conflicts in the model. 

 

 
Fig. 2. Building energy model with unconditioned envelope. 

 

2.3 Loads and Consumption Details 

The determination of the energy demand of the building was carried out through 
OpenStudio because the building does not have local electricity metering. To com-
plete the model of the building, it was necessary to define the spaces based on the 
different electrical and thermal loads that act on them. Detailing these loads implied 
that during the information collection stage, each space's electrical and lighting devic-
es, the number and flow of people, the work schedule, the behavior of people con-
cerning the equipment during the day, and activities carried out in the office. 

The load definition of this model was classified based on three types of loads: Peo-
ple, lights, and electric equipment. People definitions correspond to the loads that 
people generate in a given area with their presence, which were defined by the maxi-
mum number of people passing through the area during the day, the heat contributed 
to the environment by the presence of people, and the rate of carbon dioxide genera-
tion per person.  
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Lights definitions correspond to the loads represented by the lighting. Which were 
defined by the consumption of maximum power (W) for lighting elements corre-
sponding to each zone, the heat that the lights emit to contribute to the ambient tem-
perature in the form of thermal radiation, and the heat with which lights contribute to 
the ambient temperature in the form of visible radiation. Electric equipment defini-
tions are represented by electrical equipment, defined by the consumption of maxi-
mum power (W) corresponding to the set of electrical elements in the area. The heat 
that the equipment emits contributes to the ambient temperature in the form of ther-
mal radiation, the humidity generated by the equipment's temperature increase, and 
the loss of energy generated by converting one type of energy into another.  
 
2.4 Loads Schedules 

For each zone, a set of schedules have been defined that work as multipliers for the 
different loads. Depending on the types of cargo that we are using to define the spac-
es, each series of itineraries has: 
 

x A schedule defines the behavior of the corresponding load of people. Based on 
the number of people and on the activities that these people are carrying out. 

x A schedule that defines the hourly behavior of the lighting elements based on 
the equipment that is working and how long they are on. 

x A schedule that defines the behavior of electrical equipment using the same 
principle applied to lighting loads. 

x A schedule that defines the behavior of unwanted air infiltration. 

For the named schedules, the values in the different hours oscillate between 0 and 1. 
These parameters were defined this way since they function as multipliers of the max-
imum load. These parameters were defined this way since they function as multipliers 
of the maximum load. These reflect the fraction of the maximum load that works, a 
part of the time, within each hour. The corresponding scheduled activities that people 
carry out are based on the estimation of the metabolic rate (W/person) generated by 
people according to the activities they perform within the area of the building in 
which they are located. The reference values of these estimates were obtained and can 
be seen in Table 1. 

Table 1. Metabolic rates for various activities. 

Activity 
Activity Level w/ Person 

EnergyPlus Schedule 
Value 

Activity Level  
W/m2 Metabolic Rates 

Resting    
Sleeping 72 40 0.7 
Reclining 81 45 0.8 
Seated, quiet 108 60 1 
Standing, relaxed 126 70 1.2 
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Activity 
Activity Level w/ Person 

EnergyPlus Schedule 
Value 

Activity Level  
W/m2 Metabolic Rates 

Walking (on a level surface) 
3.2 km/h (0.9 m/s) 207 115 2 
4.3 km/h (1.2 m/s) 270 150 2.6 
6.4 km/h (1.8 m/s) 396 220 3.8 
Office Activities    
Reading, seated 99 55 1 
Writing 108 60 1 
Typing 117 65 1.1 
Filling, seated 126 70 1.2 
Filling, standing 144 80 1.4 
Walking about 180 100 1.7 

 
2.5 Air Infiltration and Types of Spaces 

The types of space define the profile of an area concerning its energy behavior. They 
are composed of itineraries corresponding to the space and the definition of untreat-
ed/conditioned air infiltration. The type of space encompasses what is known as the 
outdoor air design specification. Those values were selected according to the Ameri-
can Society of Heating and Air-Conditioning Engineers (ASHRAE) Standards 62.1 
and 62.2. The design infiltration flow rate was selected by considering the OpenStu-
dio default value. 

To define the spaces, the union was made between the software's physical model 
and the different areas' energy characteristics. Each space was linked to a thermal 
zone, a type of space, a default structural configuration, and a default schedule. Since 
the types of spaces only contain the schedule and the infiltration behavior, the loads 
corresponding to each area were also added. 

3 Active Technologies Implementation 

3.1 OpenStudio Measures 

Once the energy model of the EP building was made, the OpenStudio measures were 
used. Measures are scripts developed in the Ruby programming language and are a 
unique feature of OpenStudio. The measures are used to implement transformations 
corresponding to energy efficiency measures [16]. The measures applied to the origi-
nal model were obtained from the Building Component Library of the National Re-
newable Energy Laboratory (https://bcl.nrel.gov, accessed on 02 October 2022). 

For the selection of the measures that were used, the ASHRAE Advanced Energy 
Design Guides (AEDG) were taken into consideration. AEDG is a set of distributions 
intended to give suggestions for accomplishing energy savings over the base code 
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prerequisites of ANSI/ASHRAE/IES Standard 90.1. From the different guides pro-
vided by ASHRAE, the AEDG for small to medium office buildings [17] was taken 
as a reference. This guide was selected because the spaces of the EP building are oc-
cupied mainly by administrative offices. The measures used to improve the original 
building model were the following and were used as shown in Table 2: 

x Add a Daylight Sensor at the Center of Spaces with a Specified Space Type As-
signed (DS). Add daylighting controls to spaces with space types allocated with 
names containing the string in the contention. 

x Reduce Nighttime Lighting Loads (NLL). Turn off lights at night without affect-
ing the daily operation of building occupants. 

x AEDG Small To Medium Office Electric Equipment Controls (EEC). This fea-
ture lessens the values related to electric equipment timetables to simulate de-
creases due to equipment controls. This strategy includes occupancy-based out-
lets or adapters. 

x Reduce Nighttime Electric Equipment Loads (EEL). Turn equipment off at night 
without affecting the daily operation of building occupants. 

Table 2. List of the measures used in each of the areas. 

Zone DS NLL EEC EEL 
Bathrooms ± Levels 1 & 2 ط ط   
Classrooms ± Level 2   ط  
Halls ± Levels 1 &  2 ط ط   
Laboratories ± Basement   ط  
Lobby ± Level 1   ط  
Offices ± Levels 1 & 2  ط ط ط 
Recreation Zone ± Level 1 ط ط ط  

 
 
3.2 Renewable Energy Integration 

As the integration of renewable energy is necessary to convert a traditional building 
into an NZEB, the installation of photovoltaic (PV) panels in the EP Building was 
analyzed. For the analysis of the PV installation, the PV*SOL software was used. 
PV*SOL is a tool that simulates a PV system's performance. Among its main charac-
teristics, the 3D shading analysis stands out, allowing it to represent the shadows pro-
duced by the elements close to the installation [18]. Since the roof of the building is 
not available, the placement of the PV system in an area destined for parking next to 
the building was analyzed (see Fig.3). 
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Fig. 3. Photovoltaic System Location. 

The number of photovoltaic modules for the selected area gave a total of 354 modules 
with a peak power generated of 83.19 kWp, multiplied by 4.5 hours, which is the 
number of effective hours of sunshine determined by the software for the Dominican 
Republic, a total of 374.355 kWh was obtained of energy produced during the day. 

Although the area close to the available building allowed the installation of more 
PV panels, it was only considered in the designated areas because a balance was 
sought between the energy generated and the space used to place the system. In this 
sense, the following general characteristics were considered for the installation of the 
system: 
 

x The building has an estimated daily consumption of 325.98 kWh on working 
days, specifically from Monday to Saturday, while for Sundays and holidays, a 
consumption of 89.86 kWh was taken. 

x For the software simulation, a three-phase system with a line to neutral voltage 
of 120 V was installed; this system has a configuration connected to the network 
with electrical consumers and injection of the surplus. 

x The losses assigned by wiring were configured with a parameter of 1.5% be-
cause the solar panels and the inverter are not far from the power point of the 
building. 

x The module used to perform this simulation was the Sunman MF235M with a 
power of 235 W; this was chosen due to its high efficiency. 

x The PV panels were placed on a 2.7-meter platform related to a roofing project 
for a parking area. 

x The PV panels would be installed on a metal structure that allows the vehicles to 
be covered from the sun and provides them with an 18° inclination facing south. 
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4 Results and Discussion 

When obtaining the results of the original and improved models, a comparison was 
made between the consumption (kBtu) of the different loads, as seen in Table 3. 
Within the data obtained, it is highlighted that the load of the lighting equipment pre-
sented a slight increase in the improved model. This increase is due to the limitation 
that the daylight sensor measure can turn on the lighting when there is partial cloudi-
ness, causing greater lighting consumption. However, since lighting does not repre-
sent less than 5% of the total consumption, the improved model obtains better results. 

Table 3. Annual overview between original model vs. improved model. 

Loads Original  
Model (kBtu) 

Original  
Model (%) 

Improved  
Model (kBtu) 

Improved  
Model (%) 

Cooling 1,139,741 77.5 1,110,984 78.93 

Interior Lighting 58,092 3.95 60,158 4.28 

Interior Equipment 272,753 18.55 236,433 16.79 

 
Fig. 4 shows that the measures reduced the total electricity consumption from more 
than 8,000 kWh/month to less than 7,500 kWh/month. However, it can be seen that 
the energy used by the lighting equipment increased since the simulation conditions 
foresee that most of the lighting load is off at night. As control equipment was added, 
these generated a slight increase in consumption. 

 
Fig. 4. Monthly overview of electricity consumption before and after measures. 
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The building used for the case study is located in a country with a tropical climate, 
with only demand for cooling. Fig. 5 shows that after applying the measures, there 
was a reduction in the cooling load of the building. With the use of electrical controls, 
the operating time of the cooling equipment is reduced, which translates into a de-
crease between 2 MBtu and 2.5 MBtu of the cooling load.   

 

 
Fig. 5. HVAC monthly load profiles before and after measures. 

Table 4 shows the monthly energy produced by the solar panels, data that was ob-
tained from the simulation of the photovoltaic system with the help of PV*SOL. The 
monthly electrical energy consumption of the building is also presented after imple-
menting the improvements and the energy surplus that would result if the climatic 
conditions allowed the energy production estimated by the software.  

Table 4. Monthly overview of power generation, building consumption, and excess power. 

Month Power  
Generation (kWh) 

Building  
Consumption (kWh) 

Excess  
Power (kWh) 

January 11,537.4 7,355.0 4,182.4 

February 11,779.9 6,695.3 5,084.6 

March 14,878.3 7,595.8 7,282.5 

April 16,059.7 6,826.5 9,233.2 

May 17,610.2 7,582.6 10,027.6 

June 17,122.5 7,268.6 9,853.9 

July 16,074.8 7,116.9 8,957.9 

August 15,780.2 7,582.5 8,197.7 
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Month Power  
Generation (kWh) 

Building  
Consumption (kWh) 

Excess  
Power (kWh) 

September 13,014.1 7,093.2 5,920.9 

October 12,256.4 7,339.3 4,917.1 

November 11,020.3 7,306.5 3,713.8 

December 10,716.5 7,161.9 3,554.6 

 
With the recent growth in the use of electric vehicles in the country, the university 

is planning the installation of chargers for electric vehicles. Therefore, the excess 
energy of the PV systems is injected into the grid and used for electric vehicle 
chargers. 

5 Conclusions 

The case study presented in this research highlights the opportunity created by us-
ing building energy modeling tools to plan the implementation of net zero energy 
buildings in existing buildings without the need to make a significant investment or 
halt building operations. In addition, these tools allow for analyzing the implementa-
tion of active technologies to achieve optimal results in terms of resource manage-
ment, efficiency, and comfort, such as natural light sensors, night lights shutdown, 
automatic on and off of lights, and electrical equipment. 

Among the results, it should be noted that saving measures does not always posi-
tively impact consumption. Even when implemented, combining them with other 
technologies is sometimes necessary to obtain the desired results. In this case, an in-
crease of 0.33% in the consumption of lighting equipment could be observed. How-
ever, since lighting does not have an impact like the other systems, this increase did 
not affect the overall electric consumption of the optimized model. The implementa-
tion measures only considered control restriction, which in this case, due to the shape 
of the building, was not as beneficial as expected. 

Finally, it should be noted that in the improved model presented, the simulation of 
the building's operation did not consider holidays or vacation periods. In addition, for 
this model, the cooling loads were simulated as electrical equipment. Therefore, in 
future research, it could be interesting to see the effect of these exceptions on the 
behavior of the building's electrical consumption.  
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El desarrollo de ciudades inteligentes desde la mirada de los criterios ASG y 
el enfoque de Sustentabilidad Corporativa en el sector industrial. 
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Resumen: Las Ciudades Inteligentes (CI) representan un valioso ele-
mento de aportación hacia las metas de Desarrollo Sustentable (DS) a 
través de las interrelaciones de sus dimensiones y partes interesadas, 
considerando que su aplicación debe cubrir las necesidades de la calidad 
de vida de la ciudadanía actual y de las futuras generaciones. Una parte 
fundamental de las ciudades es el sector industrial, que ha enfrentado 
mayores retos al implementar la sustentabilidad, por lo que se han desa-
rrollado estrategias que contribuyen a este propósito como son los crite-
rios ASG (Ambiente-Social-Gobernanza) y la Sustentabilidad Corpora-
tiva (SC). En este estudio se identifican los elementos que constituyen 
individualmente los conceptos de CI, criterios ASG y de SC, al mismo 
tiempo que se explora mediante el análisis comparativo su relación en-
tre sí. Se encontró que existe correspondencia entre los conceptos, por 
lo que se concluye que las prácticas ambientales y sociales de la SC se 
encuentran alineadas a los criterios ASG y dimensiones de CI, propo-
niéndose como alternativa al sector industrial para su contribución a la 
construcción de Ciudades Inteligentes y Sustentables. 

Palabras clave: Ciudades Inteligentes y Sustentables, Criterios ASG, 
Sustentabilidad Corporativa. 

1        Introducción 

Las ciudades son responsables de más del 70 % de las emisiones mundiales de car-
bono y de entre el 60 % y el 80 % del consumo de energía [19]. El rápido proceso de 
urbanización ha entrañado nuevas dificultades, que van desde la movilidad y transpor-
te hasta el impacto ambiental y la desigualdad social. Los nuevos modelos de gestión 
urbana denominados Ciudades Inteligentes y Sustentables, resultan ser un factor cen-
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tral como estrategia para garantizar un mejor nivel de vida de la sociedad, sin seguir 
comprometiendo la sustentabilidad del ambiente. 

 
Una Ciudad Inteligente y Sustentable es una ciudad innovadora que utiliza las tec-

nologías para mejorar la calidad de vida de las personas, la eficiencia de las operacio-
nes, los servicios urbanos y la competitividad, al tiempo que satisface las necesidades 
económicas, sociales, ambientales y culturales de las generaciones presentes y futuras. 

 
En 2015, la Organización de las Naciones Unidas (ONU) aprobó la Agenda 2030 

sobre el Desarrollo Sustentable, una oportunidad para que los países y sus sociedades 
emprendan un nuevo camino para mejorar la vida de todos, sin dejar a nadie atrás. La 
Agenda se integra de 17 Objetivos de Desarrollo Sustentable (ODS). El desarrollo de 
comunidades inteligentes y sustentables puede mejorar la calidad de vida de los habi-
tantes de estas zonas y contribuir al logro de los ODS [18]. 

 
En el caso del ODS-9 Industria, innovación e infraestructura, la ONU [18] destaca 

la importancia de construir infraestructuras resilientes, promover la industrialización 
inclusiva y sustentable; asi como del fomento a la innovación. Para ello es posible 
establecer la normatividad que regule y garantice la gestión sustentable de los proyec-
tos e iniciativas empresariales. 

 
Respecto al ODS-11 Ciudades y comunidades sustentables, se reconoce que las 

ciudades y las áreas metropolitanas son centros neurálgicos del crecimiento económi-
co, ya que contribuyen al 60 % aproximadamente del PIB mundial. Sin embargo, 
también representan alrededor del 70 % de las emisiones de carbono mundiales y más 
del 60 % del uso de recursos [17], lo cual está empeorando la contaminación del aire 
y el crecimiento urbano incontrolado. 
 

En cuanto al ODS-13 Acción por el Clima, la ONU señala que el cambio climático 
está afectando a todos los países de todos los continentes al alterar las economías 
nacionales. Una de las aristas importantes recae en el sector industrial, en donde se 
reconoce que los efectos por el cambio climático en términos ambientales plantean 
riesgos importantes asi como nuevas oportunidades para la competitividad, el creci-
miento y el desarrollo de sus industrias, convirtiendo así; el desafío climático en una 
oportunidad de mercado [18]. 

 
En este sentido, las industrias pueden ser parte de la solución al comprometerse a 

eliminar las emisiones de carbono de sus operaciones y cadenas de suministro, mejo-
rando su eficiencia energética, reduciendo la huella de carbono de sus productos, 
servicios y procesos, aumentando la inversión en el desarrollo de productos y servi-
cios innovadores e inclusivos, climáticamente inteligentes y con bajo nivel de emisión 
de carbono [19]. 

 
De acuerdo con algunos autores [20,21], ponen de manifiesto la adopción de un en-

foque que priorice en los criterios ASG (Ambientales, Sociales y de Gobernanza) en 
la atención a los efectos del cambio climático y su relación con el mundo industrial. 
Cuando una industria incorpora prácticas con los criterios ASG en sus procesos, tiene 
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un impacto directo en su creación de valor, generando confianza y buena reputación 
dentro y fuera de la organización. Pero, más allá de ello, de acuerdo con la Asociación 
Nacional de Agentes de Valores y Cotización Automatizada (NASDAQ, por sus si-
glas en inglés), un programa sólido de ASG puede dar acceso a grandes grupos de 
capital, a construir una marca corporativa más fuerte y a promover, en el largo plazo, 
un crecimiento sustentable que beneficie a las industrias y a la comunidad [15]. 

Bajo este panorama, surge la necesidad de identificar los elementos que posibiliten 
mejorar la gestión empresarial, de manera que su impacto sea tanto positivo como de 
beneficio económico y social; además de contribuir a la sustentabilidad de una ciudad 
inteligente. 

2        Referentes Teóricos 

2.1 Desarrollo Sustentable 

El crecimiento de las actividades productivas de los distintos sectores ha generado un 
aumento de la contaminación, evidenciando las presiones que se ejercen sobre el 
ambiente, ocasionando un problema global que trasciende hacia distintos ámbitos de 
lo social, académico y político. 

El pronunciamiento de las nuevas acciones a tomar por parte de los gobiernos con 
el propósito de analizar, criticar y replantear las políticas de desarrollo económico 
globalizador fue señalado en la publicación de las Naciones Unidas en el Informe 
Brundtland donde se habla del Desarrollo Sustentable (DS), dando su definición más 
popular ³OD�VDWLVIDFFLyQ�GH�ODV�QHFHVLGDGHV�GH�OD�JHQHUDFLyQ�SUHVHQWH�VLQ�FRPSURPHWHU�
la capacidad de las generaciones futuras para satisfacer sus SURSLDV�QHFHVLGDGHV´�>��@� 

La definición anterior tiene amplitud para abordarla, Lélé [12] explica que su uso 
depende de la connotación (respecto al desarrollo y lo sustentable), el significado y la 
condición, de donde sugiere que brotan dos líneas principales: la primera, sobre el 
crecimiento sustentable, y la segunda, hacia la sustentabilidad ecológica. Por esta 
razón, Barret [3] argumenta que la toma de decisiones de una política social o econó-
mica debe planificarse considerando sus implicaciones sobre el planeta, tanto como su 
capacidad de proporcionar recursos. 

Aunque su interpretación ha dado lugar a un sin fin de discusiones, es bien sabido 
que existe un común denominador en este tema, los tres pilares clásicos: personas 
(sociedad), planeta (ecología) y prosperidad (economía). Agregando a lo anterior, 
diferentes autores y organizaciones han considerado que es necesaria la adición de 
una cuarta dimensión, la institucional, con la intención de proveer cohesión entre los 
pilares por medio de mecanismos políticos y de gestión, acuerdos, liderazgo respon-
sable y el involucramiento activo de los sectores públicos y privados [2]. 

Linnenluecke [13] señala la necesidad de impulsar el desarrollo económico de 
forma sustentable y avanzar en la atención integral del tema ambiental. Por ello, es 
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esencial que su interpretación adopte una visión holística y no solamente enfatizar la 
eficiencia de los gobiernos o corporaciones. 

2.2 Ciudades Inteligentes 

La Ciudad Inteligente (CI), en un sentido amplio, se refiere a aquellas urbes que po-
nen al ser humano al centro del desarrollo y la planificación, estableciendo de esa 
manera una visión a largo plazo [5]. 

 
La esencia de las CI radica en mejorar la calidad de vida para los residentes y ciu-

dadanos, aumentar la competitividad económica para atraer a la industria y al talento, 
proveer un enfoque consciente de la sustentabilidad ambiental, además de planificar y 
suministrar recursos que cuenten con estrategias específicas para que puedan lograr la 
sustentabilidad con una visión a largo plazo. 

 
Para Cabello [6], una ciudad bien diseñada, compacta, transitable y con un buen 

sistema de transporte público reduce la huella de carbono per cápita y facilita el logro 
de los ODS 2030. También reflexiona sobre el uso de tecnologías como fuente de 
innovación y la necesidad de gobernanza como un factor elemental e integrado a la 
planificación y administración de una ciudad para su conversión a inteligente. 

 
En la opinión de Sikora [24], las dimensiones de las CI son: 1. Smart governance, 

para la construcción de políticas abiertas y transparentes en función de la tecnología 
para conseguir calidad y eficiencia en sus servicios; 2. Smart mobility, mejora la mo-
vilidad y accesibilidad en la ciudad; 3. Smart environment, gestiona la eficiencia y 
sustentabilidad de recursos como energía, agua, medio ambiente urbano y gestión de 
residuos; 4. Smart economy, desarrolla la economía y competitividad con base en la 
innovación; incrementa la calidad de vida de las personas; 5. Smart people, potencia 
el capital social y humano de la ciudad; 6. Smart living, incrementar la calidad de vida 
de las personas que forman parte de la ciudad. 

 
Aunado a lo anterior, Cabello [6] propone seis características de una ciudad inteli-

gente: genera integración, optimiza recursos, utiliza indicadores de desempeño, da 
atención a los ciudadanos, tiene eficiencia de procesos y participación ciudadana. 
Haciendo énfasis en que todas las soluciones deben pensarse estratégicamente, ali-
nearse con los objetivos y necesidades de cada ciudad, debe ser sistemática, monito-
reada y medible (Ver Fig. 1). 

Algunos ejemplos de CI en México son: Ciudad de México, Guadalajara, Monte-
rrey, Aguascalientes y Querétaro [2]. 
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Fig. 1. Dimensiones y características de las ciudades inteligentes. Fuente: Elabora-
ción propia adaptado de Cabello y Sikora [6,24]. 

2.3 Sustentabilidad Corporativa 

La introducción del concepto de Desarrollo Sustentable (DS) en las corporaciones 
significó un gran desafío, pues influyó en el mejoramiento de las condiciones de 
bienestar social y humano, asimismo, la disminución del impacto ecológico aunado a 
la globalización tuvo como respuesta la estandarización de criterios tecnológicos, 
calidad de productos, uso de materias primas y la aplicación de nuevos enfoques 
gerenciales, tomando como punto de referencia el deterioro ambiental. Resalta en-
tonces, que la economía es la que depende de los sistemas ecológicos y sus interac-
ciones [3,13]. 
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El origen del concepto de Sustentabilidad Corporativa (SC) está vinculado a la de-
finición de DS, tiene principios en la teoría de las partes interesadas1 y está estrecha-
mente relacionado con la Responsabilidad Social Corporativa [9,25]. En el sector 
industrial y en el mundo laboral, las esferas del DS deben trabajar en conjunto vincu-
lando las mejores acciones de productividad con mejores condiciones laborales e 
integradas con buenas prácticas ambientales [16]. 

Trabajar a favor del DS no solo significa compensar parcialmente las externalida-
des negativas de la industria a través de proyectos filantrópicos o efectos perjudicia-
les considerados colaterales, sino que deben ir más allá de la comprensión del terreno 
ambiental; en otras palabras, buscar el equilibrio entre las dimensiones de la susten-
tabilidad. Una industria se considera sustentable cuando su comportamiento se define 
por la prosperidad económica, la calidad, el respeto con el entorno y la justicia social 
[23]. 

Cuando las industrias realizan actividades y estrategias sustentables obtienen múl-
tiples beneficios a largo plazo, lo que les permite mejorar su imagen de marca y obte-
ner ventajas reputacionales así como reforzar la confianza por parte de la sociedad, 
ahorrar costes, aumentar la satisfacción de los empleados y mejorar la atracción de 
talento, así como impulsar la innovación de sus productos y servicios, acceder a nue-
vos recursos de financiación y mejorar las relaciones con los grupos de interés [4]. 

Para Szekely y Knirsch [26] el significado de sustentabilidad en las industrias se 
entiende como el mantenimiento y la expansión del crecimiento económico, el valor 
para los accionistas, el prestigio, la reputación corporativa, las relaciones con los 
clientes y la calidad de los productos y servicios, así como la adopción y búsqueda de 
prácticas comerciales éticas, la creación de empleos sustentables, la creación de valor 
para todas las partes interesadas y la atención de las necesidades de los desatendidos. 
La SC es un enfoque que persigue la creación de valor a largo plazo para los accionis-
tas mediante el aprovechamiento de oportunidades y la gestión eficaz de los riesgos 
inherentes al desarrollo económico, ambiental y social [22]. 

La adopción de los principios de SC genera una cultura organizacional basada en 
criterios de ASG que provoca cambios en los valores y las creencias de los emplea-
dos en todos los niveles de la industria, considerando también a agentes internos y 
externos. En un nivel fundamental, la incorporación de la SC requiere de un cambio 
de concepción de la interdependencia de los sistemas humanos y ecológicos, pues 
interrelaciona simultáneamente cada uno de los componentes por medio del Go-
bierno Corporativo (GC) [8,13]. 

 
 

1 Por partes interesadas o stakeholders debemos entender como un individuo o un 
grupo de individuos que pueden afectar o verse afectados en el logro de los objetivos 
empresariales [9]. De esta forma tanto una persona, un grupo, una organización, una 
institución o el entorno, pueden ser considerados como grupos de interés actuales o 
potenciales de una empresa. 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 647

pmoreno
ISBN 978-9942-44-109-6



7 

2.4 Criterios ASG 

El modelo Ambiente-Social-Gobernanza (ASG) para el DS aplicado a nivel industrial 
es de reciente creación y es utilizado en varios contextos, como en la evaluación de 
riesgos, en la inversión responsable, en los reportes de responsabilidad empresarial y 
en la evaluación de la sustentabilidad de los negocios. Este modelo integra la eficacia 
administrativa, la cultura, la ética, la estructura de gobierno y los perfiles competitivos 
[20,21]. 

La incorporación de los criterios ASG responde a principios y prácticas que permi-
ten tanto el control como la clasificación del desempeño que facilita el desenvolvi-
miento de las industrias, más allá de la maximización de sus ingresos. Aborda por 
igual factores de conciencia social sobre el cambio climático, nuevas búsquedas de 
inversionistas en temas de innovación e impacto social, además de regulaciones a fin 
de cumplir con la transparencia. En consecuencia, la toma de decisiones supone que 
las industrias valoran cada vez más un impacto positivo y real a nivel socioambiental, 
así como aquellos que mejoren el GC dentro de la propia industria [11,15]. 

(Q�FXDQWR�D�ORV�HMHV�FRQFHSWXDOHV�GH�ORV�FULWHULRV�$6*��OD�³$´�UHIHUHQWH�DO�FULWHULR�
ambiental, cuyo objetivo es generar prácticas sustentables encaminadas a mitigar el 
impacto de la industria sobre el ambiente, gestionar los impactos ambientales directos 
e indirectos por parte de la organización, reducir las emisiones de gases de efecto 
invernadero y contribuir hacia una economía de carbono neutral, entendiendo que las 
actividades de las organizaciones dependen de la salud de los ecosistemas mundiales. 

/D�³6´�DSHODQGR�DO�FULWHULR�VRFLDO��KDFH�DOXVLyQ�D�ODV�UHODFLRQHV�GH�OD� industria con 
la comunidad, incluyendo a los empleados, proveedores, clientes, y en general cual-
quier persona que se pueda ver impactada por sus operaciones. Dentro de dicho crite-
rio, se evalúa la reputación e impacto que ha generado la industria respecto de la co-
munidad, las organizaciones con las que trabajan y las personas involucradas en el 
desarrollo del objeto social y se vincula con la gestión de las personas que forman 
parte o tienen relación con las organizaciones. 

)LQDOPHQWH�� OD�³*´�UHIHUHQWH�DO�FULWHULR�GH�JREHUQDQ]D que integra el compromiso 
de las organizaciones con el buen gobierno, la eficacia en la administración, la cultura 
y el comportamiento de la industria, los códigos éticos y de conducta, así como la 
transparencia y anticorrupción. De este modo, la gobernanza se materializa en la ges-
tión de la organización, al mismo tiempo que los altos directivos se relacionan con las 
partes interesadas. En esos términos, las actividades que demuestran este criterio son: 
el direccionamiento estratégico, la dirección y administración de la industria, la reve-
lación de información y rendición de cuenta, la arquitectura de control y administra-
ción de riesgos, y la integración de elementos de sustentabilidad en la toma de deci-
siones [10,28]. 
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3        Justificación 

En los últimos años el tema de Ciudades Inteligentes (CI) ha fortalecido su vínculo 
con el término de Sustentabilidad, formando una relación más estrecha entre las CI y 
sus factores de desarrollo en el mundo industrial [1]. Desde la perspectiva de Carval-
ho [7], una CI es un ecosistema regional inteligente, que incluye varias partes intere-
sadas que se interconectan para formar redes de colaboración (empresas, ciudadanos, 
organizaciones públicas, infraestructuras culturales, económicas y sociales), creando 
un entorno dinámico a fin de mejorar la calidad de vida de la población, desarrollar 
negocios y proyectos sociales inteligentes e innovadores. 

Sin duda esta definición se encuentra fuertemente ligada al concepto de Desarrollo 
Sustentable, por lo que resulta inevitable imaginar que una ciudad sin industrias sus-
tentables logre ser inteligente; no obstante, para que una industria sea sustentable 
debe contar con estrategias transversales en todos sus niveles de estructura organiza-
cional vistas desde un enfoque de Sustentabilidad Corporativa (SC), a través de las 
prácticas ambientales y sociales de las organizaciones sin omitir su relación con las 
partes interesadas. 

Bajo esta óptica, desarrollar Ciudades Inteligentes y Sustentables requiere de la 
planeación de proyectos enfocados a atender aspectos que beneficien a la población 
en su calidad de vida, a través de una gestión eficiente de políticas, transporte y co-
nectividad, capital ambiental, competitividad económica y otros aspectos sociales 
considerando los criterios ASG. 

3.1 Objetivo 

Dar cuenta de la identificación de las relaciones y condiciones necesarias entre las 
dimensiones que integran una Ciudad Inteligente y los criterios ASG mediante el 
enfoque de Sustentabilidad Corporativa en el sector industrial. 

4        Metodología 

4.1 Enfoque y Fases 

El enfoque de la investigación es de carácter interdisciplinar, empleando una metodo-
logía analítica-descriptiva, cuya finalidad es comparar y discutir los conceptos de CI y 
su relación con los criterios ASG desde el enfoque de SC a través de la recopilación 
de información localizada en diversos sistemas de información, investigaciones, estu-
dios y reportes ya existentes en el campo. 

Fases de la investigación: 

a) Selección de investigaciones: se llevó a cabo la selección de investigaciones 
pertinentes al tema que aportarán elementos esenciales. 

b) Análisis comparativo de investigaciones por dimensiones de CI y criterios 
ASG: construcción del análisis comparativo de autores empleando un cua-
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dro de doble entrada para identificar similitudes y diferencias entre las in-
vestigaciones. 

c) Interpretación del análisis comparativo y descripción analítica. 

5        Resultados y Conclusiones 

5.1 Análisis de criterios y dimensiones de ASG-CI 

Desde la perspectiva de algunos autores, en el tema de CI se deben considerar seis 
dimensiones a cumplir: smart environment, smart living, smart mobility, smart peo-
ple, smart economy y smart governance. Estas dimensiones señalan el propósito que 
se requiere para lograr la conversión de una ciudad, sin embargo, las acciones concre-
tas que se lleven a cabo dependen de las circunstancias de cada una. 

Las dimensiones que caracterizan una CI [6] pueden relacionarse a nivel indus-
trial, extrapolando los elementos que integran dichas dimensiones. Del mismo modo, 
las industrias hacen uso de estrategias de gobernanza para mejorar sus relaciones 
tanto a nivel interno como con sus partes interesadas cumpliendo así con los criterios 
de ASG. 

Del contraste realizado en el cuadro de doble entrada donde se relacionaron los 
criterios ASG y las dimensiones de las CI, se demuestra la compatibilidad e interrela-
ción de los aspectos que presenta cada concepto. En la Tabla 1 se muestran los resul-
tados del análisis realizado. 

Tabla 1. Relación de contraste de criterios ASG y dimensiones CI. Fuente: Elabo-
ración propia adaptado de Sikora [24]. 

CRITERIOS ASG DIMENSIONES DE CI 

AMBIENTE 

Smart Environment 

Política ambiental 
Consumo energético 

Consumo de agua 
Generación de residuos 

Emisiones de Gases de Efecto Invernadero 
(GEI)  

SOCIAL 
Smart Living                                      

Smart Mobility                                
Smart People 

 

Política social  
Diversidad  

Monitoreo de satisfacción, salud, seguridad y 
bienestar de los colaboradores 

 

  
GOBERNANZA 

Smart Governance                          
Smart Economy 

 

Órganos de Gobierno  

Evaluaciones de riesgos ASG  

Política de gobernanza  

Cumplimiento regulatorio  

5.2 Descripción de las dimensiones de CI en relación con criterios ASG 
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En la Tabla 2, se observa el análisis comparativo de los indicadores de CI propuestos 
en distintos casos de estudio realizados por Alvarado y Miranda [2,14], considerando 
las dimensiones propuestas por Sikora. Al contrastar los criterios ASG, se puede 
comprobar que las dimensiones de CI junto con sus indicadores pueden contribuir a 
la evaluación de criterios ASG incluso en un contexto industrial. 

En cuanto a los indicadores que señalan los autores es importante destacar que, 
aunque los temas corresponden a los criterios, aún quedan áreas de oportunidad que 
deben ser atendidas. A pesar de que el criterio ambiental se aborda con amplitud, es 
evidente que los criterios de gobernanza y social necesitan profundizar en sus pará-
metros de evaluación para que estos sean integrales. 

Tabla 2. Indicadores de CI con respecto a criterios ASG. Fuente: Elaboración 
propia adaptado de Alvarado y Miranda [2,14]. 

ENFOQUE ASG 
CIUDADES INTELIGENTES 

Dimensiones de CI Miranda et al (2018) Alvarado (2020) 

AMBIENTE Smart  
Environment 

Descargas residuales Gestión de residuos sólidos urbanos 
Índices de sustentabilidad 
ambiental  Disposición de RSU 
 Calidad del aire   Separación de RSU 
 Manejo de residuos Ahorro de energía  
 Energía  Iluminación en hogares 
   Calentamiento de agua 
   Uso de energía renovable 
  Contaminación-aire  
   Monóxido de carbono 
   PM10 mg/m3  
   PM2.5 mg/m3  

   
Dióxido de nitrógeno 
mg/m3 

   Aguas residuales tratadas 

SOCIAL 

Smart Living 

Índice de calidad de vida Educación  
 Salud  Nivel de educación 
 Educación   Nivel de alfabetización 
 Seguridad y protección Salud   
 Espacio público  Mortalidad infantil 
 Acceso a cultura   Esperanza de vida   

Smart Mobility 

Infraestructura de vivienda Disponibilidad técnica   
Infraestructura social  Acceso a internet  
Infraestructura de comunicacio-
nes  Fibra óptica  
Movilidad urbana  Acceso WIFI público 

Forma urbana Uso de tecnologías TIC  
   Teléfonos móviles 
   Smartphones  
   Computadoras  
  Uso individual  
   Uso de internet  
   Social networking  
  Uso público y commercial  

   E-gobierno  
   Comercio electrónico 
      Banca electrónica   

Smart People Características de la población  Inclusión social  
Equidad e inclusión social       
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GOBERNANZA 

Smart Economy 

Unidades económicas Productividad   

 
Tamaño de empresa y 
actividad económica  

Producto interno bruto per 
cápita 

 Competitividad  
   Nivel de educación terciaria 
   Propiedad intelectual  

      
Empleo basado en el 
conocimiento 

Smart Governance 

Gobernanza y legislación 
urbana     
Participación y rendición de cuentas   
Capacidad institucional y 
finanzas municipales    
Gobernanza de la urbanización        

5.3 Interrelación de criterios y dimensiones desde la Sustentabilidad Corpora-
tiva 

Al igual que en los contrastes anteriores, se analizaron la compatibilidad del concepto 
de SC con los criterios de ASG y las dimensiones CI a fin de hacer una propuesta de 
implementación en el sector industrial, en donde, se asuma el cumplimiento de los 
criterios ASG y las dimensiones de las CI posibilitando la atención al DS (Ver Tabla 
3). 

De la Tabla 3 se destaca la interrelación entre las dimensiones de SC, las dimen-
siones de CI y los criterios ASG. Ejemplo de ello se observa en la categoría de las 
prácticas ambientales (agua, suelo, atmósfera-energía) de la SC, que corresponden 
con la dimensión Smart environment de las CI y el factor ambiental de los criterios 
ASG. Esta correspondencia está presente en cada elemento que integra a la SC, CI y 
los ASG. 

Las prácticas ambientales y sociales tanto internas como externas bajo el enfoque 
de SC se proponen como imprescindibles, de este modo, el sector industrial da cum-
plimiento a los términos del DS. En consecuencia, las industrias pueden contribuir a 
la consolidación de una ciudad inteligente, y al mismo tiempo sustentable. 

Tabla 3. Indicadores de CI con respecto a criterios ASG. Fuente: Elaboración 
propia adaptado de Sikora [24]. 

CRITERIOS 
ASG 

DIMENSIONES 
DE CI 

SUSTENTABILIDAD CORPORATIVA 
Dimensiones 

de análisis 
Categorías 
de análisis Internos Externos 

Ambiental 

 Prácticas 
ambientales 

Agua Análisis de agua Análisis de agua residual 
  Reducción de consumo Tratamiento de agua residual 
 

 

 Captación de agua 
pluvial 

Reutilización de agua 
tratada 

Smart  
Environment Suelo 

Gestión de residuos Tratamiento de residuos 
 Reducción de residuos Obras de restauración  
 

 

 Reutilización de 
residuos   

 Atmósfera-
energía 

Análisis de emisiones Obras de restauración  
 Eficiencia de uso de Captura de carbono 
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energía 

 Uso energías renova-
bles 

 

 Emisiones GEI   

Social  

 

Prácticas 
sociales 

Cultura 
organiza-

cional 

Prácticas laborales Participación en campañas 
sociales 

Smart Living Valores y ética Comunicación al exterior 

Smart People 
Gobernan-

za 

Cumplimiento legal Responsabilidad externa 

Gobernanza 

Smart Economy Desempeño empresa-
rial 

Relación con partes interesa-
das 

Smart Mobility Relaciones internas   
Smart  

Governance Comunidad 
Desarrollo con el 
entorno Inclusión 

  Compromiso social Imagen corporativa 

6        Conclusiones 

La construcción de Ciudades Inteligentes debe ajustar su aplicación de manera estric-
ta a las necesidades de la calidad de vida de la ciudadanía actual y de las futuras ge-
neraciones, impulsando las estrategias necesarias para abordar a profundidad cada 
una de sus dimensiones. En este sentido es indispensable generar información y bases 
de datos lo más completas posibles a fin de que apoyen a la toma de decisiones de los 
gobiernos o directivos según sea el caso. 

Los conceptos de CI, ASG y SC están estrechamente relacionados a través de los 
términos del DS; el papel de la gobernanza es el elemento clave para la articulación 
de las prácticas ambientales y sociales en las industrias, refiriéndose en concreto a la 
Sustentabilidad Corporativa. 

Dar cuenta de la identificación de las relaciones y condiciones necesarias entre las 
dimensiones que integran una CI ponen de manifiesto la necesidad de adopción de un 
enfoque que priorice los criterios ASG (Ambientales, Sociales y de Gobernanza) en 
la atención a los efectos del cambio climático y su relación con el mundo industrial. 
Cuando una industria incorpora prácticas con los criterios ASG en sus procesos, tiene 
un impacto directo en su creación de valor, generando confianza y buena reputación 
dentro y fuera de la organización. 

El reto además del desarrollo de CI es contar con industrias que asuman su respon-
sabilidad al contribuir con el DS de las ciudades. 
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Abstract. This article presents the urban wind potential that exists in the prov-
inces of the Dominican Republic through free access data provided by numerical 
weather prediction and geographical information systems. Then, a hybrid 
SWOT±AHP analysis was conducted to qualitatively determine the factors that 
influence urban wind energy, such as strengths, weaknesses, opportunities and 
threats, and the weighting of these through expert judgments, quantifying the pri-
oritized factors. The results show that the average consolidated urban wind speed 
is 3.66 m/s at 10 m height, and the predominant direction is 86°. Adopting the 
parameters of the Weibull distribution, an annual energy produced (AEP) of 
1,145 kWh/y is estimated. Assuming that ten 2-blade Darrieus H-type VAWTs 
are installed in each province, the global AEP is 423,936 kWh/y. Applying the 
hybrid analysis with the combination of the factors, the results indicate that the 
strengths and opportunities represent 0.716. and the weaknesses and threats are 
0.284. The most important SWOT factors of each category were i) low emission 
of greenhouse gasses (internal), ii) low energy sale price of surplus energy to the 
grid (internal), iii) use of public policies (external) and iv) bureaucracy and slow 
processes in public companies related to permits (external). 

Keywords: Urban Wind Energy, GIS, SWOT Analysis, AHT Analysis, Wind 
Harnessing. 

1 Introduction 

The growth in energy demand and care for the environment call for appropriate solu-
tions to achieve a balance that guarantees sustainable development. Renewable energies 
promise to contribute from a technological perspective to mitigate the carbon footprint. 
Solar photovoltaic and wind farms are the two technologies that have shown the great-
est growth in recent years due to their considerable reduction in production costs. The 
levelized price of electricity from wind and solar PV fell by 70% and 89% in the last 
decade [1]. These technologies can be harnessed through small scales. With the inte-
gration of small renewable energy systems for self-production, considerable benefits 
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can be obtained in terms of reduced electricity tariff costs, reduced generation costs and 
carbon footprint. 
The Caribbean countries have a small economy that supports a population of 42 million 
inhabitants, 89.6% of which are in the Greater Antilles. These are: Cuba, the Dominican 
Republic, Haiti, Puerto Rico and Jamaica. The rest corresponds to the countries that 
make up the Lesser Antilles [2]. According to the World Bank [3], the Dominican Re-
public has had sustained economic growth in the last 25 years, its economy had a great 
expansion in the years prior to COVID-19; between 2015 and 2019 the annual GDP 
growth rate averaged 6.1%. 

PV energy in the Dominican Republic has grown exponentially since 2012, when 
1.58 MW of installed capacity spread over 112 clients; and as of August 2022, it 
amounts to 243.30 MW corresponding to a population of 10,190 clients (Net Metering 
Documents - National Energy Commission, 2022). This scheme consists of a net me-
tering model in which users who install this technology in their homes or businesses 
are compensated. However, there are no records of urban wind energy, although there 
are records of projects that are part of isolated systems, where there is photovoltaic solar 
energy, bioenergy, and mini hydro. Sporadically, few small wind turbines integrated 
into houses can be visualized in the National District and in Baní, but they are not reg-
istered in the net metering program. 

The purpose of this research is to evaluate the wind potential in all urban areas of 
the 32 cities of the Dominican Republic through Numerical Weather Prediction tools. 
Then, to identify the internal and external qualitative factors that influence the devel-
opment of urban wind energy technology dissemination through strengths, weaknesses, 
opportunities, and threats (SWOT) analysis. Finally, the conversion of the qualitative 
factors into quantitative ones through the analytic hierarchy process (AHP) analysis 
tool. 

1.1 The role of urban wind energy in the energy transition 

As urban areas are constantly growing and this leads to an energy demand increase in 
the same proportion, urban wind energy is an alternative to produce clean, safe and 
environmentally friendly source [4]. This type of energy can contribute to decarboni-
zation, as it can be integrated into existing buildings and produce energy close to the 
center of consumption. There is great potential in urban wind energy to be harnessed in 
buildings [5]. Urban wind energy depends considerably on the orography of the site 
because obstacles can cause turbulence in the wind flow [6]. 

In 2021 the worldwide installed capacity of small wind turbines amounted to 40 
MW, where the leading countries were Denmark, Italy, United Kingdom, Germany and 
China, respectively [7]. In tropical countries there is a marked absence of research on 
urban wind energy as well as experiments of small turbine performance at such latitude 
according to [8]. Recently [9] conducted research evidencing the absence of these stud-
ies in the tropics and the need to consider atmospheric events that can put these distrib-
uted energy systems at risk. SWT systems are classified as close to buildings, integrated 
into existing buildings and fully designed into the architecture of new buildings [10], 
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and these can be positioned in highways, rail tracks, between or around high-rise build-
ings, and others [11]. 

1.2 Aim and Structure of the article 

The objective of this research is divided into two phases: the first phase consists of 
identifying the urban wind potential in the 32 provinces of the Dominican Republic 
through the open access databases of the Geographic Information Systems provided by 
NASA's Prediction of Worldwide Energy Resource (POWER) meteorological data 
[12]. The second phase is to quantify the internal and external factors that influence the 
urban wind energy harnessing in the DR through the qualitative and quantitative tools 
SWOT and AHP, respectively, presented for other energy systems by [13], [14]. 

This article is structured as follows: Section 2 presents the method and methodolog-
ical approach for each phase. Section 3 presents the qualitative and quantitative results 
of each phase. Section 4 follows with a discussion. Finally, in Section 5, the conclusions 
are presented. 

2 Method 

This section is divided into two parts, one is the assessment of urban wind potential and 
the other is the qualitative-quantitative factor analysis using SWOT/AHP tools. The 
methods for each subsection are described below. 

2.1 Analysis of urban wind power in the Dominican Republic 

Urban wind can be harnessed through the installation of small building-integrated tur-
bines. A great effort has been made in the last decades to harness urban wind and im-
prove energy efficiency [15]. Recently [9] presented a six main steps methodology to 
characterize urban wind energy in two highly populated cities in the DR. The steps are: 
(1) site selection, (2) resource prospecting/analysis, (3) turbine selection, (4) estimation 
of currently produced energy, (5) environmental evaluation and (6) resilience assess-
ment. The main objective of this prospecting work is to provide a guide to determine 
the best urban sites in the Dominican Republic for energy utilization through small 
wind turbines. The selection of the sites is made by taking the main towns (head mu-
nicipalities) of each of the 32 provinces of the Dominican Republic according to the 
source [16]. 
Several methods for urban wind prospecting for energy purposes are reported in the 
literature, where commonly one can find on-site measurement, Numerical Weather Pre-
diction, wind tunnel, computational fluid dynamics simulation and analytical methods. 
Most of the time, two or three of the above methods are combined for purposes of 
validating the results [17]±[19]. For reasons of resource availability (time and money) 
this research will adopt the Numerical Weather Prediction (NWP) method for site se-
lection and energy potential identification (step 2). NWP is a good starting point for 
large-scale identification of urban potential through Meso-scale Weather Models [8]. 
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Normally NWP programs are at heights of 50 m and above, so they are not suitable for 
micro-scale assessment, unless corrected with adjustment factors, as these consider a 
very broad resolution of the phenomenon produced by the wind flow [20]. In this con-
text, computer programs called Geographic Information Systems (GIS) are now widely 
used to describe certain features at a site by combining digital maps and related infor-
mation of interest to the researcher [18]. From wind atlases, the average wind speed at 
10 m height can be obtained through the application of the wind profile equations, both 
logarithmic and exponential above and below, respectively, the urban canopy building 
according to [4]. 

Using the NASA Prediction of Worldwide Energy Resource (POWER) open-access 
database, wind meteorological variables will be determined for the 32 provinces of the 
Dominican Republic. Table 1 shows the variables adopted in this initial study. The pe-
riod analyzed corresponds to monthly values from January 2011 to December 2021 (11 
complete years). The location in each of the cities corresponds to the central positioning 
of the most urbanized town. In some cases, for very rural cities, the location of the town 
was confirmed through Google Maps [21]. 

Table 1. Main meteorological parameters. 

Acronyms  Descriptions 
PC Precipitation Corrected (mm/day) 
SP                   Surface Pressure (kPa)  
RH2M                 Relative Humidity at 2 Meters (%)  
WD10M                Wind Direction at 10 Meters (°)  
WS10M                Wind Speed at 10 Meters (m/s)  

Small wind turbines (SWTs) are aerodynamic machines, which have the purpose of 
converting wind energy into electricity. Electricity production depends mainly on the 
speed cube, the swept area and air density [22]. There is a wide variety of SWT designs 
and types. The main SWT designs that predominate in the industry are horizontal axis 
turbines (HAWTs) and vertical axis turbines (VAWTs) [18], [23], [24]. The most suit-
able type depends on the cut-in wind speed, flexibility in installation and operation, 
height-limit and aesthetic integration in the urban built environment [25]. VAWTs are 
frequently adopted in urban environments because they are omnidirectional, however 
HAWTs should be oriented perpendicular to the wind flow [11], [26]. For step 3 of this 
case study, a 2-bladed Darrieus H-type VAWT is going to be selected, which is a good 
performing turbine in urban sites according to [10]. It has main parameters such as a 
rotor diameter of 1 m, a rotor height of 5 m, and a rotor swept area of 5 m2, symmetric 
NACA0018 airfoil blade cross-section and 0.3 solidity, Cut-in and Cut-out wind speed 
of 2 and 24 m/s, respectively. 

To determine the energy production during a period, the operating hours during that 
interval, which is usually one year, must be simulated. For this purpose, various prob-
ability distributions are used, such as the Weibull, Rayleigh, and Lognormal distribu-
tions. The Weibull distribution is the most widely accepted due to its flexibility and 
simplicity [27]. Weibull distribution with the shape factor equal to 2 is known as Ray-
leigh Distribution [28]. 
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The parameters that define the Weibull distribution are the shape parameter k, which 
controls the width of the distribution and the scale parameter c, which controls the mean 
wind speed. Both parameters can be estimated by the maximum likelihood method, 
which is the most used [29]. The wind speed and the shape parameter are directly pro-
portional, the estimation of the density distribution can be very inconsistent for low 
speeds, in the order of 2 m/s [27]. In Eq. 1, Weibull Distribution is presented, where ݇ 
is the shape factor and ܿ is the scale factor in m/s. The parameters ݇ and ܿ control the 
width of the distribution and average wind speed defined in Eq. 2, where ܸ௩ is the 
average wind speed, respectively. 
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Once identified the site selection and urban wind energy assessment, is important 
calculate the Annual Energy Production (AEP). The methodology proposed by Re-
zaeiha [10], is adopted to estimate the AEP in Eq 3. Where 8,760 are the hours during 
a year, ܲሺ ܸ௩Ǣ ܿǢ ݇ሻ is the probability of a given speed based on the Weibull distribu-
tion, and ܲ ቀ ܸ௩௭

ቁ�is the power produced by the wind turbine at that speed at a given 
height. The power extracted by the wind turbine is described according to Eq. (4). 
Where: ܣ is the rotor area, ܥ is the power coefficient of the rotor, ܸ௩ is the mean 
wind speed for a given height and ߩ is the air density. 

ܧܣ ௭ܲ ൌ ͺǡͲ כ  ଼ܲǡ
 ቀ ܸ௩௭

Ǣ ܿǢ ݇ቁ כ ܲ ቀ ܸ௩௭
ቁ  (3) ݒ݀

ܲሺ ܸ௩௭
ሻ ൌ ͲǤͷ כ ܥ כ ߩ כ ܣ כ ܸ௩௭

ଷ  (4) 

Finally, there are the steps to identify the site, evaluate the resource potential, select a 
turbine according to the resource conditions and finally, estimate Annual Energy Pro-
duction. 

To determine the urban wind profile the most adopted expression is Hellman's ex-
ponential law that correlates the wind speed at two different heights. Eq. (5) shows the 
expression of Hellman's law, where ݒ is the velocity at height ݒ ,ܪ�is the speed to the 
height ܪ �DW����P�KHLJKW��DQG�Į�LV�WKH�IULFWLRQ�FRHIILFLHQW�RU�+HOOPDn exponent. This 
expression explores the effect of wind speed in relation to height. The friction coeffi-
cient assumed was 0.30 for small towns with some trees and shrubs [30]. 
௩
௩బ
ൌ ቀ ு

ுబ
ቁ
ఈ

                          (5) 

2.2 SWOT/AHP analysis 

SWOT analysis is often used as a strategic planning method to evaluate Strengths (S), 
Weaknesses (W), Opportunities (O), and Threats (T) involved in a process or project 
[31]. The four categories of SWOT analysis present the internal (strengths and weak-
nesses) and external (opportunities and threats) factors, as well as the positive and neg-
ative ones, respectively. SWOT analysis is a strategic tool for identifying key factors 
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in a qualitative manner. This depends largely on the criteria, experience and judgments 
of the experts interviewed or evaluated [32], [33]. 

In this research, interviews and online surveys were conducted through Google Form 
with 25 professionals and academic experts in areas related to sustainable development, 
electricity markets and climate change in the Dominican Republic. Sixteen responses 
were received from the total requests, as shown in Table 2. Based on literature from 
previous very similar studies such as ref. [14], and brainstorming, the 19 factors for the 
SWOT categories were identified. In addition, 10 new factors emerged in the interview 
process, which were integrated into the existing factors. After weighting and thorough 
review to avoid redundancy, the list was reduced to 16 factors, four for each category 
as shown in Table 3. 

Table 2. Expertise of the sample of experts. 

Expertise Number Background Number  
Research and Education 5 O&M Manager 1 
Energy Manager 5 Business Development 1 
Executive Director 4   

 

Table 3. Summary of SWOT factors. 

 Positive Negative 

In
te

rn
al

 

Strengths Weakness 
S1: Low greenhouse gasses emission. W1: Long period of recovery of the invest-

ment. 
S2: Availability of urban sites (buildings or 
public spaces). 

W2: Sale price of energy to the grid is less 
than the purchase price ($sale < $purchase). 

S3: Possibility for self-generation. W3: Negative impact on human life. 
S4: Sale energy surplus. W4: Negative impact on wildlife. 

Ex
te

rn
al

 

 
Opportunities 

 
Threats 

O1: Taking advantage of public policies and 
regulations.  

T1: Bureaucracy and slow procedures. 

O2: Decarbonization of the matrix. T2: Conflicts with protected areas. 
O3: New business model, such as electric 
mobility (new service companies). 

T3: Resistance of the population. 

O4: New business model, such as electric 
mobility (new service companies). 

T4: Lack of identification of wind potential. 

 
As SWOT does not provide information on relative importance among the factors in 

the SWOT groups or categories, it was complemented with an AHP analysis to estab-
lish the order of prioritization for decision making towards the key factors [33].  

AHP analysis is a quantitative analytical tool used to establish a local and group 
weighted weight to the factors obtained through the SWOT analysis. AHP is a system-
atic technique for organizing and analyzing complex criteria for decision making 
through multilevel comparison and criticality by their weighted weight [34]. The AHP 
is based on the average value method, in the end each value of the factors of the SWOT 
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analysis corresponds to the priority level ¨p¨ of the same set of "n" elements (0 < p < 
1). The main steps are as follows:  

ņ Averaging the results obtained in the surveys. First calculate the probability of each 
factor according to the comparison of the results obtained in the SWOT analysis 
categories. 

ņ Establish the relative priority of the SWOT analysis categories. 
ņ Overall comparison of all factors on the basis of the 9-point scale recommended by 

Thomas Saaty [35]. 

3 Results and discussion 

Table 4 shows the average meteorological information for 11 years of data collection 
(2010 - 2021). There is no correlation between Precipitation Corrected (mm/day), Sur-
face Pressure (kPa), and Relative Humidity at 2 Meters (%) with Wind Speed at 10 
Meters (m/s), in all cases it was less than 20%. The provinces with the highest wind 
potential at 10 m height were Monte Cristi (6.63 m/s), El Seibo (5.21 m/s), La Altagra-
cia (4.83 m/s), La Romana (4.83 m/s), and Puerto Plata (5.13 m/s), respectively. The 
other 27 provinces have an average speed of 3.35 m/s, with a minimum of 2.19 m/s 
(Monte Plata) and a maximum of 4.50 m/s (Pedernales). Table 4 shows the energy den-
sity obtained through the Weibull frequency distribution for each province¶V average 
speed and energy production with the small wind turbine selected for this study. Deem-
ing 10 small wind turbines installed per provinces, the energy produced annually is 
423,936 kWh/y. 

Table 4. Meteorological information from POWER to the DR. 

Cities PC 
(mm/day) 

SP 
(kPa) 

RH at 2 
m (%) 

WD at 
10 m (°) 

WS at 
10 m 
(m/s) 

AEP for 
one SWT 
(kWh/yr) 

Azua 2.01 95.58 75.90 86.32 3.97 1,464 
Bahoruco 2.02 96.75 70.30 117.44 3.15 722 
Barahona 3.11 97.67 81.29 92.01 4.12 1,638 
Dajabón 1.72 98.01 71.75 59.67 3.93 1,416 
Distrito Nacional 2.04 100.05 76.59 79.94 3.41 919 
Duarte 2.22 100.66 77.87 86.82 3.46 964 
El Seibo 3.14 101.04 78.77 82.48 5.21 3,162 
Espaillat 2.09 98.33 76.86 88.22 2.72 461 
Hato Mayor 2.43 100.40 76.86 81.82 3.29 828 
Hermanas 2.09 98.33 76.86 88.22 2.72 461 
Independencia 2.02 96.75 70.30 117.44 3.15 722 
La Altagracia 2.42 100.80 73.27 80.59 4.83 2,587 
La Estrelleta 1.79 95.72 66.63 79.91 2.57 385 
La Romana 2.42 100.80 73.27 80.59 4.83 2,587 
La Vega 1.90 91.61 78.65 90.10 3.02 632 
María Trinidad Sánchez 2.22 100.66 77.87 86.82 3.46 964 
Monseñor Nouel 1.90 91.61 78.65 90.10 3.02 632 
Monte Cristi 2.09 101.40 79.62 73.36 6.63 5,197 
Monte Plata 1.91 99.72 74.91 84.18 2.19 236 
Pedernales 2.66 97.39 75.42 95.34 4.50 2,121 
Peravia 2.01 95.58 75.90 86.32 3.97 1,464 
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Cities PC 
(mm/day) 

SP 
(kPa) 

RH at 2 
m (%) 

WD at 
10 m (°) 

WS at 
10 m 
(m/s) 

AEP for 
one SWT 
(kWh/yr) 

Puerto Plata 2.32 100.67 79.79 89.98 5.13 3,045 
Samaná 2.43 100.40 76.86 81.82 3.29 828 
San Cristóbal 2.04 100.05 76.59 79.94 3.41 919 
San José de Ocoa 2.01 95.58 75.90 86.32 3.97 1,464 
San Juan 1.81 91.20 70.85 99.45 3.20 761 
San Pedro de Macorís 2.09 100.94 74.94 81.96 4.07 1,572 
Sánchez Ramírez 1.91 99.72 74.91 84.18 2.19 236 
Santiago 2.09 98.33 76.86 88.22 2.72 461 
Santiago Rodríguez 1.84 97.09 71.31 78.34 3.83 1,313 
Santo Domingo 2.04 100.05 76.59 79.94 3.41 919 
Valverde 1.84 97.09 71.31 78.34 3.83 1,313 
Average 2.15 98.12 75.42 86.13 3.66 1,145 

 
Fig. 1 shows the political map with the urban wind potential at 10 m height for the 

Dominican Republic in the 32 provinces. This information has a high positive correla-
tion with the wind map, in which the provinces of Monte Cristi, La Altagracia and 
Pedernales have the highest wind potential [36]. This is the first approximation step to 
determine the urban wind potential at the national level with data from wind atlases, 
which must be validated through on-site measurement to consider the effects of land 
roughness [29]. Fig. 2 shows the monthly evolution of wind speed for all provinces 
where a higher intensity can be observed in winter-summer, with a predominant direc-
tion from the Northeast. Fig. 3 shows the one-year frequency distribution of wind 
speeds and the Annual Energy Production (AEP) for the consolidated mean wind speed 
of 3.66 m/s, the shape factor k=2, and the scale factor c=4.13 m/s. The AEP is 1,142 
kWh/yr for each small wind turbine. 

 
Fig. 1. Urban wind map of the Dominican Republic. 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 663

pmoreno
ISBN 978-9942-44-109-6



9 

 
Fig. 2. 11 years (2010 ± 2021) consolidated wind energy potential monthly at 10 m. 

 
Fig. 3. Urban wind energy harnessing consolidated at 10 m. 

 
Adopting the classification of Poor, Marginal, Good to Very Good and Exceptional 

to classify the proposed wind speed based on records at 10 m height [37], the province 
of Monte Cristi was identified as Good to very Good (5.4 - 6.7 m/s). With marginal 
potential are the provinces of El Seibo, Puerto Plata, La Altagracia and La Romana (4.5 
- 5.4 m/s). The rest of the 27 provinces are considered to have poor potential (<4.5 m/s). 
No provinces were identified in the Exceptional category (>6.7 m/s).  

To explore the effect of wind speed in relation to height on the wind speed in ac-
cordance with Hellman's exponential law, Fig. 4 shows the wind profile for i) the aver-
age of the 32 provinces, ii) the four provinces with marginal potential, and iii) the prov-
ince with a Good to very good potential. 
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Fig. 4. Wind profile built up Hellman law to the cities with best potential. 

Four factors were obtained for each SWOT category. This analysis provides us with the 
qualitative part of these factors; however, to facilitate understanding and decision mak-
ing based on the given factors, the SWOT analysis was converted into a quantitative 
AHP analysis. Table 5 shows that the experts assigned prioritization to the categories 
of strengths (0.574), weaknesses (0.240), opportunities (0.142) and threats (0.044). The 
factors with the highest weighting for each category are Low greenhouse gas emissions 
(strength), low energy sale price (weakness), taking advantage of existing policies (op-
portunities), and bureaucracy and slow processes (threat). This indicates that the pref-
erence for reducing greenhouse gasses and contributing to the decarbonization of the 
energy matrix is key for the experts. In the same way, eliminating the obstacles of pub-
lic procedures to take advantage of the benefits of existing regulations is a key factor 
to be overcome. 

Table 5. SWOT factors and relative priorities of urban wind energy exploitation in the DR. 

SWOT 
Categories 

SWOT factors Factor 
priority 

Overall 
priority 

Strengths S1: Low greenhouse gasses emission. 0.465 0.267 

0.574 S2: Availability of urban sites (buildings or public spaces). 0.425 0.244  
S3: Possibility for self-generation. 0.081 0.046  
S4: Sale energy surplus. 0.029 0.017 

Weaknesses W1: Long period of recovery of the investment. 0.246 0.059 

0.240 W2: Sale price of energy to the grid is less than the pur-
chase price. 

0.599 0.144 
 

W3: Negative impact on human life. 0.060 0.014  
W4: Negative impact on wildlife. 0.095 0.023 

0

10

20

30

40

50

60

70

80

0 1 2 3 4 5 6 7 8 9 10 11 12 13

H
ei

gh
t (

m
)

Wind speed (m/s)

Wind profile built up Hellman law to the cities with best potential

El Seibo

La Altagracia

La Romana

MonteCristi

Puerto Plata

32 Provinces

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 665

pmoreno
ISBN 978-9942-44-109-6



11 

SWOT 
Categories 

SWOT factors Factor 
priority 

Overall 
priority 

Opportunities O1: Taking advantage of public policies and regulations.  0.455 0.064 

0.142 O2: Decarbonization of the matrix. 0.303 0.043  
O3: New business model, such as electric mobility (new 
service companies). 

0.085 0.012 
 

O4: New business model, such as electric mobility (new 
service companies). 

0.157 0.022 

Threats T1: Bureaucracy and slow procedures. 0.465 0.020 

0.044 T2: Conflicts with protected areas. 0.425 0.019  
T3: Resistance of the population. 0.081 0.004 

 T4: Lack of identification of wind potential. 0.029 0.001 
 
 
Fig. 5 shows graphically the factor scores through the quantitative AHP analysis. 

The most voted by far are the strengths (internal) and opportunities (external) represent 
0.716 according to the experts' judgment. This indicates that there is a remarkable in-
terest in harnessing urban wind for energy purposes as the strengths have a prioritiza-
tion of 0.574. The author recommends further research with the objective of stratifying 
the provinces where there is a higher potential with high rates of urbanization. SWTs 
can be integrated into existing buildings in metropolises, however, they can be in urban 
public environments, such as parks, roads, and if necessary, in rural locations. Other 
factors considered by the experts are the possible integration into microgrids, produc-
tion outside sunlight hours, and the contribution of society to the energy transition. 

 
The overall negative factors are of the order of 0.284 (internal and external), which 

may affect the dissemination of this technology in a systematic way. As for the weak-
nesses, the experts indicated as class factors the selling price of surplus energy under 
the net metering program and the long payback period of the investment. Other external 
factors, such as threats, are the bureaucracy in the public processes for dealing with 
permits and the lack of sites identified as good to excellent for the use of wind energy 
potential. Other factors that naturally became known are related to the vulnerability of 
these energy systems to atmospheric events (hurricanes), certified labor for installation, 
O&M, and integration with energy storage. 
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Fig. 5. Graphical representation of the SWOT/AHP analysis. 

4 Conclusions 

Urban wind energy has a great potential to be harnessed close to the area of demand, it 
is not dependent on sunlight, and it can be an alternative to be optimally combined with 
other energy sources. This research was conducted in the framework of two phases, 
which were: to identify the urban energy potential in the main cities of the 32 provinces 
of the Dominican Republic, and to identify the key factors that influence the dissemi-
nation and systematic use of this energy source through a SWOT/AHP analysis. 

The analysis consisted of the evaluation of the wind energy potential in the 32 prov-
inces of the Dominican Republic and it  utilized open access data from NASA Predic-
tion of Worlwide Energy Resource (Power) for the period 2010-2021, with monthly 
measurements. After analyzing the main meteorological parameters, we have a consol-
idated mean wind speed of 3.66 m/s, mean wind direction of 86°, relative humidity of 
75.82 % and atmospheric pressure of 98.12 kPa. There is no significant correlation 
between wind speed and the other meteorological parameters, globally. In the Domini-
can Republic, the provinces with the greatest urban wind potential are Monte Cristi, El 
Seibo, La Altagracia, La Romana and Puerto Plata, with average wind speeds at 10 m 
of 6.63, 5.21, 4.83, 4.83 and 5.13 m/s, respectively. The predominant wind direction is 
northeast, between 60° ± 90°. 

For the average speed of the 32 provinces (3.66 m/s) the annual energy production 
is 1,145 kWh/year with a vertical shaft turbine with good performance in urban 
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environments. Assuming the installation of 10 SWT in each province the annual energy 
produced is 423,936 kWh/year. 

Through 16 interviews with professional experts from the energy sector and aca-
demia, the key internal and external factors that influence the use of urban wind energy 
were identified through SWOT analysis. The qualitative factors were then quantified 
through AHP analysis. The IRXU�6:27¶V�FDWHJRULHV weighted are 0.574, 0.240, 0.044, 
and 0.142, respectively, where it is observed that strengths and opportunities represent 
0.716. and weaknesses and threats 0.284. The most important SWOT factors in each 
category were I) low greenhouse gas emissions (Strengths), ii) low price for selling 
surplus energy to the grid (Weaknesses), iii) taking advantage of public policies (Op-
portunities), and iv) bureaucracy and slow processes in public companies regarding 
permits (Threats). 

It is recommended to extend this study to provinces that can be identified with good 
to moderate potential and that are relatively more urbanized. In addition, take into con-
sideration the threats of hurricanes in the Dominican Republic to increase the resilience 
of these distributed generation systems. 
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Abstract. The reuse of effluents from wastewater treatment plants is a reality in 
several countries due to water scarcity. To ensure its quality, tertiary disinfection 
treatments are needed. The present work aims to evaluate the efficacy of ultravi-
olet (UV) disinfection systems for the elimination of fecal bacteria in effluents 
from urban wastewater treatment plants. Kinetic modeling was used to study the 
influence on the inactivation of Escherichia coli considering different UV doses, 
origin of the bacteria (native or standardized lyophilized strain), and the response 
to post-treatment at 24 hours under light and dark conditions. In the adjustment 
of the experimental inactivation values with non-linear regression techniques, the 
linear mathematical model with tail was chosen as it showed better statistical fit. 
The evaluation showed that between the two E. coli variants tested, the native 
bacterium presented higher UV resistance and was also affected by reactivation 
to a lesser extent, with respect to the E. coli ATCC 8739 strain. In other words, 
although the inactivation dose for both bacteria was similar, the recovery of dam-
age from photoreactivation effects was higher in the native species. Therefore, 
the necessary dose of inactivation was determined by UV technology, which was 
equal to 15 mJ cm-2 for a reduction of 5 log10 for both the E. coli strain and the 
native type, without considering reactivation processes, while the maximum per-
centage of photoreactivation detected was 6% achieved by native E. coli treated 
with 5.88 mJ cm-2. 

Keywords: Wastewater reuse, ultraviolet disinfection; photoreactivation; Esch-
erichia coli 
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1 Introduction  

The present world is intimidated by the problem of water scarcity that is to be ad-
dressed immediately. So, it is wise to treat wastewater to meet the massive need for 
drinking water for the fast-growing population. The continuous growth of population 
and urban development, stupendous growth of industries, and increased food produc-
tion culminate in water resources. This jeopardizes the health and safety of the global 
population in the spheres of both short- and long-term impact and the remedial 
measures adopted to eradicate poverty by simultaneously maintaining the balance of 
our unique ecosystems. The estimated amount of untreated wastewater disposal is 30% 
based on the existing data related to the high, upper and lower-middle-income coun-
tries, reporting 62% and 72%, respectively, and in low-income countries reporting 92%. 
Another survey analysis has reported that the discharge of untreated wastewater 
amounts to 90% [1]. 

 
A paradigm shift and higher-order thinking are crucial in encountering current and 

evolving challenges in urban water management. waste management concepts in urban 
planning processes are capable of bringing several key advantages. A Smart City is a 
city committed to its environment, both environmentally and in terms of the cultural 
and historical elements, and where the infrastructure is equipped with the most ad-
vanced technological solutions to facilitate citizen interaction with urban elements. 

 
The increasing demand for water contrasts with the alarming scarcity of available 

water sources worldwide. An alternative to this demand is the reuse of wastewater ef-
fluents [2]. In fact, in recent years, several guidelines regulating the reuse of treated 
wastewater have been published, such as the Guidelines for the Safe Use of 
Wastewater, Excreta and Graywater [3] and the EPA Guidelines for the Reuse of 
Treated Wastewater in the Agricultural Sector [4]. In the latter, depending on the water 
use, it is established that the presence of fecal coliforms should be non-detectable or up 
to a permissible concentration of 200 CFU/100 mL, depending on the intended use [5].  

 
Bacteria can be divided into two main groups according to the chemical and physical 

properties of their cell walls by means of the Gram staining technique. Gram-negative 
bacteria have a cytoplasmic membrane, a thin peptidoglycan layer and an outer mem-
brane containing lipopolysaccharide. Meanwhile, Gram-positive bacteria have only a 
cytoplasmic lipid membrane and the peptidoglycan layer is thicker than that of Gram-
negative bacteria. Therefore, these bacteria are much more difficult to destroy [2]. E. 
coli is the most commonly used indicator of fecal contamination in the analysis of water 
and wastewater.  E. coli is commonly used to indicate the presence of fecal contamina-
tion in water and, by extension, the possible presence of pathogenic microorganisms 
[6]. Therefore, to make appropriate water management decisions, survival rates of E. 
coli in water must be known [7]. 

 
For the above reasons, it is essential to implement disinfection treatments. The dis-

infection of water is based on the extraction, deactivation, or elimination of pathogenic 
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microorganisms, as well as possible toxins that may have unpinned, can be applied by 
physical and/or chemical methods. As an alternative to traditional disinfection, ultravi-
olet disinfection processes (UV) have been developed based on the use of radiation 
emitted at wavelengths within the germicidal range (UV-C, 200-320 nm) [8], [9]. UV 
radiation inactivates microorganisms mainly through photochemical damage caused di-
rectly to nucleic acids [10]. Treatment proposals should consider that bacteria present 
in natural environments develop a certain resistance to disinfection processes [11], [12], 
and in addition, it is known that many microorganisms have the ability to repair damage 
induced by UV radiation [9]. Two repair mechanisms are reported. One is light-inde-
pendent, which is termed dark repair [13] and the other is photoreactivation, where UV-
induced DNA lesions can be repaired using near ultraviolet light energy (310 - 480 nm) 
and the enzyme photolyase [14]. This problem has received considerable attention be-
cause it can influence the efficiency of UV disinfection a few hours after treatment. 

 
Therefore, it would be useful to establish the necessary inactivation doses for native 

species indicative of contamination as an indicator of the effectiveness of the treatment, 
analyzing characteristics of greater or lesser resistance to irradiation and lesser or 
greater influence of photoreactivation. This would allow reporting the necessary doses 
of inactivation by UV technology for future applications of UV disinfection in 
wastewater reuse, highlighting here that it is necessary to consider studies with species 
native to the area and the application of UV disinfection technology in developing 
countries. 

 
Here, the present work focusing on the kinetic analysis of the inactivation of two 

groups of E. coli: strain ATCC 8739 and native isolates, to report the necessary inacti-
vation doses and the influence of photoreactivation. This work provides insights into 
treatment levels needed for bacterial disinfection with UV light. 

2 2. Materials and Methods 

2.1 2.1 Inactivation tests 

In the present study we worked with two types of microorganisms: 1) E. coli strain 
ATCC 8739 acquired from the Spanish Type Culture Collection (CECT) in lyophilized 
format and 2) native E. coli bacteria isolated from the effluent of the Ucubamba 
wastewater treatment plant in the city of Cuenca-Ecuador. 

 
The bacteria were reactivated in 50 mL of Tryptic Soy Broth (TSB) culture medium 

(Sigma-Aldrich) for 24 h at 37ºC. Subsequently, a subculture was performed by depos-
iting 1 mL of the culture in 50 mL of TSB medium. After another 24 h, the subculture 
was centrifuged at 3000 rpm for 10 min; after discarding the supernatant, the sediment 
obtained was washed with peptone solution (10%) and added to 50 mL of distilled water 
with phosphate buffer at pH 7.20, obtaining the bacterial inoculum in exponential 
growth phase [15]. The inoculum was added to a drum with 20 L of distilled water 
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buffered to pH 7.20, obtaining concentrations between 105 and 106 CFU/mL. To de-
termine the bacterial concentration after the treatments, the membrane filtration method 
was applied with VXEVHTXHQW�LQFXEDWLRQ�RQ�FKURPRJHQLF�VHOHFWLYH�DJDU��6WHULOH������ȝP�
square membrane filters (Pall Corporation, NY, USA) were used to obtain the appro-
priate number of CFU. Decimal serial dilutions of each sample were seeded in tripli-
cate. Merck Coliform Agar Acc. Chromocult® was used as selective medium, depos-
ited in Petri dishes. The samples were incubated at 37 °C for 24 h; after this time, the 
developed CFU were counted and those corresponding to plates with a number of CFU 
between 20 and 150 were considered as valid dilutions. Sterile conditions were con-
trolled by blank sample plates during the microbiological analysis process. 

 

 
Fig. 1. Scheme of the laboratory plant and experimental procedure. 

The UV treatment was applied by means of a continuous flow reactor of annular 
type, built at laboratory scale. This reactor has a low-pressure mercury UV lamp (Phil-
lips 1GPM - in/out 1/4"), with a power of 6 W, and monochromatic emission at 254 
nm, connected by a system of hoses and valves in order to manipulate the reactor inlet 
flow rate and the working flow rate in front of the UV lamp, obtaining different doses 
by exposure time (Fig 1). The UV dose (D) was applied in a single exposure (Eq. 1), as 
a function of mean intensity (Im) and Theoretical Retention Time (TRT) according to 
USEPA specifications [6], using a geometric radiation dispersion model for ring reac-
tors, which was validated by biodosimetry in previous studies (Eq. 2) [16]. TRT was 
calculated as the quotient between the volume of water exposed to UV light (VR) and 
the flow rate (Q). The flow rate values were in the range of 60 to 720 Lh-1, correspond-
ing to a TRT of 3.06 to 0.26 s and doses of 26.5 and 2.2 mJcm-2 respectively.  

 (1)   ݉ܫ.ܴܶܶ = ܦ                                                                      

Inoculated
water Agar plating and incubation

Illumination
24 h

Low flow rate
(high UV dose)

High flow rate
(low UV dose)

Dose 1

Dose 2

Dose n

Control

͙

UV lamp off

͙ ͙

Pump

Valve

UV reactor
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்ௐೝషೝೂ


ோ
ொ כ  (2) ݕ݀�ݔ݀

Where:  
P254: Lamp power at 254 nm, in new lamps 1/3 power. 
e: Quartz thickness (mm).  
L: Lamp length (cm). 
rR: Reactor radius (cm). 
rQ: External radius of the quartz sheath (cm). 
TQ: % Transmittance at 254nm of the quartz (usually 0.94). 
TW: % Transmittance at 254nm of the treated water. 
 
The inoculated matrices were pumped in a single pass from the 20 L tank through 

the reactor at different flow rates (60 to 720 Lh-1). Three samples per flow rate were 
collected in sterile 250 mL flasks. The contents of one of the three flasks were directly 
subjected to the procedure to determine the bacterial concentration immediately after 
UV irradiation (day 0). The other two flasks were used for reactivation tests in light and 
dark. For this purpose, these were incubated for 24 h in a growth chamber (Binder 
.%:)�6HULHV�EUDQG��LOOXPLQDWHG�DW����ȝ(LQVWHLQ�P-2 s-1 and at 20 °C. One of the flasks 
was covered with aluminum foil to prevent light from entering (1 day dark), while the 
other remained uncovered (1 day light). After incubation, the contents of both flasks 
were subjected to the bacterial concentration determination procedure described above. 

2.2 2.2 Analysis of results 

The effectiveness of disinfection was determined by calculating the logarithmic re-
duction in the survival of microorganisms: log (N/N0). Where N0 and N is the number 
of colonies (CFU/mL) before and after UV irradiation. The Geeraerd and Van Impe 
inactivation model-fitting tool (GInaFiT) was used to describe the inactivation pro-
cesses of E. coli [17]. The R2 values of the regression between the values determined 
by the model versus the experimental values were used. This was used to obtain the 
kinetic parameters of inactivation, and finally to determine the dose required to reduce 
the initial concentration by two (D2) and three orders of magnitude (D3) as an estimator 
of treatment efficacy. 

 
To evaluate the effect of photoreactivation, the photoreactivation percentage was 

calculated, defined as follows [18]: 

�ሺΨሻ݊݅ݐܽݒ݅ݐܿܽ݁ݎݐ݄�݁݃ܽݐ݊݁ܿݎ݁ܲ ൌ ேିே
ேబିே

ൈ ͳͲͲΨ (3) 

Where: Np = bacterial concentration of the photoreactivated sample (CFU/mL), N = 
bacterial concentration immediately after UV disinfection (CFU/mL), N0 = bacterial 
concentration before UV disinfection (CFU/mL). This concept illustrates the percent-
age of photoreactivated bacteria among the bacteria affected by UV irradiation. 
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3 Results and Discussion 

The inactivation results of the studied bacteria did not fit with linear mathematical 
models. The bacterial inactivation obtained presented curvilinear shapes, with tail phe-
nomena, Fig. 2 shows the inactivation curves of the two groups of E. coli bacteria, 
plotting Log (S) versus UV dose applied. In all cases they showed inactivation kinetics 
according to a log-linear model with tail (Eq. 4), where S: survival; S0: survival in the 
absence of irradiation; Sres: residual survival; k: inactivation rate; and D: UV dose [19]. 
The R2 values show good prediction results for the model with values above 0.9 in most 
cases (Table 1). 

                                                   ܵ ൌ ሺܵ െ ܵ௦ሻ�݁ି�Ǥ��  ܵ௦ (4) 

From the results, it was found that in both groups of E. coli, the inactivation values 
increase as the dose increases, in a linear manner up to a certain dose, followed by an 
asymptotic trend from a certain UV dose, this can be attributed to the fact that the model 
represents the inactivation based on a linear kinetics of first order with a residual pop-
ulation of resistant character that does not undergo drastic changes in its composition, 
i.e., it is not affected beyond the experimental doses [19]. Therefore, a certain UV dose 
will be required to be applied for the inactivation rate to reach its maximum value, 
which for the case of treatment without incubation approximately 15 mJ cm-2 is needed 
for a reduction of 5 log10 in both cases.  

 
Under the effects of incubation in light and dark, the UV doses change depending 

on the subsequent treatment. In the samples incubated for 24 h in darkness, it is ob-
served that survival is slightly lower than in the non-incubated samples. This difference 
is mainly observed in the E. coli strain (ATCC 8739). While survival in the samples 
incubated for 24 h exposed to light is in both cases higher than in the non-incubated 
samples, it stands out mainly in the native E. coli. 

 

 
Fig. 2. Inactivation curves of the different E. coli strains for different post-treatment conditions. 
a) E. coli (ATCC 8739) b) E. coli (wild) 
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The inactivation kinetic parameters allow quantification of the treatment effect on 
the different strains and under the different post-treatment conditions (Fig. 3). The in-
activation rates (k) of log-linear with tail in both E. coli decreased with increasing UV 
intensities in all assays. With respect to the non-incubation assays (day 0), this rate was 
found to be similar, with values of 0.54 and 0.52 cm2 mJ-1 for E. coli (ATCC 8739) and 
E. coli (wild-type), respectively. This value is higher because of incubation in darkness 
(day 1 dark) and is lower after 24 h incubation in light (day 1 light) for the two types of 
E. coli. 

 
The Log (S0) values of the incubated samples represent the effect of incubation on 

the survival of the organisms, without considering the effect of UV treatment. The val-
ues range from -0.65 to 0.08, indicating that incubation alone has no effect on survival 
in general.  
 

 
Fig. 3. Kinetic parameters of inactivation for E. coli in different post-treatment conditions: a) 
inactivation rate b) Log of survival in the absence of irradiation and c) Log of residual survival. 

The log-linear with tail model also estimates the logarithm of residual survival (log 
Sres) that characterizes the inactivation tail kinetics. That is, if minimum counts are de-
sired, it is not necessary to prolong a treatment beyond the indicated doses because 
additional inactivation would not be achieved [20]. As a result, it was found that without 
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incubation (day 0) the values are around -4.5 log CFU/mL for both cases. This is not 
altered by the effect of incubation in darkness, while incubation in light causes the ef-
fect to increase around -4 and -3 log CFU/mL for E. coli (ATCC 8739) and E. coli 
(wild) respectively. 

 
The percentage of photoreactivation decreased with the UV dose applied (Fig 4). In 

the case of E. coli ATCC 8739, once the 2 orders of magnitude reduction are achieved 
with a dose of 8.51 mJ cm-2, there is a risk that 0.67 % of the initial bacterial concen-
tration will be reactivated at 24 h after the inactivation treatment. It is more critical for 
native E. coli, since once reduced by 2 orders of magnitude with a dose of 8.13 mJ cm-

2, 3.79 % of the initial bacterial concentration would be reactivated within 24 hours. 
The maximum percentage of photoreactivation detected was 6% achieved by native E. 
coli treated with 5.88 mJ cm-2. 

 

 
Fig. 4. Relationship between the percentage of photoreactivation and UV dose for E. coli bacte-
rial strains tested. 

Regarding photoreactivation profiles, survival in samples incubated for 24 h exposed 
to light is in all cases higher than in non-incubated samples. Since in a tailed log-linear 
model the efficiency results from the combination Sres and k, a new parameter includ-
ing the effect of both is needed, D4 being normally used for this purpose [9]. In the 
present study, D4 reduction was not reached in all cases and therefore D2 and D3 values 
is used for the comparison of results (Table 1), and is around 8 mJ cm-2, similar for both 
groups of bacteria when reactivation processes are not taken into account. On the other 
hand, D2 values increase in samples incubated in light, indicating that photoreactivation 
has an important effect on treatment efficacy, the most notable increase occurring for 
native E. coli equal to 14 mJ cm-2. 
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Table 1. D2 and D3 values obtained for the different E. coli strains for different post-treatment 
conditions, and percentage of variation with respect to non-incubated samples. NR (not reached) 

Organism Treatment R2 D2 ± SE 
(mJ cm-2) 

D3 ± SE 
(mJ cm-2) 

 
E. coli (ATCC 

8739) 

0 days 0.972 8.5 ± 1.0 12.8 ± 1.3 
1 day (dark) 0.937 4.5 ± 1.4 7.8 ± 1.8 
1 day (light) 0.990 9.6 ± 0.9 14.4 ± 1.2 

 
 

E. coli (wild) 

0 days 0.935 8.1 ± 1.5 12.6 ± 2.0 

1 day (dark) 0.882 7.3 ± 2.1 10.8 ± 2.6 

1 day (light) 0.922 14.0 ± 5.6 NR 

 
Summarized data in the literature for UV-C treatment of several kinds of aqueous 

matrixes using a collimated beam reactor equipped with a low-pressure Hg lamp indi-
cated a D4 ranging from 6.5 up to 19 mJ cmí� for E. coli, for both the same strain used 
in this study and wild types[21] [22]. In the present study, elimination was not achieved 
at a D4 dose, a difference with respect to other studies may be due to the configuration 
of the reactor; with respect to the size and treatment flow rate experienced, which con-
ditions the exposure time necessary to achieve the same UV dose, as well as the distri-
bution of UV-C light intensity throughout the volume of water exposed, these phenom-
ena could explain the different disinfection kinetics observed. 

4 Conclusions 

By means of the disinfection profiles obtained experimentally, a comparative evalua-
tion of the treatment applied by means of a continuous flow reactor on the bacteria 
studied was achieved. When comparing E. coli ATCC 8739 vs. native E. coli, the native 
strain is more difficult to inactivate if the photoreactivation processes are taken into 
account. This indicates that the determination of photoreactivation using pure cultures 
of E. coli in the laboratory could possibly underestimate the real risk of microorganisms 
in wastewater if they are exposed to light after UV treatment. 

 
The inactivation rates obtained after the fitting of the bacteria inactivation results 

with mathematical models highlighted the differences between the behavior of E. coli 
ATCC 8739 vs. native E. coli. The inactivation rate of E. coli ATCC 8739 was sub-
stantially higher in all the studied treatments. Therefore, the necessary dose of inacti-
vation was determined by UV technology, which was equal to 15 mJ cm-2 for a reduc-
tion of 5 log10 for both the E. coli strain and the native type, without considering reac-
tivation processes, while the maximum percentage of photoreactivation detected was 
6% achieved by native E. coli treated with 5.88 mJ cm-2. 

 
The method used, including the photoreactivation procedure, can be used to assess 

the microbiological quality of UV-disinfected water. The increased UV dose should be 
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taken into account during the design of UV disinfection when UV disinfected water is 
discharged into open receiving systems, such as rivers or lakes, where they are exposed 
to light conditions, which may favor photoreactivation processes. 
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Abstract. The implementation of renewable energies in different countries has 
in-creased considerably over the years. Due to the absence of inertia and con-
stant fluctuations derived from the variability of the renewable energy source, 
high levels of uncertainty have been generated. The continuous changes evident 
in the output power of photovoltaic generation plants are mostly the product of 
climatic externalities, known as power ramps. These constant changes impact 
the electrical parameters of the electrical grid. Considering the power ramps' 
negative impact on grid stability, this research pro-poses a methodology to sof-
ten the effects of the immense power ramps that occur daily in solar parks. To 
validate this methodology, the Girasol solar park in San Cristobal, Dominican 
Republic, was used as a case study. To determine the feasibility of using the 
BESS, a comparative technical analysis of the alternatives currently used was 
carried out; simulations were also carried out using the PowerFactory DIg-
SILENT engineering software to study the effects of the implementation of 
BESS in the case of mentioned study. The results of the different models using 
the DIgSILENT simulation software showed that using a 40 MW auxiliary bat-
tery storage system would help maintain the system frequency (59.92 Hz) at 
stable levels for drops of up to 46.7 MW/min. The proposed storage system im-
proves the transition of the power ramps of the photovoltaic park. 

Keywords: Power ramp, photovoltaic systems, solar parks, active power, elec-
trical grid. 

1 Introduction 

The objectives of a people-centered smart city are sustainability, quality of life, and 
economic growth, while an electric utility aims to provide affordable, reliable, and 
environmentally responsible energy [1]. Electrical power is essential for developing 
social activities [2]. Different technology have been developed to reduce the envi-
ronmental damage provided by conventional electricity generation methods that ena-
ble the implementation of technologies to massify the use of renewable resources [3]. 
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One of them is obtaining electrical energy through the photovoltaic (PV) solar source, 
a power generation technology that uses solar radiation to generate electricity [4] due 
to the massification of these technologies to interconnect to the electric network.  

The energy that comes from the sun is affected by fluctuations due to factors such 
as climate, temperature, impurities, and other situations that can then be reflected in 
the generation's behavior as a function of time (MW/h) [5]. This behavior implies that 
when there are variations in the electricity generation process, sudden rises and falls 
of electrical power generated are created; these variations are known as power ramp 
rates [6]. The power ramps of PV systems develop problems with the grid's frequen-
cy. Typically, PV generation fluctuations are caused by a cloud that interrupts the 
passage of solar radiation, reducing the level of energy generated, which causes drops 
in the grid frequency [7].  

PV systems generate active power in direct current, and inverters convert that en-
ergy to alternating current [8], [9]. Power electronics enable inverters to develop cur-
rent advances and delays concerning voltage, producing reactive power [10]. Fluctua-
tions in power generation vary the levels that reach the inverters, so reactive power 
drops generate drops in voltage levels [11]. The mechanisms have been proposed to 
counteract reductions in electricity generation so that the frequency can be maintained 
under the regulatory framework, avoiding emergency levels and, therefore, the entry 
of generators and other backup machines [12]. 

This paper's objective is to present a methodology to mitigate the power ramps 
generated in solar parks due to the stochasticity of the solar resource that affects the 
generation of active power through the analysis and simulation of storage systems 
integrated into PV parks. The main contributions of this paper in this field of research 
are: 

� Critical analysis of the different system applications to mitigate the power ramps 
generated in the PV systems connected to the grid when climatological or 
technical variations occur and affected de stability of the power grid.  

� Analysis of regulations in countries with technical and geographical similarities 
to know which strategies to use to mitigate the power ramps that solar parks 
can exert on the stability of the electricity system.  

� A methodology to mitigate the impact of power ramps generated in grid-
connected PV systems through storage system integration using DIgSILENT 
software. 

This paper begins by presenting the methodology used in Section 2. Power ramps 
in photovoltaic systems are presented in Section 3. Then, continue with the case study 
presented in Section 4. The results and discussion are presented in Section 5. Finally, 
Section 6 presents the conclusions and future work. 

2 Methodology 

The methodology used in this article consisted of the following steps:  
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� Collected the existing data on power ramps registered in the database of the 
electric transmission company. 

� Analysis of the statistics of the maximum fall power registered in the case study.   
� Evaluate the existing regulations in countries where the power ramp of PV in-

stallations interconnected to the grid is regulated.  
� Select the electrical variables that produce power ramps in solar parks connected 

to a specific point of the electrical network. 
� Simulation of scenarios based on the selected electrical variables to compare the 

behavior of the power ramp of the solar park in the electrical network before 
and after the proposed solution.  

� Analysis of the results applying the proposed solution to mitigate the power 
ramps in the case study. 

3 Power Ramp in Solar Parks 

Energy production through PV panels is not exempt from factors such as an intermit-
tent primary resource; it is impossible to control its magnitude, recurrence, or con-
stancy, causing large fluctuations within the system [13]. These fluctuations in power 
production generate a series of disturbances in the attenuation within the generation 
curve, known as a power ramp [14]. Power ramps cause problems in the correct func-
tioning of the grid, considering the installed capacity of PV generation since it is di-
rectly proportional to the magnitude of the change within the system [15]. The power 
ramps can be classified into ascending and descending ramp. 

The reduction of the power generated within the PV systems leads to effects such 
as a decrease or increase in frequency, which can trigger the protection system case 
not being controlled immediately. Such disconnection of the electricity supply is un-
desirable as it leads to an interruption for consumers [16]. 

In the process where the continuous power is changed to alternating power by the 
PV systems, there is a reduction in the operating energy production, causing a voltage 
drop. To compensate for the voltage drop, it is necessary to generate reactive power to 
control the voltage within the process at the time of disturbances [17]. 

Due to the high penetration of renewable energies in some countries, the impact of 
the power ramp caused by PV systems began to be a point of study [18]±[21]. Some 
of the measures that regulate power ramps in some countries are presented in Table 1. 
However, the regulations regarding the power ramps are minimal. 

Table 1. Power ramp regulations in some countries. 

Country Deviation Margin Regulations 
Germany ±10%/min EON 
Ireland ±10%/min EirGrid 
Puerto Rico ±10%/min PREPA 
Hawaii 2MW/min - 1MW/min HECO 
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Different methods can be used to mitigate the power ramps and keep them within 
limits indicated by the regulations, as mentioned earlier. When implementing the 
strategies, the methods are dynamically implemented during the transition period. 
[22]. The advantage and limitations of the most used methods worldwide [23]±[26] 
for mitigating power ramps are presented in Table 2. 

Table 2. Advantages and limitations of most used methods to mitigate power ramps. 

Methods Advantage Limitations 

Energy storage systems Quick response when the 
controller requires them to act. High economic investment. 

An increase in the re-
serves of electrical 
power generated 

Power reserves counteract 
deficits at critical moments. 

Limited in the percentage of  
generation, and expanding that 
percentage requires a very high 

economic cost. 

Active power reduction Allows bidirectional control of 
the behavior of power ramps. High economic  costs. 

Disconnecting loads 
It gives authorization to the 

system to stabilize the appropri-
ate parameters. 

Does not supply continuity 
service. 

 
Within the methods mentioned earlier, energy storage systems have presented the 
most significant advantages, such as grid stability, renewable energy reserves, and 
environmental protection [27], [28]. There are different energy storage systems [29]±
[31], which are presented with advantages and limitations in Table 3. 

Table 3. Advantages and Limitations of different types of energy storage systems. 

Method Advantage Limitation 

Mechanical 
 Rapid dynamic response. 

Energy capacity is limited to 
the size and dimensions of the 

storage equipment. 

Battery-based Supplies the necessary power 
reliably; Long service life. 

The capacity will be based on 
the type of material used. 

Thermal 
Response of great capacity, 

effectively supplying the high 
demands. 

It has a delayed response time. 

While it is true that each of the methods for the solution the power ramp has its ad-
vantages and disadvantages, the literature verifies how the authors have a marked 
tendency to use battery bank for the solution of the problem [32]-[33]. 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 699

pmoreno
ISBN 978-9942-44-109-6



5 

4 Case Study 

4.1 General Description 

As a case study, the Girasol solar park in San Cristobal, Dominican Republic, was 
selected (see Fig. 1) as the largest photovoltaic power plant (Girasol Solar Park) in the 
country and the Antilles. Property of the Empresa Generadora de Electricidad de Hai-
na, S.A. (EGE HAINA) The solar park has a surface of 220 hectares and 268,200 
panels of 445/450 Wp. Contains 268,200 photovoltaic modules, 8,490 Strings, 532 In 
Parallel Connection, 28 power inverters. It has a total installed capacity of 120 MWp 
with an annual production of 240,000 MWh. It has a solar position tracker system that 
rotates 104º over 12 hours to use the sun better. Fig. 2 presents the interconnection of 
the photovoltaic park and the national grid.  
 

 
Fig. 1. Girasol solar park view. Source: Egehaina. 

 
Fig. 2. Diagram of the solar park interconnected to the national grid. 
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Fig. 3 shows the interconnection diagram of the southern area of the interconnected 
electrical system and the Girasol photovoltaic park.  
 

 
 

Fig. 3. Diagram of the southern zone of SENI 
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4.2 Ramps Statistics 

The groups of ramps that were analyzed to determine the capacity of the storage sys-
tem to be used for the Girasol solar park can be seen in Table 4. 92.4% of the ramps 
range from -10 to 10 MW/min. To determine the energy capacity of the storage sys-
tem that the Girasol solar park needs to implement, the regulations of Puerto Rico 
were considered due to its similar conditions to those of the Dominican Republic. 
Puerto Rico regulations establish a minimum ramp change of +/- 10MW/min, so the 
solar system must maintain 10MW power close to its rated capacity. 

Table 4. Statistics of the average number of power ramps in the Girasol Solar Park. Data regis-
tered in the energy control center of the Empresa de Transmisión Eléctrica Dominicana  
(ETED). Data Collection 1/11/2021 to 30/06/2022 time-averaged to 10 second intervals. 

Ramps Groups 
(MW/min) 

Number of  
Events 

Total Registered  
Events (%) 

-50 to -40 10 0.02 
-40 to -30 69 0.11 
-30 to -20 384 0.61 
-20 to -10 1940 3.12 
-10 to 0 26969 43.15 
0 to 10 30800 49.28 

10 to 20 1800 2.99 
20 to 30 377 0.60 
30 to 40 69 0.11 
40 to 50 11 0.02 

 
Equation (1) from [21] was used to determine the storage system's capacity. The nom-
inal capacity of the park is 100 MW, assuming that 10% of the capacity is what can 
be reduced at any moment. Considering that the minimum allowed power drop is 
50MW according to regulations of other countries. A 40 MW storage system would 
be necessary to attenuate the power ramp. 
 

  (1) 

 

 
 

Where, 
PGrid(t) = Minimum power of the previous case, 

 = Photovoltaic power limited to the maximum allowable variation,  
PPV = Output power of the photovoltaic plant at a given moment,  
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ǻW�= Rate of time of the series of production data analyzed,  
PBAT = Battery power 

5 Simulation 

The DIgSILENT computer tool was used to simulate the behavior of the photovoltaic 
park, the proposed storage system, and the flow of energy in the grid due to its great 
capacity for analysis before large nodes within the same system. In addition, it allows 
power variations in the desired periods, achieving a perfect simulation of the incidents 
or factors that cause power ramps. Table 5 presents the leading software used for this 
type of analysis: 

Table 5. and disadvantages of different software according to some authors. 

Autor Software Advantages Limitations 

[34] DIgSILENT Analyzes large power sys-
tems without any difficulty 

High runtime in simula-
tions 

[34] DIgSILENT Allows manipulation of 
existing blocks 

Limitations when simulat-
ing rotary machines 

[35] PSS/E Allows project automation 
thanks to its scheduling 

Difficult compression by 
an untrained user 

[36] PSS/E Presents a simulation time 
compared to other software. 

Little variety among mod-
eled elements 

[36] Simulink It gives the ease of model-
ing power systems 

It is very slow from 1000 
buses 

[37] Simulink Gives the option of com-
munication between differ-

ent software 

This does not allow carry-
ing out a study of load flow 

5.1 Scenario Process  

 
The Organismo Coordinador del Sistema Eléctrico Nacional Interconectado de la 
República Dominicana (OC-SENI) gives access on its website to the diagrams of the 
Dominican electrical system in the DIgSILENT Power Factory software, so the simu-
lations were carried out with this data, adapting a battery system in the Gira-sol solar 
park for the simulation in question. 
 
The simulations of the situation of the Girasol solar park with the storage system and 
without it were carried out according to the regulatory standards of power ramps in 
photovoltaic systems, which Puerto Rico (PREPA) established for its photovoltaic 
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systems, this is because in the Dominican Republic it does not have a regulation of 
these. 
 
Scenarios simulated (11:00 am ± 2:00 pm) where exist much solar generation in the 
park. Therefore, the inertia of the electrical grid decreases since solar generation dis-
places conventional generation machines (gas and steam turbines), which produces 
variations in the system's frequency. The data on the power ramps were obtained from 
the Energy Control Center (CCE) database of the Dominica Electric Transmission 
Company ETED; power plant dispatches were simulated from the Girasol solar park 
with and without batteries to see how the frequency varies in the system. 

6 Results and Discussion 

Ten scenarios with different conditions regarding the ramp's power, the ramp, the 
direction of the ramp, and whether the photovoltaic system has BESS were per-
formed. Each of these scenarios presented how the ramp power affected the frequen-
cy's stability, as seen in Table 6. 

 

Table 6. Simulated Power Ramp Scenarios. 

Scenario Ramp  
(MW) 

Ramp 
Direction 

BESS BESS 
Capacity (MW) 

Frequency 
(Hz) 

1 10 Descent OK 40 60 
2 20 Descent OK 40 60 
3 30 Descent OK 40 60 
4 46.7 Descent - - 59.85 
5 46.7 Descent OK 40 59.92 
6 47 Descent - - 59.87 
7 50 Descent OK 40 59.95 
8 60 Descent OK 40 59.97 
9 80 Descent OK 40 59.95 

 
The development of the simulations showed that with a power ramp of 46.7 MW, the 
system experiences a frequency deviation with values below 59.90 Hz, representing 
the action of the primary frequency regulation and the other regulation steps to stabi-
lize the frequency values to their appropriate range. Below are some scenarios to see 
the power ramp with or without a battery, three scenarios were selected that general-
ize the system condition. 

 
Scenario 3. It shows a decrease or decrease in the generation of 30 MW in the Girasol 
solar park (see Fig. 4). The frequency does not perceive any effect since it has a stor-
age system, and 30 MW is less than the maximum power of the battery. The genera-
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tion drop is below what is being solved by the battery, so this variation becomes im-
perceptible to the frequency, remaining at its nominal value, 60 Hz. 

 Fig. 4. Power Ramp of 30 MW with the energy storage system. 

Scenario 4. It shows the frequency behavior at the time of a sudden drop of 46.7 MW 
in the system (see Fig. 5). It is well observed that the initial frequency of 60 Hz pre-
sented a deviation of descent up to 59.84283 Hz. The frequency drop occurred in an 
estimated time of 70 seconds. 

 
Fig. 5. Power Ramp of 46.7 MW without an energy storage system. 

Scenario 9. It shows a generation increase of 50 MW after the photovoltaic system 
has experienced a power decrease in a generation (see Fig. 6). At first, it is observed 
that before this event, the batteries are subjected to curability, reaching their maxi-
mum point of 40 MW in 97.95 seconds. During this time, the frequency begins to 
change from the output of service of the battery product has reached its maximum 
charge point. The storage system will try to absorb the most significant amount of 
energy for its load. However, when it comes to its limit of approximately 50 seconds, 
it will let the power continue to rise. 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 705

pmoreno
ISBN 978-9942-44-109-6



11 

 
Fig. 6. 50 MW incremental power ramp with the storage system. 

6.1 Cost 

Based on the prices of different storage systems, when checking them on their com-
mercial systems, a weighted initial and variable cost is projected as a capital cost of 
$37,577,490 operation/maintenance annual cost of $81,030.    
The investment would be amortized according to the effects of the diversions of elec-
tricity generation through photovoltaic systems for the programmed generation. Simi-
larly, this would reduce the cost of operating the electrical system due to the reduced 
dispatch of thermal power plants to supply the energy that was not provided every 
hour by photovoltaic sources. 

7 Conclusion 

Power ramps fluctuations of PV power output are produced by the fluctuations of the 
irradiance receive in the Panel. There are different types of methods for the attenua-
tion of power ramps. The storage system begins to gain more ground for regulating 
power ramps. Due to the response time being more dynamic to disturbances that can 
occur in the design, this type of technology is experiencing a price reduction in the 
Levelized Cost of Energy due to the development of new materials used for chemical 
storage.  

For more integration of solar photovoltaic technologies in the grid and considering 
that the changes in the power ramps created disturbances that affected the grid's sta-
bility. The development of power ramp policies and regulations in photovoltaic sys-
tems connected to the grid from the Dominican Republic o another country with is-
land characteristics that are not interconnected to other electrical networks must be 
developed.  

After analyzing the different scenarios, it was possible to visualize that a battery 
bank with a capacity of 40 MW is ideal for solving the problem because it can thor-
oughly cushion the ramps up and down in the Girasol solar park. The results of the 
simulations showed that when a ramp of power is presented without BESS, the fre-
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quency experiences a deviation with values less than 59.90 Hz, which, if several solar 
parks experience these changes, can affect the system's stability.  

In future works, economic studies must be carried out on the incentives and penal-
ties for installing the battery bank in PV systems connected to the grid under different 
conditions, in the case of the Dominican Republic. These studies allow the develop-
ment of regulations to regulate the renewable electricity market. 
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ABSTRACT  

In the near future it is essential that cities and buildings become energy neutral and fed with 
renewables in order to reach low impact sustainable cities. This is essential in developing countries where the 
largest increases in energy consumption are expected, but there are natural resources that allow Net Zero 
buildings. This research is an initial step towards analyzing the Net Zero feasibility in the Architecture Department 
buildings of the University of Cuenca, as a case sample of educational building located next to the equator and in 
the highlands of the Andes mountains. In this research we had just determined the photovoltaic (PV) potential to 
reach the actual energy requirement, to do so, we had virtually constructed the building facilities and obtained the 
building energy requirements, considering full power requirements measured before the COVID restrictions. We 
had determined, considering architectural restrictions, that the 88,6 % of the 2019 energy requirements could be 
solved with solar PV and the financial analysis also reveals that it is a profitable strategy. Next steps are 
determining the real performance of the PV technology, and measure the comfort levels, in order to foresee the 
total requirements,  to reach the Net Zero Energy standard. 

 
Keywords: 
Net Zero Energy Buildings; Energy Efficiency; Solar PV; Educational Buildings. 
	 

INTRODUCTION  

Cities consume about 65% of the energy human requirement, also promoting 70% of greenhouse 
gases and associated effects (IRENA, 2016). In Cuenca, Ecuador, the city where this research takes place, the 
massive introduction of energy efficiency and self-supply measures in urban areas is essential to reduce the 
impact and environmental degradation. These urban areas are located in Ecuador very next to the equator line, 
at medium altitude above sea level, in a valley between the Andes Mountain range (between 2300 m above 
sea level and 2700 m above sea level). This implies that despite being located in the torrid-tropical zone of the 
planet, there is no excessively hot climate, rather it is under a temperate climate, with few hours in specific 
days when the temperature could reach close to 30 º C (not depending on seasonal periods), and others when 
the temperature is close to 0 ºC, in the early morning for a few hours. This climate condition implies very 
particular urban and building energy requirements, where buildings and indoor spaces do not require heating 
and air conditioning systems. The analysis of this climate condition is very appropriate, considering that in the 
South America region, there are several cities under the similar condition as Cuenca, like Bogota or Quito, 
capital cities, but, there are several mid-size cities and countless small towns and populated areas, special 
implications that had been analyzed by the authors in previous research  (Zalamea-león and Barragán-
escandón, 2021). 

 
Due to economic and population growth in developing countries located in South America, this 

is a region with the highest growth in energy requirements as a consequence, the energy consumption grew 
from 2,200 KBEP per year (thousands of barrels of oil equivalent) to more than 2,700 KBEP between 2009 
and 2015 (Barragán-Escandón, 2018) showing an average 3% annual growth. The building sector around the 
world is essential to achieve energy neutral communities, reducing energy consumption as well as 
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environmental impact associated (Skaar et al., 2018), in addition, it is considered that shortly, individual 
buildings and typologies will be where to focus to solve these concerns. The built environment as human 
creations could contribute also accordingly to their characteristics to contribute to energy requirements. 
Buildings can supply energy to cities and communities (Disch, 2010; Powerhouse co., 2020). For this purpose, 
it is very important to have a thorough knowledge of possibilities and technologies to achieve neutral and 
positive energy buildings locally (Net-Zero Buildings and Plus-Energy Buildings) which implies building that 
reach comfortable standards and that obtain energy from in site renewable sources, then architects and urban 
designers are key towards this goal (Wall et al., 2012).  

 
The design process of buildings in the early stages is very important to achieve high energy 

standards. The process also requires figuring out the reliability of tools for environmental indoor simulation 
and prediction of energy self-supply capabilities. To start firstly is required to determine the energy required 
to achieve any energy standard, then, it is required to consider different requirements to achieve the Net Zero 
Standard, in different locations and building typologies. 

 
In Ecuador since 2018, there is a regulation extended to permit to building owners to install 

small distributed generation systems connected to the grid and achieve an energy self-supply in buildings 
through a micro-red connection in each power network(ARCONEL, 2018). This regulation that has been 
actualized recently (ARCERNNR, 2021a), this permits to achieve energy self-supply without power surpluses 
exceeding’s recognition, but the surpluses remain after two years as credit, then the exceeding are reset in 
zero, the local utility never financially reward to the generator owner.  

 
Any energy simulation from intermittent energy sources that is performed, no matter how 

accurate has been built, because of the different inputs and climate incidence and the model inaccuracy as a 
consequence of the impossibility to consider all the variable aspects, then the simulated results will differ in 
more or less from real measurements and outputs, but we do not know to what extent. Then, the only alternative 
is programing the simulation model as the best and precise definition following the real model. Then, to have 
the climate data for the simulation tool, the information must be taken on-site, to run the simulation afterward, 
so it is possible to determine the tool's accuracy. 

 
Under the background mentioned, this work proposes a methodological process to evaluate in a 

bi-directional way, different predictive tools to figure out the feasibility of this kind of software to predict 
energy performance of power generation through PV technology, these compared to the reality. This research 
is the starting point for detecting the real accuracy of PV simulation tools, then, after the PV installation 
proposed in this research, there will be an instance when the installation will be monitored conjunctly with 
indoor thermal performance and real outdoor climate conditions, comparing simulations with real data. This 
research then is a basis for achieving energy-neutral buildings and then establishing the potential of existing 
simulation tools to detect the capacity of PV technology, which is the possibility of in site renewable in the 
equatorial region right now, considering the fast technology development and the higher potential compared 
to other alternatives. This meant in the long run that PV due to fast cost reduction and increased efficiency, 
the versatility of power to supply all building demands, it is now the best technology that prevails in regions 
with high solar incidence, surpassing other alternatives for in-site self-energy supply (International Energy 
Agency, 2021; Weiss and Spörk-Dür, 2019).  

STATE OF THE ART 

In the last two decades, several research approaches to decipher cities as energy sources by 
themselves had been performed. The research about urban energy capability started at the begging of this 
century with the methodological process to decipher irradiation availability on urban fabric surfaces, detecting 
the solar incidence and irradiation availability as Campagnon proposed with Radiance lightning software 
(Compagnon, 2004). Other different methodological processes had been implemented also to figure out the 
solar potential of an entire country or city, through satellite information as performed by Izquierdo and others 
in Spain, so determining the overall solar availability of entire regions (Izquierdo et al., 2008). Then other 
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tools had been applied for detecting spatial fabric information and color and light automatic detection with 
image analysis (Bergamasco and Asinari, 2011; Travesset-Baro et al., 2021) or roof geometrical construction 
(Araya-Muñoz et al., 2013). Complementary, at the same time, other methodological processes for achieving 
Net-Zero energy buildings were performed in different climate conditions and different building 
typologies(Feng et al., 2019; Voss and Musall, 2012). 

 
But the background research does consider the detected energy requirements, for individual 

buildings, before the energy supply capability, it is required to implement low energy requirements, then 
energy self-supply capability. So there has been an evolution of building energy standards accordingly to 
energy efficiency and energy capability of self-supply, first as Passivhaus standard described in Germany at 
the end of the last century was emplaced, where certain basic requirements must be met to guarantee high 
interior comfort and, secondly, to lower energy consumption. To reach the standard, the criteria observed must 
consider air conditioning only with external airflow, solar passive capture or solar blockage if required, to 
limit the minimum temperature of the interior envelope surface, overheating, avoiding the risk of condensation 
effect, limit the interior airspeed so as not to have a negative sensorial effect, control air tightness reducing 
infiltration, and as a consequence of all these only passive strategies, to achieve a reduced energy 
consumption(Hatt et al., 2012). Then, a second standard intends to trigger buildings that do not pollute with 
greenhouse gasses emanations as a result of their energy requirements (Net-Zero Buildings) and then buildings 
that generate as much energy as they consume for their operation requirements (Net-Zero Energy Buildings) 
(Torcellini et al., 2006). The next standard corresponds to buildings with negative energy consumption or, to 
that extend, buildings with an energy capability to achieve an energy production higher than their energy 
requirement, called ads Plus Energy Buildings, a concept raised by Rolf Disch (Disch, 2010). This kind of 
buildings makes it possible to reach energy-neutral communities, by directing those surpluses that could satisfy 
other urban energy requirements (Amado et al., 2017; Marique and Reiter, 2014). The recent energy standard 
for building corresponds to the Powerhouse buildings. This is theoretically the highest standard and 
corresponds to buildings with the capability to generate as much energy as that equivalent to that necessary 
throughout the entire life cycle required by the building. This implies that the building does integrate energy 
efficiency measures jointly with renewable energies that provide energy surpluses that allow recovering the 
energy required for the process of manufacturing materials, the energy required during the building process, 
and disposal of the building as I waste, considering a useful life of sixty years(Powerhouse co., 2020). 

 
Each climate condition supposes different requirements for building performance accordingly 

to energy consumption. Then, local analysis is required for detecting the best strategies for achieving building 
energy self-sufficiency. Architectural and energy simulator tools include the capability to predict the 
environmental quality and energy requirement on buildings, through simulations in the architectural design 
process as predictive tools. Energy efficiency strategies as well clean energy technologies for self-supply, 
especially under equatorial middle altitude mountain context, where normally there is no heating or cooling 
requirement for indoor condition. Computers have incorporated tools for building and renewable energy 
integrated design. Currently, almost all architectural projects follow their design process in CADs (Computer 
Collaborated Design) through BIM (Building Information Modeling) which are specialized platforms for 
building design process (Ghaffarianhoseini et al., 2017). In addition, there are specialized tools to perform 
simulations of comfort levels, which in the design process, foresee, among other aspects: passive and active 
strategies pertinent to being incorporated into a building. Before digital technology, the possibility of 
bioclimatic analysis in architecture was based on the background and knowledge of the designer, in an intuitive 
application of experience, mostly in a near context: Accessibility or solar blocking, ventilation, insulation 
levels or levels of tightness, acoustics, etc. Nevertheless, architects are less associated with energy simulation 
tools, and these are integrated in energy software as Ecodesigner and Design Builder, or specialized tools for 
only decipher renewables integrated to buildings as SAM software. Currently, the development of a more 
sophisticated computer processor, complemented with more powerful tools for building modeling, makes it 
possible to forecast comfort and energy parameters in response to climate, accordingly shape, materiality, 
setting regarding the environmental context and the overall performance of the building as consequence 
(García Álvarado and González, 2014). 
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However, simulations usually are not contrasted with reality. Comparisons have been made 
between types of software (Attia et al., 2009; Horvat and Dubois, 2012; Lobos et al., 2014) but not between 
software and real conditions, that is, a comparison with survey data obtained from a weather station. Therefore, 
using the equipment and capacities available at the Faculty of Architecture and Urbanism buildings (blocks 
built with a precise functional program, installed a weather station, environmental measurement equipment, 
modeling software) it is possible to carry out this research, simulating levels of environmental comfort and 
integration of renewable energies, in order to check the reliability of the software against reality. 

 
MATHODOLOGICAL APPROACH 

This research project proposes to determine the different parameters and requirements to get a 
university-level educational Net Zero Energy Building. To do so it is required to get the energy supply within-
site renewables. Previously, extensive analysis had found that the main energy source available in Cuenca, 
Ecuador, to obtain in-site clean energy is solar by far (Barragán Escandon, 2018). This is a starting point 
considering operational energy consumptions that have been determined just before the COVID pandemic 
period, when these buildings were being used to their full capacity. The energy demands of the year 2019 were 
taken as the base energy requirement. This has been obtained through the energy bills that are publicly 
available thanks to the fact that the electrical utilities in Ecuador are state-owned, and the bills are freely 
available online  (Empresa Eléctrica Regional Centro Sur C.A., 2022). 

 
Then, according to the energy requirement, a PV system integrated into the buildings in the 

System Advisor Modeling software of the NREL is constructed accordingly (NREL, 2019). This free online 
software does have the capability of static simulations to determine the performance of specific solar products. 
In concordance con PV products available in Ecuador, and in concordance with an aspectual expression of PV 
products and its visual impact, Trinasolar Vertex S Black Structured PV Half Cell (Vertex DE09-05, 2022) 
has been considered to determine the required dimension to achieve a close PV requirement. The initial PV 
requirement is dimensioned considering a close demand next to 90 %, considering that actual regulation does 
not allow power exceeding the grid on annual consumption [9], so to approve the energy production do require 
this margin to ensure avoiding possible surpluses. 

 
In concordance to the initial analysis, climate data from the NREL available for SAM is 

obtained, through a free download process. After performing a simple solar availability through a recent solar 
potential accordingly to slope and orientation, it is possible to predict initially the area requirement for solar 
surface required (Zalamea-león and Barragán-escandón, 2021). With the simulations, it has been observed that 
accordingly to orientation parameters, when the tilt is lower than 22 º, the power capability is only reduced 
maximum in 6,1 % compared to the best orientation compared with worst orientation (260,09 KWh/year by 
m2 of PV installed orientated toward the east versus 244,41 KWh/year by m2 of PV installed oriented toward 
West-South). Then, for the solar plant, it has been considered to set the PVs oriented towards the four cardinal 
orientations, to achieve higher power production in different hours in different arrays as described by Hachem 
(Hachem, 2012). To deploy the PV arrays towards different orientations in the future will be very useful to 
further research. 

 
With these simulations of PV performance, the next work after the installation of the PV arrays 

and the connection to the grid is the reliability and deviation of the tools for simulation. It is foreseen that in 
the future climate information will be taken from the climatic station that is already installed and functional 
on the roofs of the buildings of the Faculty of Architecture. So, with this information, and PV power output 
and programing software for PV simulation like SAM or DesignBuilder software, that is available in the 
Cuenca University, it will be possible to perform a comparison of these tools with real performance of this 
solar equipment. 

 
This research in part of overall research that will compare different levels of building indoor 

comfort parameters and in-site renewable production, comparing real data of performance with software 
simulations through virtual building construction in comparative precise best similarity with indoor spaces in 
the three blocks of the Faculty of Architecture and Urbanism (FAUC) of the Cuenca University, climatic files 
constructed from data taken from a climatic station located in the FAUC three-block building roof while the 
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levels of thermal comfort of 18 interior spaces of permanence for students (temperature and CO2 detection). 
The climate data will be collected on-site when the PV plant will be generating power. These climate data 
afterward could be converted through Meteonorm software,  in files .csv, .epw or .tm2 to run in the simulation 
software like Archicad's Ecodesigner (Graphisoft@, 2021) and Designbuilder software (Design Builder 
Software, 2020). This process is expected to detect real performance data for the requirements to achieve the 
Net Zero standard. 

 
It is necessary to consider PV performance and the indoor environmental characteristics under 

an equatorial context. This particular context has been determined as a particular region with ideal 
characteristics to achieve a huge impact in self-energy supply for buildings and communities, the high 
irradiation, relative low seasonal fluctuations, and the minimal thermal requirements for achieving internal 
comfort, makes it possible to integrate and feed an important energy fraction of building and urban energy 
requirements with relatively reduced PV installations (Zambrano-Asanza et al., 2019). So, detecting the 
energy capability of individual buildings typologies and introducing the technology observing its real 
performance is the first step to achieving neutral energy communities taking advantage of the enormous 
opportunity thanks to the excellent local conditions as explained previously. 

  
RESULTS 

ARCHITECTURAL AND ENERGY CAPABILITY INTEGRATION   

The energy requirements for the Architecture Department buildings analyzed are determined by 
power requirements. These buildings contain spaces for permanence uses such as classrooms, laboratories, 
offices, and others, which due to the prolonged use of users require adequate habitability and comfort 
conditions, in these spaces, there are 3483.40 m2; complementarily, there are circulation and complementary 
areas like bathrooms, storage, and support in general, they are also interior spaces, but with less demand in 
environmental comfort since they are not permanence spaces. In total, the buildings of the complex have 
4418,16 m2. Accordingly, to the climatic conditions described before, the building complex analyzed currently 
consumes only electricity. There is no heating or hot water requirements, so the energy demands correspond 
mainly to artificial lighting, electronic equipment such as computers, projectors, and support equipment for 
computational systems. In addition, the Architecture Department buildings includes a carpentry workshop that 
also requires electrical consumption for mechanical equipment for woodwork and wooden board cutting. 
Table 1 is expressed the energy consumption in 2019, just before the COVID pandemic event. This 
consumption implies a requirement index of 30.5 KWh/m2 in a year, much lower than the measurements 
performed in other educational buildings under seasonal climate, where the energy requirement oscillates 
between 55 KWh /m2 yearly to 195 KWh /m2 yearly, depending if the climate corresponds to north or south 
Europe context (Marrone et al., 2018). In this table, it is possible to observe that contrary to what is expected 
and happens in buildings located in seasonal locations, the power consumption increases during months with 
academic activity, without any correspondence to climate variations. 

 
TABLE 1: Energy consumption and spent in power bill, in the School of Architecture of Cuenca 

University 

Montly power bills ($)   

Utility Account code Department Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec TOTAL 

2857694 Architecture 1039,4 775,9 767,6 935,4 1032,0 1079,0 1146,8 630,1 787,3 951,9 961,2 934,1 11041 
  

Montly Power Consumption (kWh)   
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Utility Account code Department Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec TOTAL 

2857694 Architecture 
12.763 

9.302 
9.875 12.172 12.415 13.043 13.777 7.603 9.554 11.489 11.654 11.308 

134954,6 

                 KWh Average costo (Kwh) USD 0,0818 

 

Then charging this consumption as expected demands in the SAM simulator software, we 
proceed to dimension the PV system required to reach 90% of a full year consumption as said before, to adjust 
to the approval norm of the local distribution utility. 

In the SAM simulator, the integration of 228 PV units is found to achieve close to the required 
power output, deployed in the three built blocks accordingly to the roof availability as shown in Figure 1.  In 
Figure 2 it is shown an aerial view of the PV arrangement on the roofs. To avoid the accumulation of dirt 
and dust, it is necessary to tilt the PVs, therefore they are placed with a 15-degree slope, which has been 
shown to minimally reduce production since the best theoretical performance next to the equator is 
horizontally to capture more direct solar incidence. Buy sloped arrangement maximizes cleaning due to the 
high and constant levels of rainfall in the area.  

FIGURE 1: PV Arrangement of 228 PV units of 385 Wp deployed accordingly to roof availability 

 

 

FIGURE 3: Aerial view of the PV deployment of 228 PV units of 385 Wp accordingly to architectural 
criteria 
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The Architecture Department buildings had been cataloged as “patrimonial value” so, any 
intervention must consider a low impact and be reversible intervention. In consequence, the PV arrangement 
has been performed considering under Kaan and Reijenga conceptualization (Kaan and Reijenga, 2004) 
accordingly to PV solar integration architectural integration guidelines, Under this concepts we had deployed 
the PV as trying to make invisible the PV array, from the ground perspective that has been which has been 
classified as Level 1, according to those authors. The PV arrays are visible from the sky, so the PV arrays are 
arranged symmetrically paired with each other in pairs, as well these had been arranged also symmetrically 
accordingly to the roof configuration. The PVs selected also are all black type, that fits better over the old-
dark grey concrete roof, so the product selected is DE05-09 full black product from Trina solar (Vertex DE09-
05, 2022). The arrangement of the PV arrays is close to the four cardinal points, with a 7 º deviation, as a 
consequence of the deviation of the roofs and buildings. The energy output as consequence will be very close 
by the unit as if the PVs were exactly arranged facing the cardinal points directly. As a consequence of special 
availability and visual coupling, 60 PV units were arranged facing East, 60 West, 54 to North and 54 to South 
as observed in Figure 2. 

PV POTENTIAL AND FINNANCIAL RESULTS 

With the PV installation proposed, it is possible to reach 119563 KWh annually from 134954.64 
KWh consumption 2019, corresponding to 88,6 %. This generation does oscillate monthly according to 
irradiation availability as well as the monthly consumption, in Figure 3 it can be observed.  It shows that in 
the months with higher irradiation, on September or December 1000 KWh of exceeding’s, in June and July 
with low irradiation, in addition to PV generation, about 5,000 to 4,000 KWh additional power from the grid 
are required, in months where these buildings are fully operational. 

 
FIGURE 4: Monthly power consumption recorded in the year 2019 versus PV potential 
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In addition, and as a complementary result of the SAM simulation, the software makes a 

financial estimate, to perform this, it has been considered and simulated the energy costs jointly with the costs 
of the PV installation. After a revision about the retail prices from a local installer (Heliostrategiaecuador, 
2021), where the system is budgeted by the PV systems proposed, the solar products, and the planned 
arrangement system, a market cost of about 1.20 USD per Wp is obtained. This price and an annual efficiency 
reduction of 0.5% are also taken into account, typically reduction for PV technology along the 25 years of 
useful life. The financial results show a payback of 7.9 years period. Therefore, the result shows that a bit 
more than 17 years of "free" electricity is obtained as a net benefit. The price by KWh purchased from the 
utility by the university is 0.082 dollars, 25% less than the residential cost, this price is also 41.5% cheaper 
than the real estimated cost of production is around $ 0,098 KWh USD without considering that the Hydro 
had been built by public founding; then, when real prices including the generation system, it has been 
determined the real power retail price in the country about USD 0,14 in the region (ARCERNNR, 2021b). 
Then, solar energy self-supply meant savings to the public accounts, and an interesting alternative to all public 
buildings, not only to promote private investment in self-provisioning electricity, it also saves public spending. 
Figure 5 reflects the annual investment recovery. The overall cost of the PV plants is USD 115,150.00. This 
investment has a recovery period of 12,8 years if the electricity prices is maintained. But considering only a 1 
% increase, very low as expected (It has been about 37 % annual average from 2014 until 2019 accordingly 
to world bank, from USD 0,079 average cost in 2014 to USD 0,119 en 2019), it would be reduced to 12,3 
annual payback period, and it would be much higher if continue the recent price trends, affected by energy 
requirement and global warming effects. 

 
FIGURE 5:  Annual investment recovery, considering not power retail price increase. 
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CONCLUSION  

This research is the first step to determine the requirements for reaching Net_zero Energy 
standard in the Architecture Department buildings of the Cuenca University, as a representative case of the 
educational building. Firstly, it has been determined that, in the 1076,35 m2 of overall flat regular roof, in this 
available space accordingly to architectural impact, shadowing and maintenance aspects, it was possible to 
integrate 228 Vertex All Black Trinasolar Product, of 380 Wp each, which implies an available PV area for 
solar production of 438,3 m2. In consequence, implies an available PV surface of 40,7 % occupancy rate. Also 
it expresses that in this typology in this context, according to the case analyzed, it is required about 0,01 m2 

with this per square meter of PV solar capture to get close to the energy requirement, with the PV efficiency 
proposed (around 20 %). 

 
With this PV system proposed, it has the potential of covering the 88,6 % of the 2019 power 

consumption. This dimension supposes close to the overall energy requirement, considering there is not any 
type of fuel consumption currently. 

 
The next step is to determine the interior comfort level. Even there are no HVAC systems 

integrated into this building, it is a requirement, and considering that in cities in this altitude and latitude, very 
favorable climatic conditions are observed that suppose the non-installation of this equipment, this also 
supposes that there are times when conditions out of thermal comfort conditions. To achieve the standard 
requirements will be performed in the next research. The overall 100 % reduction could be achieved by 
improving actual luminaries from fluorescent lightning to led lightning and analyzing complementary other 
equipment that could be a high requirement. Additionally, it is necessary to determine if there are moments 
outside the comfort requirements, then, if it is possible to integrate strategies to and closely analyze other 
equipment that makes it possible to reduce consumption, additionally, determine if there are moments outside 
the comfort requirements, if possible applying conditioning measures with passive strategies, to achieve the 
overall Net Zero Energy requirements, without including active energy consumer strategies. 

  
 
 
NEXT RESEARCH 
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Abstract: Solar energy is one of the main renewable sources that could improve 
the sustainability of a city. Here, solar module inspection techniques play an im-
portant role in order to detect several failures that appear throughout the photo-
voltaic module lifespan. One of the most used and useful techniques is lumines-
cence, which is based on silicon emission capture. The present article shows a 
luminescence technique called partial photoluminescence. It is based on lighting 
one region of the solar cell and capturing the luminescence signal in the rest of 
the area. This allows capturing the luminescence emission in a dark environment, 
which is advantageous because the luminescence emission is much lower than 
solar radiation. The partial photoluminescence images have a similar quality to 
conventional electroluminescence images, although partial photoluminescence 
images require higher exposure times. The technique has been implemented in 
the laboratory. Nevertheless, it could be adapted in order to achieve solar module 
images in the field using sunlight as the excitation source. 

Keywords: Photovoltaic, Inspection techniques, Electroluminescence and Pho-
toluminescence  

1 Introduction  

Since the beginning of the century, the population that lives in urban areas has increased 
considerably, forecasting that more than 2.5 billion people will live in urban areas by 
2050 [1]. That means that the growth of energy consumption in the cities that will lead 
to different challenges related to the city's sustainability. Here city-integrated renewable 
energy could increase energy independence and reduce greenhouse emissions in cities, 
transforming urban environments into sustainable and self-sufficient places.    

Solar energy is one of the most important sources that cities could use due to its low 
cost, facility installation, and great potential. City-integrated photovoltaics has the po-
tential of satisfying much of the city's electricity demand, being able to generate more 
than 60% [1] of the electrical needs.  

One of the main objectives of solar energy research and development is a continuous 
cost reduction that allows solar energy to be competitive against fossil fuels. Therefore, 
maintenance plays an important role in solar energy [2]. The most used inspection and 
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characterization techniques for photovoltaic field applications are visual inspections, 
current-voltage measures, thermography imaging, and luminescence imaging [3]. 
Those techniques can detect several failures that appear throughout the solar module 
lifespan.  

Luminescence imaging is a technique that allows the characterization and inspection 
of silicon samples, an element by which most commercial photovoltaic cells are man-
ufactured. This technique is based on the silicon electromagnetic radiation capture, get-
ting images that show high added value information about the solar cell performance. 
Luminescence images are a great tool for fault detection in photovoltaic modules such 
as cracks, microcracks, finger failures, potential induced degradation (PID), bypass di-
ode failure, mechanical load failures, humidity corrosion, shunt faults, or series re-
sistance failures [3].  

The luminescence radiation can be generated by current injection in the photovoltaic 
module (Electroluminescence) or an optical excitation with a proper light source (Pho-
toluminescence). Moreover, luminescence radiation has an emission peak at 1150 nm 
and can be captured with two different varieties of sensors: the Charged Coupled De-
vice (CCD) and the Complementary Metal Oxide Semiconductor (CMOS) [4].  

The intensity of luminescence emission is much less than the intensity of the solar 
emission, hindering image acquisition in high-irradiance environments. Therefore, lu-
minescence images have traditionally been taken at night, which is not optimal from a 
plant operational point of view. To make possible electroluminescence (EL) and pho-
toluminescence (PL) with high irradiance levels possible, a bias switching method has 
been developed [5]. This method is based on the acquisition of a couple of pictures 
where the luminesce emission is high and null respectively. Then a proper picture sub-
traction allows the removal of the background signal and obtains pictures that only 
show the luminescence emission.  

Another disadvantage of the luminescence technique is the need for an external en-
ergy source like a power supply in EL or a lighting device in PL. However, solar power 
plants may have bidirectional inverters [6] that allow the current injection in the pho-
tovoltaic array, leading to the EL effect. On the other hand, PL images can be generated 
using an excitation source such as sunlight [7]. Furthermore, a sophisticated method 
called DaySy [8] (Day Light Luminescence System Testing) was presented which en-
ables EL and PL solar modules characterization in bright daylight.  

Another possibility in luminescence is the non-homogeneous lighting techniques, 
where only a fraction of the solar cell is illuminated [9]±[11]. Those kinds of PL images 
may differ from conventional PL images with uniform illumination [12] because lateral 
currents appear in partial illumination. When non-homogeneous illuminated PL images 
are interpreted, it must consider the effect of those lateral currents as well as the relative 
position of the solar cell and the illuminated and captured area. Nonetheless, those kinds 
of techniques, especially line scan imaging [9], [10], are useful to detect broken fingers 
or series resistance failures, being more accurate than conventional EL and PL images. 
Line scan imaging is used by manufacturers for modules fault detections and charac-
terization. This technique is based on a line scan camera, in which the sensor is reduced 
to a single line of pixels. The illumination source for excitation can also be reduced to 
a line. One of the main advantages of PL line scan imaging is that it avoids electrical 
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contacts, something that can increases complexity, risk of mechanical damage and can 
have a negative impact on production throughput.  

When the excitation light is the focus in one region of the solar cell, the conductor 
structures allow the induced voltage spreads throughout the cell, leading photolumines-
cence effect on the entire surface of the solar cell. The technique shown in the present 
paper is based on this effect. So, half of the solar cell is illuminated while the PL emis-
sion in the other half is captured in a dark environment, avoiding the use of algorithms 
for the excitation light subtraction and the need of a line scan camera. The second sec-
tion of the paper shows the implemented methodology technique and the devices used. 
The third section collects the results and finally, the conclusion and future work are 
presented in the fourth section.  

2 Materials and methods  

The present technique has been implemented in a laboratory using an artificial excita-
tion light. However, the technique could be adapted for taking luminescence images in 
the field using sunlight as an excitation source.  

As can be seen in Fig. 1 the experimental device built allows half of the solar cell is 
illuminated by an infrared LED array while in the other solar cell half the photolumi-
nescence emission is captured in a dark environment. A removable opaque sheet splits 
the solar cell allowing the darkness in the capture area of the device.   
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Fig. 1: Experimental device for the partial photoluminescence image acquisition. 

The LED array is made up of 42 infrared LEDs (OSLON SFH 4715) with a peak wave-
length of 860 nm. The LED array has also been calibrated with the purpose to know the 
equivalent irradiance that the solar cell is going to receive. The images of the solar cells 
were obtained with the Hanamatsu InGaAs camera (C12741-03). The use of this kind 
of camera allows a faster image acquisition than CDD cameras and it is also not sensi-
tive to visible and excitation wavelengths, which reduces its sensitivity to the back-
ground signal. Finally, the solar cells tested are polycrystalline silicon cells (IM156B4) 
with 8.99 A short circuit current and 0.638 V open circuit voltage.  

As mentioned in the introduction, the luminescence relative intensity has a peak 
wavelength at 1150 nm, out of the visible range. The used InGaAs camera has a maxi-
mum quantum efficiency from 1000 to 1600 nm, which makes it ideal for luminescence 
emission capture (see Fig. 2). The choice of the lighting source wavelength plays an 
important role because it must be matching with the quantum efficiency of the solar 
cell that is going to be tested. As the Fig. 2 shows the infrared emission of the LED 
used is matching with the quantum efficiency of the polycrystalline solar cells. This 
will allow the luminescence effect.   
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Fig. 2: Polycrystalline silicon solar cells quantum efficiency, InGaAs camera quantum effi-

ciency, infrared LED array relative intensity and luminescence emission relative intensity. 

The methodology of the implemented technique is schematized in Fig. 3. The steps 
necessary for the partial PL image acquisition are shown below. 

1. The capture of the first solar cell half. Here, two pictures are taken: 
a. Image in lighting: A picture is taken when the LED array is on and consequently 

the PL emission is maximum. This picture captures the PL emission and the back-
ground signal.  

b. Image in darkness: A picture is taken when the LED array is off, and the PL emis-
sion is null. This picture just captures the background signal.  

2. Image subtraction: Both pictures are subtracted with the purpose of removing the 
background signal and getting a better-quality picture that just shows the PL emis-
sion.  

3. Image processing: The image obtained is processed to correct the optical effect that 
is generated due to the camera lens. 

4. Replicate the above steps with the second half of the solar cell. 
5. Images combination: A manual combination of the two solar cell images allows one 

to get an image of the full solar cell area that can be compared with conventional PL 
or EL images. This steps just includes the union of both images and brightness 
matching. 
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Fig. 3: Schematic of partial photoluminescence imaging methodology  

Equivalent circuit models define the entire I-V curve of a cell, module, or array for a 
given set of operating conditions. One of the most used equivalent circuits for electrical 
performance simulation is the one diode model [13]. Based on this model, it has been 
possible to simulate the performance of a partially illuminated cell using its equivalent 
circuit (see Fig. 4.). This circuit is the result of the parallel association of two solar cells 
modeling using the one diode model. One of the solar cells lacks a current source trying 
to emulate the portion of the solar cell that does not receive light. 

The current through the diodes can be interpreted as the photoluminescence signal 
intensity. As can be seen in Fig. 4 the intensity increases exponentially whit the opera-
tional solar cell voltage. In order to achieve the largest PL intensity emission and get 
high-quality pictures with the shortest possible exposure times, the solar cells have been 
tested in an open circuit.  

 

 
 

Fig. 4: Partially illuminated solar cell electrical modeling  
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During the experimental process different solar cells have been tested. Moreover, pic-
tures of the same cell have been taken in different conditions, modifying exposure time, 
irradiance, and percentage of the illuminated solar cell.  

3 Results  

As mentioned above different pictures of the same solar cell have been taken in differ-
ent conditions, where two correlations have been observed. On the one hand, for the 
same exposure time there is a correlation between the irradiance and the PL emission; 
the greater irradiance, the greater the PL signal captured. On the other hand, for the 
same exposure time there is a correlation between the percentage of solar cells illumi-
nated and the PL emission; the greater irradiance, the greater PL signal capture. There-
fore, for high-quality image acquisition is essential to adjust the exposure time accord-
ing to the percentage of solar cell illuminated and irradiance. 

In order to achieve the maximum PL signal, it may seem optimal to light 50% of the 
solar cell surface and capture the PL emission on the other 50% surface. However, this 
causes problems in the union area of both images due to the excitation light passing 
through the opaque sheet that split the lighted area from the acquisition image area. 
This light could mask possible defects in the middle of the solar cell. So, it is needed to 
reduce the lighted area and increase the capture area. This reduces the PL signal inten-
sity but allows for the removal of the area affected by the excitation light in the image 
combination step. Therefore, it has been considered that the best choice is a configura-
tion where the 40% of the solar cell surface is lighted and the other 60% is captured by 
the InGaAs camera.  

Fig. 5 shows partial PL images of the same solar cell under different irradiance and 
lighted area. All the PL images show the potential for characterization and fault detec-
tion in solar cells. However, an increment of the irradiance and lighted area allows for 
an increase in the PL intensity emission and reduces the exposure time. The partial PL 
images taken show similar results to conventional EL images. Nevertheless, conven-
tional EL needs lower exposure times, allowing faster data acquisition. 
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PARTIAL PL (40% SOLAR CELL SURFACE LIGHTED) 

 
CONVENTIONAL EL 

200 ms 
1000 W/m2 

300 ms 
500 W/m2 

400 ms 
250 W/m2 

50 ms 
8 A 

   

 

 
PARTIAL PL (20% SOLAR CELL SURFACE LIGHTED) 

200 ms 
1000 W/m2 

300 ms 
500 W/m2 

400 ms 
250 W/m2 

   
    

Fig. 5: Partial PL images under different irradiance, lighted area, and exposure time 

Partial PL images, as well as conventional EL images, are able to detect different kinds 
of failures in solar cells. The first row of Fig. 6 shows partial PL solar cell images with 
several failures while the second row shows the same solar cell images using a conven-
tional EL technique acquisition.  

 
 

     

     
A) 

 
B) C) D) E) 

Fig. 6: Partial PL images (1000 W/m2, 200 ms exposure time and 40% of illuminated cell 
surface) and conventional EL images (8 A and 50 ms exposure time)  

4 Conclusions and future work 

The present work shows the viability of a PL image technique acquisition, where 
one region of the solar cell is lighted while the PL emission in the rest of the solar cell 
area is captured in a dark environment. The main advantage of this technique is that it 
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does not need the use of algorithms in order to remove the background signal. None-
theless, partial PL images, besides needing higher exposure times than conventional EL 
images, require the acquisition of two pictures and a combination process. The quality 
of the partial PL images is like EL images, which means that the partial PL technique 
is an effective tool to detect failures in solar cells.  

After several tests, it has been determined that the best configuration is lighted the 
40% of the solar cell and capture the PL emission in the other 60% area. This allows 
the removal of the area affected by the excitation light and maximizes the PL signal 
emission, which leads to a lower exposure time. The partial PL technique is able to get 
high-quality pictures under different irradiance conditions, from 250 to 1000 W/m2. 
Therefore, although the technique shown in this article has been carried out in a labor-
atory, the technique could be adapted in order to get photovoltaic module measures in 
the field using sunlight as the excitation source. This would have two great advantages. 
On the one hand, it is possible to get daylight luminescence images without the need to 
use techniques to remove the background signal. On the other hand, while conventional 
EL and PL images need external energy sources like power supplies or homogeneous 
lighted devices respectively, partial PL is able to achieve pictures using the sunlight as 
an excitation source.   

The main disadvantage detected is that de combination process, which has been done 
manually, requires a lot of time. Therefore, future works will focus on improving the 
combination process in order to automate it. In this sense, it will be essential a proper 
design of the process in order not to increase the computational costs compared to con-
ventional EL Moreover, the device will be adapted to make possible solar cells images 
acquisition in the field  
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Abstract. The correct design of a low enthalpy geothermal system is a priority 
to ensure the expansion of this renewable energy in the alarming world energy 
panorama. In this sense, the present research has analyzed how the estimation 
of the initial energy demand of a space plays a fundamental role in the corre-
sponding geothermal design. Thus, the main tools used in Spain (location of the 
study case) in the calculation of the energy demand have been used for then de-
signing the shallow geothermal system. Results show that the official tools 
(HULC and CE3X) provide lower energy demand values and adjusted to the 
construction conditions of the building that allow the optimization of the geo-
thermal well field. On the contrary, simpler, and more intuitive applications 
(regular spreadsheets and GES-CAL software) assume a higher value of heating 
energy demand, which in turn implies an oversizing of the geothermal scheme. 
Even though all the procedures ensure to cover the energy requirements of the 
building, the most precise tools manage to reduce the initial investment of the 
system and its operating costs, in addition to reducing the global CO2 emissions 
because of the lower power of the associated geothermal heat pump.  

Keywords: energy demand, shallow geothermal energy, HULC, CE3X, GES-
CAL. 

1 Introduction 

Climate change and its devastating effects are pushing the energy sector towards a 
transition to cleaner technologies with lower CO2 emissions. However, the world 
energy supply is still highly dependent on fossil fuels (~80% of primary energy), 
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which translates into unacceptable levels of Greenhouse Gases (GHG) emissions and 
other environmental impacts [1-2].  

The European Union (EU) is committed to reducing the global GHG emissions by 
20% from the 1990 levels by 2020 and around 80±95% by 2050 [3]. In this context, 
increasing the penetration of renewables is mandatory for ensuring the future de-
carbonized energy system. Contributions are required from the different energy con-
suming sectors, but specially from the building one, which represents in the EU 40% 
of the total final energy use, meaning 36% of the global CO2 emissions [4]. The prin-
cipal legislation in the European Union for the energy efficient buildings together 
with the International Energy Agency (IEA) promote the implementation of heat 
pumps and renewable energy for the heating and cooling sectors [5-6].  

In this sense, Geothermal Energy (GE) is a non-carbon source of renewable energy 
that constitutes an ideal solution for reducing the dependence on fossil fuels using the 
available heat stored in the ground, ground water, or surface water [7]. Deep geo-
thermal resources based on hot-water and steam are currently exploited for producing 
electricity, whereas shallow geothermal heat pump systems mean a mature technology 
for space heating and cooling and the production of Domestic Heat Water (DHW).   

Regarding the emission of CO2 and energy efficiency, geothermal heat pumps rank 
higher than all fossil fuel-based boilers and the air source systems [8-10]. However, 
and despite advances in this renewable energy have led to the increase in the energy 
efficiency and its expansion through the global heating/cooling energy sector, geo-
thermal energy is not as widespread as other renewable energies such as solar or 
wind. 

This fact derives in part from the lack of knowledge about this energy by the gen-
eral user but also from certain wrong practices carried out in the different phases of a 
shallow geothermal project. These actions lead to failures during the operation of the 
installation, compromising its correct operation throughout the initially projected 
useful life of the systems.  

In the above context, one of the fundamental steps when starting this type of pro-
ject is the evaluation of the energy consumption of the particular building. Different 
research has addressed the application of software to simulate the energy behavior 
such as TRNSYS, Energy Plus or ESPr which are useful to provide an estimation of 
how the building behaves from the energy point of view [11].  

In the case of Spain, the practical calculation of the heating and/or cooling energy 
demand has been usually performed using tools that complies the Technical Code for 
Building [12] and are freely available for technicians and users (LIDER and 
CALENER) [13]. With the transposition of the EU Directive 2012/27/EU to Spanish 
regulations based on the Royal Decree 235/2013, that ratifies the process for certify-
ing the energy performance of buildings [14], the two applications tools were unified 
into D�VLQJOH�XQLILHG�VRIWZDUH�FDOOHG�WKH�³+HUUDPLHQWD�8QLILFDGD�/,'(5�&$/(1(5´�
or LIDER-CALENER Unified Tool��XVXDOO\�NQRZQ�DV�³HULC´. 

Beyond this official application, different tools based on a more simplified proce-
dure are frequently used for estimating the energy demand, especially in single-family 
buildings. These tools provide faster but less accurate results that frequently lead to 
errors in the future calculation of the heating and cooling system. This is especially 
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influential in the design of shallow geothermal systems and the well field, where the 
differences in the estimated initial energy demand make the final scheme approached 
vary to a high degree (depending on the magnitude of the installation). 

Based on the above reasons, this research deals with the calculation of the heating 
energy demand of a specific building through the use of different tools and applica-
tions usually implemented with this purpose. From this calculation, the design of a 
low enthalpy geothermal system will be addressed for evaluating the influence of the 
different energy demand procedures in the final design of the system. 

 

2 Materials and method 

2.1  Description of the case under study 

Following the objective set in this research, a single-family building located in the 
region of Ávila (central Spain), is considered. It is a three-story building consisting of 
a basement, a ground and a first floor together with a unhabitable rooftop level, built 
in the year 2020. Dimensions of each floor are presented in the following Figure 1. 
Additionally, Table 1 includes the surface and height of each of the mentioned levels.  

 

 
Figure 1. Description of the floors that make up the single-family building. *Dimensions are 

expressed in meters.  

Table 1. Geometrical information of the building included in the study. 

House level Surface (m2) Height (m) 
Basement floor 55,62 2,70 
Ground floor 49,79 3,00 

First floor 55,62 3,00 
Rooftop level 55,62 0,83 
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The total useful living surface of the single-family house is of 161,03 m2 and the 
estimated daily use of Domestic Hot Water (DHW) is of 140 l/day, since the building 
is constituted by five bedrooms [15]. 

Considering the location of the building in a region characterized by cold, dry win-
ters and mild summers, only heating energy needs are taken into account in this re-
search. On top of the above, for the subsequent calculation of the heating energy de-
mand, the surface and orientation of each façade and the surface of windows placed 
on them must be also known. In this way, Table 2 includes all this information. 

Table 2. Orientation and surfaces of façades and windows.  

Façade  Surface (m2) Windows (m2) Windows (%) 
North  42,62 6,02 14,12 

South 44,01 9,69 22,02 

East 73,71 ---- ---- 

West 89,61 ---- ---- 

 
To end the description of this section, it is also convenient to define the geological 

environment in which the building under study is located. This information, presented 
in Figure 2, will be necessary throughout the design process of the shallow geother-
mal system selected as a means of heating solution. 

 

 
Figure 2. Location of the building under study and geology of the environment. 
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2.2 Calculation of the energy demand 

As mentioned in the introductory section, the calculation of the heating energy de-
mand of a given building can be made from different perspectives and approaches that 
can significantly alter the final result of the selected heating/cooling system. 

The following subsections describe the most frequent procedures used in this sense 
and which will be considered in this research. 

 
Regulated spreadsheets 
One of the simplest and most widely used procedures for estimating the energy de-
mand is the use of programmed spreadsheets designed in accordance with the specific 
regulations in force. The purpose of this kind of tools is to determine in quick and 
approximate way the annual and monthly energy demand of a building. This method 
allows to analyze visually and intuitively the sensitivity of each possible variable on 
the energy behavior of the building in very early phases of the design, where only 
geometry is available. 

The specific tool used in the present research follows the monthly method pre-
scribed in the standard regulation UNE-EN ISO 52016-1 [16]. During its use, a series 
of numerical values (surface, height, percentage of openings and surface of each fa-
çade) are introduced and the climatic zone where the building is located is selected. 
Once all these information is given, different options can be evaluated based on the 
following variables of: 

x Gains: contribution of heat in W/m2 that supposes the use of the building. 
x Inertia: represents the internal thermal mass of the building expressed in 

kg/m2. 
x Ventilation: indicates the number of renewals per hour. 
x Uo: represents the average thermal transmission coefficient (including in-

tegrated thermal bridge) expressed in W/m2·K. 
x Uv: average thermal transmission coefficient (considering the average 

frame and glass) expressed in W/m2·K. 
x g: represents the modified solar factor of the glass. 
x Sup: linear thermal bridge formed by the intersection between façades and 

roofs expressed in W/m·K. 
x Iner: linear thermal bridge constituted by the intersection between façades 

and intermediate slabs expressed in W/m·K. 
x Infer: linear thermal bridge formed by the intersection between façades 

and floors expressed in W/m·K. 
 
Figure 3 shows the graphical interface of the tool that has been used in this re-

search. 
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Figure 3. Graphical interface of the spreadsheet considered for the energy analysis of this 

work.   
 
CE3X 
CE3X is an official tool promoted by the Ministry for the Ecological Transition and 
the Demographic Challenge for the certification of the energy efficiency of buildings. 
This program, developed by Efinovatic and the National Center for Renewable Ener-
gies (CENER), allows the certification of any type of building in a simplified way to 
obtain any rating from «A» to «G» but also provides a final value of the heating 
and/or cooling energy demand [17].  

The CE3X tool can be downloaded on the official page of the Ministry for the Eco-
logical Transition and the Demographic Challenge, as well as a document with the 
main instructions for its use.  
 The program is based on the comparison of the building object of the certification 
and a database conceived for each of the representative climatic zones. The database 
is sufficient broad to cover any case of the Spanish building stock. When the user 
enters the data of the object building, the program parameterizes these variables and 
compares them with the characteristics of the cases collected in the database. In this 
way, the software searches for the simulations with characteristics most similar to 
those of the target building and interpolates the heating and cooling demands with 
respect to them, thus obtaining the heating and cooling demands of the target build-
ing. In function of the degree of knowledge of the thermal characteristics of the build-
ing and installations the procedure of CE3X establishes different levels of data entry, 
in: 
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a) Default values. 
b) Estimated values. 
c) Known values (tested/justified). 

 
Throughout the use of the program, information (in the mentioned levels) is en-

tered regarding administrative data, general data, thermal envelope, and heating 
and/or cooling installations. Figure 4 presents the main window of the CE3X tool.  

 

 
Figure 4. Main window of CE3X tool.  

 
HULC 
In Spain, LIDER was the computer application used a few years ago to comply with 
the general verification of the Energy Demand Limitation requirement established in 
the Basic Document of Habitability and Energy of the Technical Building Code 
(CTE-HE1) [18]. As of 2016, it was unified with CALENER (that considers the use 
of the energy systems) to create HULC (Leader-Calener Unified Tool), whose use is 
mandatory to carry out official energy efficiency certificates. 

The tool includes all the updates of the Technical Building Code and is commonly 
used by professionals when evaluating whether all the legally established energy sav-
ing requirements are met on a particular building. In fact, it is applied both to carry 
out certifications and verifications. 

The design of this tool is specifically created so that the energy certification of a 
residential building can be assessed visually and clearly. In addition, energy demand 
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is also provided by the software both for heating and cooling mode, so this module 
will be applied for the present research. 

The first step when using the program is to introduce the general and administra-
tive data and standard information of the building and energy sources considered, 
allowing differentiating between the electrical energy generated and the produced 
self-consumed energy. 

After entering all these data, it is necessary to define the envelope and the work-
space to model the system. Throughout this stage, it is possible to introduce the spe-
cific plans of the building (as in the case of this work) or to design it directly on the 
program. Once the constructive solutions adopted in the building have been defined 
and the corresponding thermal bridges are calculated, the tool allows to determine if 
the building meets the energy demands limited by the Technical Building Code [19]. 
Next, the energy installations of the building can be defined to obtain the global re-
sults according to demand, consumption, and CO2 emissions.  

In the following Figure 5 it is possible to observe the workspace of HULC in 
which the building under study has already been designed.  

 

 
Figure 5. Workspace in HULC once built the single-family house used as study case.  

 
GES-CAL  
GES±CAL software has been developed by researchers from the TIDOP Research 
Group (University of Salamanca) for the modelling and design of shallow geothermal 
systems [20]. The tool is specially conceived for being used in the region of Ávila 
(location of the case under study) and, beyond the geothermal calculation of the sys-
tem, the energy demand can be also estimated by one its initial modules. For this rea-
son, GES-CAL has been included in this research for both the calculation of the heat-
ing energy demand of the building and the corresponding design of the geothermal 
system.  

The tool is mainly constituted by five modules, starting by a brief description of 
the software, and following by the introduction of initial data of the building (in 
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which the energy demand is estimated), the design of the geothermal solution and a 
final economic and environmental analysis. The initial module conceived for the en-
ergy demand allows to introduce the specific value (if known) or to automatically 
calculate it from easily available information of the space (specification of demand, 
surface, height, year of construction and orientation), complying the procedures speci-
fied at the regulation ISO 52016-1:2017 [16].  

Once detailed or calculated the building energy demand, it is possible to define the 
main characteristics of the closed-loop geothermal system (heat pump parameters, 
ground thermal properties, and configuration of the geothermal installation) so GES-
CAL software finally calculates the design parameters of the geothermal well field, 
such as the total pipe and drilling length and the schema of the system. After this 
stage, the software suggests several possible designs so the user can select one of the 
proposed solutions to ultimately obtain the well field schema besides an economic 
and environmental analysis of the geothermal system.  

In the following Figure 6 the initial window of GES-CAL software is shown, high-
lighting the energy demand calculation module. 

 

 
Figure 6. Initial window of GES-CAL software in which the energy demand calculation 

module is included. 

3 Results  

3.1 Heating energy demand 

After the application of each of the procedures described in the previous section, the 
values of the heating energy demand associated with the conditions of the building 
included as case study are obtained. From these values (presented in Table 3), the 
following subsection will address the design of the shallow geothermal system from 
each one of them. 
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Table 3. Results of the heating energy demand of the building obtained by the tools considered 
in this research. 

 
 
 
 
 
 
 
 

 
It should be noted that, of all these procedures, the regulated spreadsheet (the one 

that is only conceived for the calculation of the space energy use) also provides a 
graph of the evolution of this energy demand throughout the entire period of the year, 
differentiating the contribution of the main factors that are considered in the proce-
dure. This graphic can be observed in the following Figure 7. 

 
Figure 7. Evolution of the heating energy demand for the single-family house obtained with the 

regulated spreadsheet.  
 

3.2 Geothermal design 

As already explained, GES-CAL software has also been used for the dimensioning of 
the geothermal system that will cover the energy needs of the building. As it is a pro-
gram specifically designed for its use in the province of Ávila, calculations will be 
precise and based on empirically obtained terrain thermal properties.  
 

Application Heating demand 
(kWh/m2·year) 

Heating demand 
(kWh/year) 

Spreadsheet 243,43 39199,00 
CE3X 134,50 21658,53 
HULC 95,97 15454,05 

GES-CAL 214,75 34581,51 
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When proceeding to the geothermal design with this tool, the same initial data 
about the geothermal system are used (Polyethylene doble-U vertical heat exchangers 
of 32 mm, standard geothermal grout, heat pump with Coefficient of Performance 
(COP) of 4, and granite environment with thermal conductivity of 2.9 W/mK), only 
varying the value of the heating energy demand obtained by each of the evaluated 
procedures. 

Table 4 includes the main parameters that characterize the geothermal system ob-
tained with GES-CAL for each of the assumptions. 

 
Table 4. Parameters of the geothermal design performed with GES-CAL software. 

4 Discussion 

4.1  Tool reliability  

As can be seen in the results of the energy demand associated with the building under 
study (Table 4), there are significant variations between each of the procedures used 
in this research. 

Observing the aforementioned Table 4, HULC and CE3X programs (official tools 
of the Ministry for the Ecological Transition and the Demographic Challenge) provide 
the lowest values of heating energy demand required by the building, and this is espe-
cially evident in the case of HULC software. This program is undoubtedly the most 
precise solution and the one that best adjusts to the real construction conditions of the 
building. In effect, the tool allows defining its envelope and optimizing its energy 
requirement based on the materials used in its construction. The large amount of in-
formation that HULC allows to enter about gaps, construction solutions, thermal 
bridges, etc. as well as the exact definition of its geometry mean that the final result of 
its energy demand can be adjusted to the maximum, constituting a reliable value and 
in accordance with the particular conditions of the building. 

Regarding CE3X program, it is considered a version prior to HULC, where the 
constructive conditions of the building are also taken into account, but without reach-
ing the level of detail that HULC allows. Although both tools comply with the provi-
sions of the Technical Building Code, CE3X cannot adjust the results to the same 
degree as HULC, which makes the energy demand more conservative and somewhat 
higher than that obtained with HULC. 

Beyond these two official tools, the regulated spreadsheet and GES-CAL program 
provide the highest values of energy demand. This is due to the lower robustness of 

Application Heating demand 
(kWh/year) 

Heat pump 
power (kW) 

Number of 
boreholes 

Total drilling 
length (m) 

Spreadsheet 39199,00 7,84 2 117 
CE3X 21658,53 5,41 1 69 
HULC 15454,05 4,55 1 50 

GES-CAL 34581,51 7,20 2 109 
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these applications, which, even based on specific UNE regulations, are simple solu-
tions that only take into account general geometric parameters of the building and 
therefore cannot adjust the value of energy demand so as not to compromise the fu-
ture operation of the selected energy system. 

4.2 Economic and environmental evaluation 

As a consequence of the differences in the energy demand values obtained from each 
methodology, the geothermal design is also different in each case. Thus, both the 
power of the heat pump and the total length of drilling is much lower with the results 
of CE3X and especially of HULC. In the same way, GES-CAL and the spreadsheet 
whose energy demand values are higher, require a geothermal well field with a higher 
drilling length (and number of boreholes) as well as a greater power in the geothermal 
heat pump. All this means that, although with these last two applications, the build-
ing's energy needs would be totally covered, the oversizing that this entails, causes 
higher initial investment and annual operating cost. In addition, derived from the 
greater power of the heat pumps, CO2 emissions directly associated with their opera-
tion are inevitably higher. The following table 5 collects all this economic and envi-
ronmental information of each assumption. 

Table 5. Economic and environmental results for each solution. 
 
 
 
 
 
 
 
 
* Considering an HOHFWULFLW\�SUL]H�RI������¼�N:K and a heat pump operation of 2400h/year.  

 
Finally, the following Figure 8 shows the evolution of the economic comparison 

considering the initial investment of each solution and the annual operating costs in 
terms of Net Present Value (NPV) with a discount rate of 0.18 during an estimated 
useful life of 30 years. 

Application Initial investment 
�¼� 

Annual cost 
�¼�year) * 

CO2 emissions 
(kg/year) 

Spreadsheet 21958,81 3386,88 3498,51 
CE3X 17954,93 2337,12 1932,98 
HULC 16335,86 1965,60 1379,27 

GES-CAL 20957,78 3110,40 3086,35 
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Figure 8. Economic evaluation based on the initial investment and the annual operation costs in 

terms of NPV. 

5 Conclusions 

The objective of this work has been to evaluate the influence of the energy demand on 
the final shallow geothermal design. For this, different tools, frequently used in the 
calculation of the energy requirements of a space in Spain (location of the building 
under study), have been used.  

As the results obtained with each methodology demonstrate, those applications in 
which the degree of detail of the building and its constructive solutions is high, allow 
to maximize the adjustment of the value of energy demand required by the building. 

Therefore, the geothermal design can also be optimized, reducing the initial in-
vestment of the system and the operating costs associated with the operation of the 
geothermal heat pump (also reducing the emission of CO2). All this becomes more 
evident in the 30-year global economic comparison, where it has been possible to 
observe how the most robust tool (HULC) allows savings of around 40% compared to 
the simplest procedure, the spreadsheet used in the study. 

Lastly, it should be noted that all the procedures used provide energy demand val-
ues that guarantee that the heating energy system will meets the needs of the build-
ings, but in the case of the simplest tools, these values are oversized with the econom-
ic that this fact entails.  

Future research lines will be aimed at including alternative simulation tools and 
additional study cases in other conditions and climates that allow to evaluate in a 
more detailed way the suitability of each solution.  
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Abstract. The growing integration of tourist areas and complexes increases the 
demand for electrical power systems. This increased demand may represent a 
vulnerability to voltage and frequency stability in electrical networks, where 
these parameters are essential for an optimal and continuous electrical energy 
supply. The Dominican Republic has begun a process of tourist expansion in 
areas that were previously not commercially exploited. This article analyzes 
power systems in response to the growth of tourist areas in the poles with abun-
dant generation and low demand, taking the Enriquillo Region, Dominican Re-
public, as a case study. For this investigation, actual data from load profiles of 
the area were used, with which Quasi-Dynamic and RMS/EMT simulations 
were carried out in the DIgSILENT software. The results show that the electri-
cal system benefits stability and national standards. 
 
Keywords: Stability analysis, Electrical Grid, Electrical Demand, Electrical 
Energy, Power System Stability. 

1 Introduction 

Today the demand for electrical energy experiences drastic increases [1]. Electricity is 
the heart of modern societies and economies, so its evolution brings with it the growth 
of power systems. Communities are expected to continue to increase the demand for 
electricity thanks to rising household incomes and the growing order for and purchase 
of electrical devices across various applications, such as electric vehicles becoming 
more prevalent daily in homes or workplaces [2]. This situation leads the electrical 
power system to work to the limit; therefore, to have a reliable, stable, and quality 
system that meets society's present and future demands. The electrical power systems 
are responsible for providing the necessary electrical energy with the highest possible 
quality standards to consumers. 
For this reason, the stability of an electrical power system is critical [3, 4]. Tourism 
worldwide is one of the sectors that contributes the most to the economy of many 
countries. According to [5], the tourism sector contributes 270 million jobs, directly 
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and indirectly, in addition to contributing more than 4.5 billion US dollars to the 
world's gross domestic product, a number given in 2020 by the World Travel and 
Tourism Council. Only in North America, Central, and South America 69.7 million 
tourist arrivals were registered for this year, an amount affected by the current global 
situation regarding SARS-CoV-2, while in 2019, there were 219.3 million tourist 
arrivals [6]. The previous puts into perspective the relevance of the tourism sector in 
America, for which nations' interest in promoting this sector can be understood and 
developed.  
The growth in demand due to the increase in the tourism sector in different countries 
causes electrical distribution networks to work at or very close to their maximum 
capacity, producing power and energy losses in the system [7]. Similarly, it compro-
mises the stability of the network, reducing its security and reliability.  
Considering those mentioned earlier, the objective of this article is to present a meth-
odology for analyzing the impact caused by the increase in electricity demand due to 
the tourism sector. The Enriquillo Region, located in the southwestern Dominican 
Republic, was used as a case study. 

2 Methodology 

First, the necessary technical information was collected, which was obtained from the 
Dominican Electric Transmission Company (ETED), the electric power distribution 
company Edesur and the National Energy Commission (CNE). The technical infor-
mation on the generation technologies, transmission lines, and users connected to the 
grid was obtained from ETED and Edesur. It was used to define the characteristic 
load profiles of the southern and hotel zones, while the data obtained from the CNE 
disclosed the system's trend. 
The simulation defined two power demand profiles; the first profile was that of the 
southern zone. All measurement points were considered used for the coordinate or-
ganism (OC-SENI) to establish present and future data. The second profile was that of 
the tourist areas and complexes, which served as a reference to simulate the behavior 
of the tourist sector. For the current load profiles, the electrical energy consumption 
obtained from the measurement points of the selected areas was used, estimating the 
average of the hours of all the days of the month to get the average behavior of a year. 
For future demand profiles, data on demand growth were used in the scenario forecast 
by the CNE until 2032. 
 
Quasi-Dynamic simulation and RMS/EMT simulation were then performed in DIg-
SILENT. Quasi-Dynamic simulation works well for planning studies where long-term 
load and generation profiles are established and network evolution is modeled using 
variations and expansion stages [8]. The Quasi-Dynamic simulation was used to see 
the system's development during the analysis period, measuring variables such as line 
currents, line load, solar, wind, hydro, and conventional generation, and active, reac-
tive, and apparent power in lines [9]. Regarding the RMS/EMT simulation, it was 
used to observe the system's behavior in the following situations: output of a genera-
tor with the capacity to activate the load shedding system and input of the most signif-
icant load in a bus of the system. The bus bars' electrical frequency and voltage be-
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havior were measured to validate if they were within the stability margins. Finally, the 
results were analyzed, describing the behaviors in the simulations, and their relevance 
was verified in terms of the adverse effects they could produce on the electrical power 
system. Fig. 1 shows the methodology used for the study. 
 

 
Fig. 1. Methodology used. 

 

3 Stability in Electrical Grid  

According to [8], stability in an electrical grid [10] is the ability to return to a stable 
state after a disturbance. There are three types of stability: angular, frequency, and 
voltage. Each of them has a different impact on the electrical power system. Fig. 2 
shows the classification of stability of angle, frequency, and electrical voltage in pow-
er systems according to international standards [11]: 

 

Fig. 2. Power system stability classification scheme. 

Stability can be divided by periods; in each of these, specific effects are presented in 
the power system. These effects vary by period or deadlines and are divided into: 
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��7UDQVLWLRQDO�VWDELOLW\��7KH�VWXG\�WLPH�LV�OHVV�WKDQ�WHQ����� seconds, and tends to hap-
pen significant disturbances, derives from a first oscillation, and is aperiodic. 
��0HGLXP-term stability: The study time is up to several minutes, large voltage and 
frequency excursions occur, fast and slow dynamics, and severe disorders. 
�� /RQJ-term stability: The study time is up to several minutes, dynamic low ones 
occur, and the system's frequency becomes uniform. 
��6WDELOLW\�RI�VLJQLILFDQW�GLVWXUEDQFH�YROWDJH��LW�RFFXUV�LQ��VZLWFKHV��HYHQWV�� WKH�8OWF�
(Ultra Loaded Transformer Changer) dynamics, and loads coordination of controls 
and protection. 
Maintaining voltage and frequency stability in electrical power systems has been one 
of the significant challenges of electrical engineering. Some studies that analyze how 
to maintain the stability of the power system using voltage and frequency variables as 
indicators of energy service quality are shown in Table 1. 

Table 1. Study on voltage and frequency stability in electrical power systems. 

Ref. Contribution Limitation 
[12] FACTS control application to improve the 

stability of the electrical grid voltage. 
Does not cover frequency stability. 

[13] The control scheme for an MV-HVDC power 
system to improve stability. 

The study only focused on a multi-
dimensional droop-based control 
strategy.  

[14] The effect of voltage variation on frequency 
control through phase loop dynamics was ana-
lyzed. 

A unique problem arises in the fre-
quency control structure when the 
voltage varies suddenly. 

[15] It proposed a control for voltage and frequency 
called Automatic Voltage Regulator, which can 
be considered a solution to tuning frequency. 

Unable to keep voltage and frequen-
cy balanced when connected to the 
grid. 

[16] It proposed a simple frequency controller that 
uses the inverter's output current as feedback to 
adapt its frequency. 

Existing schematics only focus on 
power and having a good transient 
response. 

[17] Provides an introduction to the grid's control 
and stability of integrating renewable energies. 

The study was not detailed in the 
context of the electricity market. 

 
Due to the increase in demand, electrical distribution networks are forced to operate at 
or near-maximum capacity, which causes power and energy losses in the system, 
affecting the grid's stability and reducing its security and reliability [7]. 
Voltage stability refers to the ability of a system to maintain steady-state voltage 
while balancing active power. Voltage stability may be required depending on signifi-
cant and small disturbances. Major disturbances occur when there are faults in the 
transmission lines, significant load increases, distant generation plants, and insuffi-
cient compensation of reactive power, while small disturbances happen when there 
are incremental variations in load. Additionally, depending on the duration of the 
disturbance, these can be classified as short-term or long-term disturbances. Short-
term disturbances involve the dynamics of the load elements in several seconds, while 
long-term disturbances are produced for several minutes [18]. 
Frequency stability refers to the ability of the system to maintain the balance of active 
power between generation and demand, and its objective is to keep the system fre-
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quency at its nominal value. Frequency stability may be required in cases such as 
transient instability and small disturbances. Transient instability occurs when the fault 
cannot be cleared quickly, and an imbalance between the mechanical and electrical 
torque of the generator happens. Small disturbances happen when there is little avail-
ability in transmission lines to transport the electrical energy, resulting in a voltage 
collapse and instability to the steady state phase angle [19]. 
The NERC (North America Reliability Corporation) [20] presented the voltage stabil-
ity control policy addressing voltage and frequency stability regulations. 

4 Case Study 

The Enriquillo Region is in the southwestern area of the Dominican Republic, formed 
by the provinces of Barahona, Pedernales, Independencia, and Bahoruco. The space 
occupied by these four provinces is 6,961.43 km². The Enriquillo Region has five 
wind generation plants in two of its four areas, which are the case of Barahona and 
Pedernales. Barahona has three plants with a total installed capacity of 149.80 MW. 
At the same time, Pedernales has two plants with a total installed capacity of 33.45 
MW. Additionally, Barahona has a photovoltaic generation plant with an installed 
capacity of 25 MW,  a thermal generation plant with an installed capacity of 51.80 
MW, and a hydroelectric generation plant with an installed capacity of 7.50 MW (see 
Fig.3). Fig. 4 shows the configuration of the grid in the simulated southern zone [21]. 

 

 

Fig. 3. Location of the Enriquillo Region, Dominican Republic. Source: 
https://www.mapas.cne.gob.do/. 
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Fig. 4. Grid section of the southern zone. 
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Fig. 5 shows the average monthly demand southern zone registered for 2020, and Fig. 6 
shows the generation curve by technology for the same area and same year. These data were 
essential for the simulation and scenarios presented in the result and discussion section.   

 
Fig. 5. Average monthly demand southern zone. 

 
Fig. 6. Generation curve by technology (a) Hydro, (b) Wind, (c) Solar Photovoltaic, (d) Coal-
Power Plant. 
 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 753

pmoreno
ISBN 978-9942-44-109-6



8 

` 

The regulations for the primary frequency regulation are explained in Regulation of 
Law No. 125-01 [22]. Table 2 shows a comparison of international frequency stability 
standards and the Dominican Republic: 

Table 2. Comparison of regulations on frequency stability. 

Parameter NERC Dominican Republic 
Active power between 1.5-10% of its value 9 9 
Frequency insensitivity between 10-30 mHz 9 9 
Dead band between 0-500 mHz  9  

Frequency drop between 2-12%  9 9 
Maximum justified delay (2 sec)  9  

Activation time (30 sec)  9  

Distribute hydroelectric units for regulation  9 
 
In resolution SI-060-2015-MEM, CC4.1.1 [23], it is explained that the regulation of 
voltages in 69 kV, 138 kV, or greater bus bars, and generators, must remain within the 
range of ± 5%. 
The power demand data per province are determined as the average of the maximum, 
average, and minimal demand in the daily dispatch program (PDD) [24]. The average 
power demand in the Enriquillo region in 2019 for the following provinces was 
Barahona 30.49 MW, Pedernales 1.97 MW, and Bahoruco 10.03 MW. The average 
power demand is from 11 a.m. -2 p.m. because, in this area, there are many solar pho-
tovoltaic components, and the grid is stressed more since the low demand is also af-
fected by homes that install photovoltaic systems, which impacts the power demand. 
According to [25], this area will have an annual growth of 3.41%, the demand for 
electricity from 2021 to 2032. The analysis of the long-term demand for the period 
2021 to 2024 was based on a single demand scenario with the annual energy projec-
tion obtained from the historical data of the actual demand supplied and forecast 
models based on Box-Jenkins. 
In the expansion plan of the electric transmission system, 2021 ± 2035 [26] is ex-
plained that there will be a proliferation of non-conventional renewable energies in 
the electric power system without a specific insertion plan. This proliferation of non-
conventional renewable energies causes much uncertainty about the definition of the 
optimal growth of transmission networks. Due to the uncertainty caused, various sce-
narios in the areas most likely to carry out projects with more significant renewable 
potential are analyzed, as well as the development of thermal generation projects in 
the vicinity of ports. This projection of power generation is why the country's future 
demand from 2017 to 2030 presents two possible scenarios: 
Low growth. This scenario is based on the trend of the demand for electrical energy, 
which presents an average annual increase of 3.41%. 
High Growth. This alternative possibility considers a higher growth of the economic 
development of the country and a decrease in the energy not supplied, which grants a 
supply level of 100% by 2028. 
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5 Results and Discussion 

In the Quasi-Dynamic simulation, the following behaviors were identified: 
Transmission lines reduced their load capacity by approximately 2.99%, which can be 
extrapolated to all the regional lines. The evolution of the transmission line with the 
highest average load in the period established analysis can be seen in Table 3. This 
behavior contributes to a longer useful life of the lines, alleviates network congestion, 
allows for lower operating costs, improves network reliability in the event of break-
downs or maintenance on adjacent lines, and reduces losses [17]. 

Table 3. Transmission line evolution with a higher average load. 

Years Load (%) Current (kA) 
2021 31.022 0.152 
2022 30.193 0.148 
2023 29.435 0.144 
2024 28.745 0.141 
2025 28.196 0.138 
2026 27.781 0.136 
2027 27.501 0.135 
2028 27.348 0.134 
2029 27.324 0.135 
2030 27.428 0.135 
2031 27.664 0.137 
2032 28.031 0.139 

Table 4 shows that both the highest and lowest voltage bus bars reduce their level to 
more central values in the range allowed by the regulations. Adjustment of the voltag-
es above the acceptable range towards the safe area is achieved ten years after the 
start of the study (2030). 

Table 4. Evolution in bus bars of lower and higher average stress. 

Years Bar with lower  average tension Bar with higher average tension 

2021 1.007 1.082 
2022 1.007 1.079 
2023 1.006 1.075 
2024 1.006 1.071 
2025 1.005 1.068 
2026 1.005 1.064 
2027 1.005 1.060 
2028 1.004 1.056 
2029 1.004 1.052 
2030 1.003 1.047 
2031 1.003 1.043 
2032 1.003 1.037 
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The RSM/EMT simulation was performed assuming a failure at the AES Andres 
power plant, which supplies 300 MW to the electrical grid through two plants of 
196.80 MW and 121.32 MW representing 10% of the demand of the electrical system 
[27].  
The simulation was carried out in a period of 20 seconds where, at the first second of 
starting, the electricity generator failed; the behavior of the system frequency can be 
visualized in the established period; this process was carried out for each year from 
2021 to 2032. Fig. 7 compares the system's response in 2021 and 2032, the ones with 
the greatest and least impact, respectively. 
Similarly, it can be seen how the frequency of the system reaches lower values in 
2021 before the output of the power plant, reaching values of 59,135 Hz, while, in 
2032, minimum values of 59,165 Hz are reached, which represents an average differ-
ence of 0.0233% during the analysis period. After 3 seconds of analysis, the primary 
regulation raising the frequency to 59,768 for 2021 and 59,165 for 2032 presented a 
faster response in the latter. It should be noted that the frequency does not reach nom-
inal values due to the lack of modeling of the secondary regulation, an area that can 
be expanded in future research.  
It is worth mentioning that the results obtained are shown to be outside the acceptable 
frequency ranges in the system operating conditions scenario and that in the event of 
transients or faults that affect frequency stability, the primary regulation must come 
into play within 30 seconds of the event occurred without leaving the established 
limits, which is fulfilled in the established analysis. These operating conditions show 
that even if a significant generator trips, the frequency can fluctuate and recover ac-
cording to established regulations. 

 

 
Fig. 7. Electric frequency comparison slack bus between the years 2021 and 2032. 

In the RSM/EMT simulation, the behavior of the electrical system in the region was 
analyzed in the face of the unexpected entry of a large load in the Pedernales area, 
which has the highest average annual demand for electricity. Fig. 8 compares voltages 
in the system when a large power demand load enters during the analysis period. 
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Fig. 8. Comparison of voltages in the system when a large load enters between 2021 and 2032. 

The voltage in the treated bus bar is above the upper limit of the norm, this being 1.05 
p.u., while in 2032, it is within the allowed range. In both scenarios, the voltages in 
the bus bars, before the entry of the most critical load in the Pedernales bus bar, oscil-
late, tending to more noticeable and more significant fluctuations in 2021, while in 
2032, there are more damped oscillations (see Fig. 9).  

 
Fig. 9. Comparison of tensions in the Pedernales bus bar before entering a large load. 

Fig. 10 shows a behavior similar to that in the bus bar. Both in 2021 and 2032, it is 
observed that both voltages are identified above the allowed limits before the event. 
When the input event occurs, the voltage in 2021 remains outside the range, while in 
2032, the behavior does not happen, implying that the introduced load is key to main-
taining the voltage within the established range by the norm. In both cases, the same 
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thing happens as in the previous point; oscillations occur that are later corrected, with 
the one in 2021 being more pronounced. 
In the same way, an apparent variation of the electrical frequency is identified now of 
introducing the load in the Pedernales bus bar. For 2021 and 2032, oscillations are 
observed in the system. The apparent difference is that in 2021, there is a more pro-
nounced disturbance in the frequency compared to 2032. It can also be observed as 
the frequency regulation starts working faster in 2032, 15 seconds after the event 
occurred. In both cases, the frequency remains within the standard's range based on 
frequency, so this event does not compromise the electrical system. 

 
Fig. 10. Frequency comparison in the system, load input in Pedernales 2021 and 2032. 

6 Conclusion and Future Works 

The control stability of an interconnected electrical system of a country at the voltage 
and frequency level is a common problem that can be evaluated depending on the 
power system's complexity. The electrical demand that the tourist infrastructure can 
produce due to the growth of this sector in different regions of any country can affect 
the stability parameters of the power system, which can reduce the quality of energy 
service.  
With the acquisition of data from the case study, it was possible to compare and eval-
uate the behavior of the current and projected energy demand due to growth according 
to the trend scenario of the electric power transmission company. It was also possible 
to simulate the necessary scenarios to carry out a technical analysis that reveals the 
system's behavior in the face of certain events. 
The results of the simulations affirm that within the study time, the current system has 
sufficient capacity for the insertion of electrical demand from our tourist facilities that 
are to be incorporated in the southern part of the country as a new tourism strategy 
that is to be developed. In addition, there is no need to implement techniques and/or 
methods for controlling voltage and frequency in the electrical network. With the 
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Quasi-Dynamic simulation, it was possible to demonstrate that several parameters, as 
the years go by with the estimated growth, manage to go from states out of range to 
within range. The RMS/EMT simulation verified that in the face of events, such as 
the output of a critical generator and the entry of a large load, the system does not 
present complications that put its continuous operation at risk. 
For future work, it is recommended to carry out a stability study considering the in-
termittence of the connected renewable energies to see how this affects the system's 
stability. In addition, perform scenarios where unscheduled outputs of the generation 
plants are contemplated to see the voltage and frequency profiles of the bus bars. Fi-
nally, implement a secondary regulation system during the simulation of the genera-
tion profiles in the system.  
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Abstract. The integration of electric vehicles and the charging stations associated 
with their operation requires an exhaustive analysis of the impacts on the electri-
cal network. In the case of grids with high photovoltaic penetration, the scenario 
is complicated due to the effects of the variation of the solar resource and the 
connection times of the vehicles that respond to the preferences of the users. In 
the present study, an analysis of the impact of harmonics generated by electric 
vehicle charging stations in different scenarios of photovoltaic penetration in a 
electrical distribution system is carried out by obtaining the harmonics in direct 
current and alternating current charging stations with different brands of electric 
vehicles. Results of magnitudes of 5th and 7th harmonics higher than 30% are 
obtained and the effect of the variation of current and voltage in the final users 
and in the substation transformer is shown. 

Keywords: Electric Vehicle, Photovoltaic generation, Microgrid, Distribution 
System, Harmonics. 
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1 Introducción 

The adoption of electric vehicles (EVs) has experienced considerable growth over the 
last 5 years, so the integration of these types of loads into electrical distribution systems 
requires an in-depth analysis of their effects on the network. The connection of EVs to 
the network increases the harmonic distortion of voltage and current, and in general 
decreases the useful life of the distribution transformers due to the increase in 
temperature [1]. On the other hand, the inverters of photovoltaic (PV) systems 
connected to the grid are also a source of harmonic distortion that can reach up to 
5.59 % for the third harmonic and 14.65 % for the fifth harmonic [2], which added The 
effect of electric vehicles in a network with high PV penetration can cause problems in 
microgrids. In addition, a high penetration of EVs can cause problems in the network 
in terms of power quality, which can lead to inconveniences of service interruption, 
voltage and current variations and harmonic distortion [3]. For this reason, the 
integration of EVs to systems dependent on PV generators must be properly planned to 
avoid unwanted operation of the distribution system. 

Several related studies have been carried out on the impact of EVs in electrical dis-
tribution systems both on the penetration side of EVs and the PV system [3]±[7], how-
ever, there are few case studies that carry out a integration of technologies in a mi-
crogrid. In the proposed study, the harmonic effects of EV charging stations in a mi-
crogrid with high penetration of PV energy are presented, considering cases of peak 
demand and valley demand. For this, the measurement of the power quality of fast 
charging stations in direct current and slow charging in alternating current in the charg-
ing process of KIA and BYD brand vehicles was carried out to obtain the real harmonic 
values. The simulation of the system was performed in OpenDSS and the IEEE Euro-
pean Low Voltage Test Feeder case was used for its validation. 
 

2 Methodology 

To obtain the electrical parameters of this study, a methodology based on measurement 
in real charging conditions of different brands of electric vehicles and charging stations 
was carried out. In addition, the modeling of charging stations and electric vehicles was 
executed as a storage element and as a source of harmonic generation. Finally, a stand-
ard electrical network model was used to perform the simulations. 

 
2.1 Electric Vehicle and Charging Stations 

The EVs are modeled according to the OpenDSS storage elements and are distributed 
in different phases of the system and as a harmonic current source. The equivalent cir-
cuit of the EV (see Fig. 1) is modeled as an RL load with series and parallel components 
[8]. 
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Fig. 1. Harmonic model for electric vehicles. 

For the acquisition of real data of current harmonics, tests were carried out in the Mi-
crogrid Laboratory of the University of Cuenca using a Fluke 435 II power quality 
analyzer. The measurements were carried out in a BYD model T3 vehicle and in a KIA 
Soul model vehicle, a generic slow charge electric vehicle charging station or electric 
vehicle supply equipment (EVSE) and a Circontrol Raption 50 model fast direct current 
charging station. The results of current harmonics (magnitude and angle) are shown in 
Table 1 and are compared with those obtained in similar studies. 

Table 1. Current harmonics for different electric vehicles and charging stations. 

Har-
monic 
order 

Pa-
rame-

ter 

Electric 
vehicle 

charger [6] 

Nissan 
Leaf 
[5] 

BYD 
slow AC 
charge 

Kia slow 
AC 

charge 

BYD 
fast DC 
charge 

kia fast 
DC 

charge 

1 
Mag. 100 100 100 100 100 100 
Angle 305 -26 136 143 8.6 28.6 

3 
Mag. 9.20 25.00 9.91 6.31 2.40 6.22 
Angle 120.00 -94.00 98.00 102.00 6.50 32.00 

5 
Mag. 62.20 17.00 8.47 1.15 1.73 14.55 
Angle 255.00 -96.00 120.00 131.00 7.20 36.00 

7 
Mag. 41.80 14.20 8.11 0.83 2.14 5.61 
Angle 332.00 -72.00 146.00 153.00 6.80 31.00 

9 
Mag. 1.48 9.69 7.30 0.49 1.13 4.34 
Angle 357.00 -68.00 152.00 161.00 5.70 34.00 

11 
Mag. 7.08 5.04 6.92 0.64 2.45 5.06 
Angle 358.00 -49.00 168.00 182.00 5.60 35.00 

 
In addition, the efficiency of both the charging station and the vehicle's internal con-
verter was measured, that is, the input power of the station and the power directly at the 
EV battery terminals were measured. (see Fig. 2). The equipment used for sampling 
was a Fluke 435 II for AD parameters and a Hioki PW3337 for DC parameters. The 
experiment was carried out in the microgrid laboratory of the University of Cuenca [9]. 
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(a) 

 
(b)             (c) 

 

Fig. 2. Measurement of parameters of the electric vehicle and the charging station: (a) Equipment 
connection diagram; (b) Overview of the experiment; (c) Connection of probes to the battery of 
the electric vehicle. 

The efficiency of the EVSEs was analyzed in both alternating current and direct current 
charging modes (see Table 2).  

 

Table 2. Current harmonics for different electric vehicles and charging stations. 

EV Charge mode Charge Power Efficiency 

BYD T3 AC Slow 5.6 kW 92.90 % 

BYD T3 DC Fast 50 kW 94.60 % 

KIA Soul AC Slow 5.6 kW 89.80 % 

KIA Soul DC Fast 50 kW 91.70 % 
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2.2 Application Scenario in a Low-Voltage Network Feeder 

 
To verify the impact of harmonics and efficiency of the charging stations, a simulation 
was carried out in OpenDSS and Matlab of the IEEE European Low Voltage Test 
Feeder which is a model commonly used in microgrids, analyzing two cases of PV 
generation location: (1) 14 distributed PV systems of 5kW and 14 EVSEs of 7.2 kW 
each, and (2) 1 central PV system of 70 kW and 14 EVSEs of 7.2 kW (see Fig. 3). The 
harmonic spectrum of table 1 was assigned to each case. The values were selected for 
illustrative purposes and the simulation can be downloaded from 
https://github.com/davilamds/harmonicsevpv . 
 

 
Fig. 3. Test cases: (a) distributed EV and PV; (b) distributed EV single PV. 

The following scenarios were analyzed: 
x Base case; 
x EVs connected without PV generation, without harmonics; 
x Connected EVs, distributed PV generation, without harmonics (Case 1); 
x Connected EVs, single PV generation, no harmonics (Case 2); 
x Connected EVs, distributed PV generation, with harmonics (Case 1); 
x Connected EVs, single PV generation, with harmonics (Case 2). 

 
The response of the substation, the voltage and the current in terminals of the client 

349 were analyzed. 

3 Results 

In the first instance, the power of the station transformer was analyzed in the scenarios 
described in section 2. As can be seen in the Figure 4, the power of the substation trans-
former varies as the EVs are added to the network and when considering the effect of 
the harmonics injected by the loads and the EV-SEs. The lowest power value occurs in 
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Case 2 without harmonics, however, when harmonics are injected into the network, the 
maximum power value of all scenarios is obtained. The harmonics, by causing a high 
current and saturating the system's conductors, cause the effect of power injection by 
the PV generation to be less. It is also observed that the situation worsens when there 
is only one PV generation in the distribution system. 
 

 
Fig. 4. Substation transformer Power curve for different scenarios 

When checking the voltage and current in the connection bars of one of the clients, it is 
observed that the impact of the harmonics is considerable. In the case of voltage (see 
Fig. 5a), the harmonics cause a voltage variation for both case 1 and case 2 of PV gen-
eration. In case 1, an increase in tension of 1.2 % is observed, while in case 2 a decrease 
of 0.56 % is observed in measurements at noon. 

On the other hand, the current (see Fig. 5b) increases both in case 1 and in case 2 
during the operation of the system in general, however, at the moments of connection 
of the EVs, the cases with harmonics cause a decrease in the current in terminals of the 
client of 25.97 %. 
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(a) 

 
(b) 

Fig. 5. Behavior of the 349 load in different scenarios: (a) Voltage; (b) Current. 

Table 3 shows the maximum and minimum power values of the substation transformer 
and the voltage and current at the customer's terminals. It is observed that the scenario 
that requires the highest power from the transformer is case 2 with harmonics in both 
maximum and minimum power during the 24-hour period. Regarding the voltage, the 
cases with harmonics do not have a considerable effect, however in the current the 
highest values are maintained at the minimum of case 2 with harmonics. 
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Table 3. Maximum and minimum values of Power, Current and Voltage of the analyzed sce-
narios. 

Case Transformer Power 
[kW] 

Load Voltage 
[V] 

Load Cur-
rent [I] 

Base 
max 51.45 254.11 18.31 

min 5.24 246.45 0.23 

Only Evs 
max 59.35 254.08 18.30 

min 7.96 246.31 0.23 

EV PV Case 1 
max 59.35 259.39 18.30 

min -27.68 246.31 0.23 

EV PV Case 2 
max 59.35 254.48 18.30 

min 7.96 246.31 0.23 

EV PV Case 1 + Har-
monics 

max 63.86 253.87 12.83 

min 13.54 246.99 4.63 

EV PV Case 2 + Har-
monics 

max 72.81 249.14 12.83 

min 55.74 246.90 4.57 
 
Reviewing only the harmonics injected into the network during the 24 hours (see Fig. 
6a), it is observed that there is a predominance of harmonics 5 and 7, which corresponds 
to the high magnitude found in laboratory measurements. Also, if the evolution of the 
5th harmonic is observed during the day (see Fig. 6b), it is determined that the high 
magnitudes coincide with the connection of the EVs to the system, causing values 
higher than 30 % with respect to the harmonic in periods without connection of EVs. 
 

 
(a) 
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(b) 

Fig. 6. Harmonic behavior: (a) 5th harmonic; (b) 7th harmonic. 

4 Conclusions 

This study presents the impact of harmonics caused by electric vehicle charging stations 
in an electric power distribution network with a high penetration of photovoltaic gen-
eration. Two specific cases of photovoltaic penetration were analyzed, the first with 
distributed generation and the second with centralized generation. It was observed that 
the harmonics cause an important variation in the current and voltage in the terminals 
of the final users and in the power of the transformer of the substation of the IEEE case 
analyzed. Magnitudes of the 5th harmonic greater than 30 % were observed, which is 
above known norms. In addition, and as an input for this study, the magnitude and angle 
values of harmonics for charging stations and electric vehicles were obtained by meas-
uring directly at the battery terminals, thus achieving the consideration of the entire 
energy conversion system. of both the station and the electric vehicle. 

Future Work 

The harmonics model used must be expanded to values for each minute and the impact 
on the distribution system analyzed. It is also required to analyze the impact of the 
efficiency of the charging stations in the system. 
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Abstract. This article reviews the current state of the art of Broadband Power 
Line Communications (BB-PLC) over the Low Voltage (LV) grid. First, the evo-
lution of BB-PLC is summarized, including the past, present, and future of the 
technology. Second, the main opportunities and applications are gathered, includ-
ing smart metering, smart city services, control of distributed generation, and 
Electric Vehicles (EVs). Then, the challenges that BB-PLC should face are pre-
sented, highlighting the need of characterizing the grid as a transmission medium 
in terms of grid access impedance, attenuation, and Non-Intentional Emissions 
(NIEs), as well as the cybersecurity issues that should be taken into consideration. 
Finally, the current state of the already rolled out BB-PLC pilot projects is de-
scribed. 

Keywords: Low Voltage Grid, Broadband Power Line Communications, Smart 
Grids. 

1 Introduction 

The Smart Grid (SG) concept is bringing a great revolution, mainly in the distribu-
tion and customer domains, due to the fact that it allows consumers to be more involved 
in the operation of the power system [1], [2]. The development of the SGs means the 
end of the classic production-distribution-generation model of the electrical grid, evolv-
ing into a distributed, flexible and efficient model. In this way, it is paving the way for 
the integration of Distributed Energy Resources (DERs), the management of Electric 
Vehicle (EV) charging, and the increasing energy demand response [3]-[6]. Moreover, 
it is also leading to a reduction of the losses and illegal usage of the transmission and 
distribution lines, as well as an easy operation of the grid and automated monitoring 
[5], [7].  

In this context, communications are critical and essential for the proper operation 
and performance of the SGs [8]. As described in section 5, some Distributed System 
Operators (DSOs) have selected Power Line Communications (PLC) as the alternative 
for the development of new SG applications, because of the advantages it offers com-
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pared to other communication technologies. First, as the electrical grid is already de-
ployed, additional infrastructure costs are avoided; and, second, coverage problems that 
may occur in wireless communications are prevented. Finally, they also provide the 
DSOs the opportunity to have control of their own data without relying on third parties 
[9].  

Several DSOs have already deployed Narrowband Power Line Communications 
(NB-PLC) technologies worldwide for applications such as telemetry, monitoring of 
the devices connected to the power grid, and signal quality analysis [10]-[13]. Never-
theless, future SG applications imply more demanding requirements (higher data rate 
and lower latency), which cannot be accomplished with NB-PLC. For this reason, some 
DSOs are considering the deployment of Broadband Power Line Communications 
(BB-PLC), also known as Broadband over Power Lines (BPL), in the Low Voltage 
(LV) distribution grid. 

This paper gives an overview of the current state of the art of BB-PLC over the LV 
grid. In section 2, the evolution of BB-PLC technologies is presented, whereas section 3 
gathers the main opportunities and applications of BB-PLC over the LV grid. Section 
4 summarizes the challenges that should be faced by BB-PLC and, finally, in section 5, 
the current state of BB-PLC is included, highlighting some of the pilot projects carried 
out up to date.   

2 Past, present, and future of BB-PLC 

BB-PLC refers to PLC systems operating in the frequency range of about 1 MHz to 
30 MHz and beyond, with a signal bandwidth of tens of MHz and with data rates rang-
ing from several Mbps to hundreds of Mbps. 

The origins of BB-PLC date back to the late 1990s. In a context of deregulation of 
the telecommunication and energy markets in Europe, electric power utilities consid-
ered providing additional consumer services through their power lines, including Inter-
net access by means of BB-PLC systems as an alternative to Digital Subscriber Lines 
(DSL) systems. However, the high costs and growing Electromagnetic Compatibility 
(EMC) issues prevented the technology from a more successful deployment. Therefore, 
in early 2000, the interests of the industry focused on the use of BB-PLC for in-home 
communication and multimedia applications [14], [15].  

In parallel, at the beginning of the 2010s, several industry alliances and standards 
developing organizations started defining a new generation of PLC systems operating 
at frequency bands below 500 kHz. These NB-PLC systems are currently widely de-
ployed in the LV grid worldwide, especially for smart metering purposes in Europe 
[14]. Some examples of these NB-PLC technologies are PoweRline Intelligent Meter-
ing Evolution (PRIME) [16], G3-PLC [17], Meters and More (M&M), CX1, and Open 
Smart Grid Protocol (OSGP). In all cases, these technologies turn into technical stand-
ards accepted by standardization bodies such as the ITU or the IEEE.  

However, as more applications of the SG concept are becoming a reality (integration 
of DERs, EVs, security issues, etc.), a more reliable communication network with 
higher data rates and lower latency is needed. As a first step, some DSOs are already 
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using BB-PLC systems over the Medium Voltage (MV) grid for backhauling traffic 
without the need for fiber optics or wireless communications [14], [18]. But more de-
manding requirements in terms of security, speed, latency, and coverage also apply to 
the communications over the LV grid in order to obtain an enhanced control of this 
distribution segment. In this context, the concept of BB-PLC over the LV network re-
surges, but not as a technology to offer Internet access to subscribers, but as a commu-
nication network for SG applications [18]. In Fig. 1, the evolution of BB-PLC technol-
ogies is gathered.  

 
Fig. 1. Evolution of BB-PLC technologies: past, present and future. 

Finally, in Table 1, a comparison of the characteristics of NB-PLC and BB-PLC 
technologies is gathered, including the main applications and advantages and disad-
vantages.  

 
Table 1. Comparison of the characteristics of NB-PLC and BB-PLC technologies.  

Technology NB-PLC BB-PLC 
Frequency band 3-500 kHz 1.8-250 MHz 

Modulation Orthogonal Frequency Division 
Multiplexing 

Orthogonal Frequency Division 
Multiplexing 

Bitrate 500 kbps 1.5 Gbps (indoor) 

Applications 
x Smart metering 
x Electrical signal Quality 
x Remote monitoring 

x Smart metering 
x Smart city services 
x Distributed generation 
x Integration of EVs 
x Energy demand response 

Advantages x Low power consumption 
x Long distances 

x High data rate 
x Low latency 
x Higher complexity of the 

hardware 

Disadvantages 

x Low data rates 
x High latency 
x High Non-Intentional 

Emissions 

x No regulation 
x High attenuation 
x High Non-Intentional Emis-

sions 
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3 Opportunities and applications of BB-PLC over LV grids 

BB-PLC offers high-performance features (high data rate, availability and band-
width, and low latency) [18] and, thus, some utilities are considering the use of this 
technology to develop SGs applications and services that are not feasible with NB-PLC. 
First, it provides information about the voltage levels, phase angles, harmonics, and 
temperature, as well as offers connectivity for other applications. Second, as it supports 
interoperability with NB-PLC technologies, it allows utilities to benefit from BB-PLC 
by making use of the communications infrastructure already deployed [18].  

The benefits previously mentioned allow BB-PLC to fulfill the requirements needed 
for many applications, such as smart metering, smart city services, grid automation, or 
EVs integration, among others [3]. 

3.1 Smart metering 

The PRIME alliance has already defined three use cases related to smart metering 
based on BB-PLC. The first use case is based on deploying BB-PLC Smart Meters 
(SMs) and BB-PLC concentrators for telemetry services. In this way, a complete 
BB-PLC metering chain is established, where the SM acts as the end point and the data 
concentrator as the controller. The second use case considers the coexistence between 
BB-PLC and NB-PLC technologies. This would allow utilities to take advantage of the 
NB-PLC SMs, installing BB-PLC concentrators and gateways. Finally, BB-PLC SM 
gateways for voltage sensing purposes are being considered, allowing detection of 
problems in the grid, reducing investments in equipment, in addition to enabling a better 
quality of service (QoS), and reducing the overall CO2 footprint. Up to now, as de-
scribed in section 5, some field trials have been developed by several European utilities 
regarding these use cases [18]. 

3.2 Smart city services  

Moreover, BB-PLC enable multiple services regarding smart city services, such as 
the control of lights and traffic signaling, as well as the parking and traffic flow [3]. In 
some European countries, the urban lighting is already controlled by BB-PLC systems, 
allowing the monitoring of the status of the street lamps, in addition to setting up an 
alarm system for error detection [3], [20]. This means a considerable reduction in the 
power energy consumption.  

3.3 Control of distributed generation  

Distributed generation is a particular example of grid automation and focuses on the 
continuous communication between the Distribution Energy Resources (DERs) and the 
power grid [3]. In this way, photovoltaic panels (PVs), wind turbines, natural-gas-fired, 
fuel cells, biomass combustion systems, waste incineration systems, and EVs, can con-
stantly be connected to the grid as distributed generation sources [3]. BB-PLC allow 
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the control and monitoring of the energy injected into the grid so that complete and 
detailed information is obtained. In the case of the PV panels, the tilt of the panel can 
also be controlled by BB-PLC remotely, in order to maximize the sun exposure.  

3.4 Integration of EVs 

Finally, concerning EVs, BB-PLC also fulfills the technical requirements specified, 
first, for the communication between several EVs in the same parking space, so that 
they behave as a collaborative community of consumers with a common power man-
agement system. Second, in bad coverage conditions, it allows communication between 
EVs as a Local Area Network (LAN) for transmitting the data to the backbone network 
[3]. 

4 Challenges of BB-PLC over LV 

4.1 Characterization of the LV grid as a transmission medium 

The electrical cables are not originally designed for data transmission [21], [22], and, 
thus, communications are considerably affected in terms of impedance variations, at-
tenuation or transmission losses, and noises due to Non-Intentional Emissions (NIEs) 
[9], [22]-[24]. Therefore, a proper and detailed characterization of the LV grid as a 
transmission medium is needed in order to optimize the opportunities offered by the 
electrical distribution grid.  

The characteristics of the LV grid for the frequencies beyond traditional harmonics 
are difficult to predict, as they show a frequency and time-dependent behavior [23], 
[25]. The characterization of the grid is an extremely complex study since it depends 
on a very large number of factors: grid topology, type of cable, type of electrical and 
electronic equipment connected to the grid, and its operating regime [3], [26]. In addi-
tion, due to the fact that such complex grid models for the frequency bands of interest 
are not available, it is not possible to simulate different grid topologies and conditions. 
Therefore, empirical studies are needed, based on laboratory and field trials that char-
acterize representative environments and that allow obtaining typical values for PLC 
design, planning, or performance evaluation [27], [28]. 

4.2 Design of new BB-PLC protocols 

The lack of knowledge of the channel characteristics poses two different scenarios 
in the design and development of BB-PLC technologies in the LV grid. First, an adap-
tation of the indoor BB-PLC standards to the outdoor channel can be considered. For 
instance, the PRIME alliance has selected G.hn [29], a technology originally designed 
for in-home communications, as their preferred solution for the BB-PLC applications 
over the LV grid [18]. This technology, detailed in a set of standards [29]-[34], is based 
on Orthogonal Frequency Division Multiplexing (OFDM) and low-density par-
ity-check (LDPC) codes as forward error correction (FEC). In the MAC layer, Time 
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Division Multiplexing (TDMA) is used. In order to optimize the performance of the 
communications system, transmission parameters such as the number of carriers, car-
rier spacing, modulation, etc., are to be modified and adapted to the new transmission 
environment.  

Second, the design of completely new and innovative BB-PLC technologies is also 
considered as an option, since indoor and outdoor PLC channels are not expected to 
have similar transmission characteristics.  

In this context, the need to characterize the LV grid as a transmission medium is an 
essential factor for the proper development of BB-PLC, regardless of whether an exist-
ing standard is adapted or new technologies are developed. 

4.3 Cybersecurity issues  

The increasing amount of data transmitted over PLC systems in recent years, mainly 
due to the deployment of SMs, turns cybersecurity into a key aspect in the maintenance 
of the confidentiality and integrity of the information propagated through the LV grid. 
Vulnerabilities in the transmissions can expose not only the consumers, since private 
information regarding the periods when they are out of home are transmitted, but also 
the DSOs, due to the data related to the grid power quality that is sent through the cables 
[3]. 

Up to now, some studies have been carried out analyzing the Physical Layer Security 
(PLS) of wireless, PLC, and hybrid wireless/PLC channels. The theoretical results lead 
to conclude that the wireless fading channels show considerably higher secrecy rates 
than the PLC channels [35]. Hybrid wireless/PLC technologies, in turn, offer increased 
secrecy for low data rate applications [36], mainly when coding diversity is applied 
[37].  

Finally, it is important to mention that in BB-PLC technologies, due to the higher 
frequency range of operation, the radiation of the transmitted signal is significantly 
higher than in NB-PLC [3]. This implies that an intruder can easily access the signal 
without necessarily accessing the power cable, which could jeopardize the proper per-
formance of the energy system or which could imply that a third party disposes of sen-
sitive information. 

5 Current state of BB-PLC pilot projects 

In recent years, several European DSOs have started with the rollout of BB-PLC 
pilot projects over the LV grid. In 2019, the first full implementation of BB-PLC with 
approximately 100000 devices connected to the grid was performed by E.ON, a Ger-
man utility. It is worth mentioning that they are planning an expansion of the BB-PLC 
infrastructure based on G.hn [18], [38].  

In Spain, Iberdrola has also opted for G.hn as the BB-PLC technology for the devel-
opment of new SG applications [18], [38], rolling out several pilot projects throughout 
the country. According to [38], in 2019, 2 small pilot networks with 20 BB-PLC devices 
were carried out.  
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A deployment of Advanced Metering Infrastructure (AMI) based on BB-PLC is de-
scribed in [39]. This pilot project, developed in 2012 for 17000 customers in both resi-
dential and commercial zones in the LV grid in Doha (Qatar), uses BB-PLC in order to 
communicate the data concentrator and the data center.   

In Mannheim (Germany), an intelligent and real-time energy communication plat-
form was established by means of BB-PLC technologies for the increase of energy ef-
ficiency and the integrity of renewable energies. In this way, three smart grid applica-
tions in the smart city environment were implemented: management of the energy de-
mand, analysis of the power grid, and price communication to the smart home [40].  

Finally, a group of Swiss utilities developed a platform for the monitoring and active 
control of the distribution grid considering three alternatives: fibre optics, 
GPRS/UMTS, and BB-PLC [41]. Although no specific details of the deployment of 
BB-PLC devices are mentioned, the good potential of BB-PLC for future SG applica-
tions is highlighted.   

6 Conclusions 

In order for the Smart Grid concept to become a reality, utilities need high-speed, 
real-time, two-way communications networks to be deployed over their distribution 
sections. In this context, developing BB-PLC networks over the LV segment becomes 
an appealing option for DSOs in terms of costs and network ownership, as well as 
providing enough data rate to develop applications beyond those envisaged today. 

Although the experience with NB-PLC systems might be valuable in the evolution 
towards BB-PLC systems, there is still a lot of work to be done to obtain the needed 
maturity for massive roll-outs, mainly in three aspects: characterization of the transmis-
sion medium, design of communication protocols, and cybersecurity issues. 
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Abstract: With the rise in the use of renewable energy, microgrids have played 
a very important role in their generation. To store all that energy, batteries have 
been the most used storage system. This paper proposes a management of the 
energy consumption of the Centre for the Development of Renewable Energy 
(CEDER), using both lithium-ion and lead-acid batteries. This management of 
both batteries is done by computer and is capable of controlling the energy that 
can be charged or discharged in periods of 15 minutes. With this optimization in 
the use of our batteries, it has been possible to reduce energy consumption from 
90 to 200 kWh approximately, depending on the case study that is carried out. 

Keywords: Microgrid, storage system, battery, energy management. 

1 Introduction 

Microgrids are self-sufficient, low voltage power systems. They include energy 
generating resources, energy storage systems (ESS) and loads and can operate both 
plugged (grid connected) and unplugged (islanded mode) from the main grid. Energy 
generation by renewable energy resources can be of different types, being photovoltaic 
and wind the most common forms of generation.  

As microgrids carry an economical save and a more stable grid, the power generation 
comes from intermittent sources such as solar photovoltaic (PV) and wind, added to 
variations in grid tariffs and load demands. They are special or customized power 
networks that can be constructed with various control and topology approaches, 
depending on the goals and needs of researchers and developers [1]. Due to the 
implementation in recent years of renewable resources in order to minimize greenhouse 
gas emissions, a new scenario has been launched where sustainable energy systems 
have become essential. Here is where microgrids have took an important role, as a 
viable alternative to carbon oxides (COx) emitting energy systems, being able to 
manage frequency regulation, peak shaving and energy arbitrage [2]. 

The vast majority of microgrids work with alternating current (AC), since most of 
the loads networks require AC supply because it can be easily and efficiently step down 
or step up through a transformer. However, direct current (DC) microgrids have been 
launched lately, as efficiency of power conversion is normally higher in DC systems, 
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and it is mainly affected by the technology of the primary source and the AC and DC 
load ratios [3, 4].  

In the implementation of both AC and DC microgrids, it is necessary to carry out a 
previous plan and analyze various factors such as location or design solutions to local 
parameters such as energy tariffs, abundance of renewable fuel sources, and properties 
of the demand curves. In [5], numerical simulations with IEEE 33-bus distribution test 
system were made to study different cases and zones where the optimal centralized 
microgrid topology with its optimal installed distributed energy resources can be 
located. In [6], an improved algorithm called Improved Arithmetic Optimization 
Algorithm (IAOA) is presented where different designs of new renewable energy 
systems are studied, including PV, wind turbine, diesel generator and battery system.   

Microgrids have become a popular solution for isolating deployments of renewable 
generation facilities to avoid the problem of network destabilization. Load fluctuations 
in a microgrid are managed with information technology and high-speed control [7]. 
Thus, an energy management system (EMS) is essential for an optimal use of these 
distributed energy resources in intelligent, secure, reliable, and coordinated ways. The 
EMS of a microgrid encompasses both supply and demand side management, while 
satisfying system constraints, to realize an economical, sustainable, and reliable 
operation of the microgrid [8]. EMS optimization methods are mainly split into three 
kinds namely computational intelligence, mathematical programming, and hybrid 
techniques [9]. Some optimization techniques in EMS of microgrids, including 
Artificial Intelligence (AI), conventional and metaheuristic-based techniques, are 
presented in [10]. To ensure the efficient operation, an optimal energy management 
system is proposed for resource scheduling and for optimal operation of PV, wind or 
tidal microgrid utilization in [11].  

In order to adequately support intermittent power generation, storage technologies 
are vital. The energy demand is not constant throughout the day or during the year, as 
there are peak and valley demands that arise due to the needs at each moment and 
climatic effects [12]. Storage systems buffer energy variations and compensate for 
renewable intermittency, mitigate load uncertainties and improve the stability of the 
entire microgrid. The presence of energy storage in the microgrid also improves its 
efficiency by managing energy flow and reducing operating losses [13]. 

The main techno-economic characteristics of renewable technologies that are 
important to manage are nominal power, specific energy, specific power, efficiency, 
useful life, cycle times and capital cost, that is the most studied in the establishment of 
microgrids [14]. The cost of storage devices is still very high at present, existing 
methods for sizing of storage and resources are usually based on hourly solar insolation, 
wind speed and load data [15]. In [16], to solve the planning of the microgrid, the useful 
life of the battery energy storage system (BESS) and the degradation of capacity are 
considered. To consider the latter elements, an improved perspective is proposed to 
calculate the optimal size, technology, depth of discharge (DOD) and year of 
replacement of BESS; all by using the Mixed Integer Linear Programming (MILP) 
method.   

Many forms of microgrid energy storage have been implemented, for example 
mechanical energy storage, which includes both pumped hydro energy storage systems 
(PHES) and flywheels. These systems have high prices that are difficult to recover, a 
long useful life, and some risks such as the uncertainty of the price of electricity [17], 
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[18]. Other energy storage systems such as electrical energy storage with capacitors or 
thermal energy have less use, although they provide flexibility, since, with proper 
management, microgrids adapt better to sources and demands over a wider current 
range [19, 20].  

Due to the advantages of cost-effective performance, unaffected by the natural 
environment, convenient installation, and flexible use, the development of 
electrochemical energy storage has entered the fast lane nowadays [21].  

Storing electrochemical energy has become vital in the development of renewable 
energies in microgrids, covering a wide range of batteries that convert the chemical 
energy contained in its active materials into electric energy by an electrochemical 
oxidation-reduction reverse reaction.  Electrochemical technologies are competitive 
and available in the market, as well as having an acceptable degree of cost-
effectiveness, good power and energy densities, and maturity, also battery technology 
choice is usually defined by the economic capacity of the donor or investor [2, 22]. 
Some of the services that can be provided by battery systems are frequency regulation, 
voltage regulation, demand response and congestion management [23].  

Lead-acid and lithium-ion batteries dominate the electrochemical energy storage 
market. Both of them are the most popular options for incorporation into microgrids.   
Since its inception, lead-acid batteries have been widely used in microgrids, due to their 
great profitability and technological reliability [24]. On the other hand, the operating 
conditions of a microgrid can cause moments of stress that are incompatible with the 
manufacturer's specifications, leading to a decrease in useful life as well as the constant 
need to replace battery banks [25]. Periodic equalization charges must be applied to the 
bank to mitigate the degradation process [26]. They are usually used as starter batteries 
in vehicles or as a storage method in microgrids, especially in emerging countries, since 
they are characterized by their low cost and ease of manufacture [27]. Even though 
lead-acid batteries present problems due to their low energy density or their low energy 
to weight ratio, they still have the capacity to supply microgrids with large currents 
maintaining a relatively high power density [28].  

The other most established form of battery energy storage on the electric market is 
the lithium-ion battery. Lithium-ion battery is a promising electrical storage technology 
because of its high energy density and coulombic efficiency. However, the power 
variation frequency of this battery is very small, and the charging and discharging 
duration is long [29]. The higher energy density and volumetric power make them a 
suitable choice to produce small units with small size, nevertheless they are extensively 
applied in renewable energy grid systems and microgrid systems, as they can be 
considered an ideal energy storage element due to their long life, environmental impact 
and safety [30, 31].  

Lithium iron phosphate (LFP) batteries might be the most widely used lithium-ion 
battery today. They are in high demand due to their low raw material cost, low toxicity, 
environmentally friendly, excellent safety properties, cyclic performance and long 
lifespan, which makes them easily applicable in microgrids [32].  

The present study aimed to analyze how the use of batteries, both lead-acid and 
lithium-ion, affects both the elimination of energy consumption peaks and the reduction 
of consumption in different periods of time in CEDER microgrid. For this, the batteries 
mentioned above were discharged simultaneously, varying their power setpoint for a 
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more efficient use. In addition, the lead-acid batteries were charged in periods of energy 
surplus thanks to the microgrid energy generation systems.  

The paper is organised as follows: in Section 2, an overview of CEDER is introduced, 
with its forms of energy generation, loads and storage systems. In Section 3, the 
practical case study with the use of batteries is presented. It ends with the conclusions 
in Section 4. 

2 Overview of CEDER microgrid 

2.1 Microgrid 

The Centre for the Development of Renewable Energy (CEDER) has a smart microgrid, 
ZKLFK� LV� RSHUDWHG� DQG� DGPLQLVWUDWHG� LQ� UHDO� WLPH�� 7KH� &('(5¶V� PLFURJULG� LV�
underpinned a 45 kV power line and serves a 45/15 kV (1 000 kV) substation. 

From this substation, medium-voltage power is distributed via an underground 
network of eight transformer substations, which adjust the power to low-voltage, three-
phased supply delivering 400 V. The contracted power is 135 kV.  

The network can operate as a ring, enabling a medium-voltage perimeter some 4200 
metres long, and as a radial network (see Fig.1). All of the components that comprise 
the systems for distributed generation, distributed electricity storage and loads are 
connected at low voltage. 
 

 
Fig.1. Medium-voltage distribution between transformation centres. 

Generation systems 

The following elements of distributed generation constitute the grid at CEDER: 
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� Wind-energy systems: There are 4 small wind turbine connected to the 
microgrid (total installed power 61.2 kW): 

� ATLANTIC AOC: 50 kW (diameter 15 m downwind). 

� ENNERA: 3.5 kW (Ø 4.36 m upwind). 

� ENNERA WINDERA S: 4.2 kW (Ø 4.36 m upwind). 

� RYSE E5: 3.5 kW (Ø 4.3 m upwind).  

� Photovoltaic systems: There are eight different photovoltaic systems 
connected to the microgrid. All these systems are south orientated. Five of 
them are installed in the rooftops and three are on the ground (total installed 
power 126.8 kW) 

� Building E01: there are 80 single-crystal silicon solar panels, with 
150 W power each. They are distributed in 5 arrays, connected in 
parallel. Each array is constituted by 16 panels connected in series, 
providing a total power of 12 kW. 

� Building E03: There are 54 photovoltaic panels with a total power of 
12.6 kW.  

� Building E09: The installation consists of 238 de thin-film panels (97 
W each), divided into 17 arrays of 14 panels, providing 23.2 kW.  

� LECA building: There are two different systems:  

� LECA 1: 63 polycrystalline photovoltaic modules (310 W 
each), providing a total power of 19.5 kW.  

� LECA 2: 63 polycrystalline photovoltaic modules (310 W 
each), providing a total power of 19.5 kW.  

� PEPA III: The installation consists of 24 polycrystalline panels (210 
W each), divided into 4 arrays of 6 panels, providing a total of 5 kW.  

� Hydraulic turbine Area: The installation consists of 64 single-crystal 
panels (250 W each) providing a total of 16 kW. 

� PEPA II: The installation consists of 54 polycrystalline panels (410 
W each), providing a total of 22.1 kW. 

� Reversible hydraulic system comprising a Pelton turbine: 60 kW. 

� Diesel engine generator: 100 kVA.  

Storage systems 

In a microgrid, it is essential to achieve some balance in power. Thus, it is necessary 
that the distributed generation elements are compatible with distributed electricity 
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VWRUDJH��)RU�WKLV�SXUSRVH��&('(5¶V�PLFURJULG�LQWHJUDWHV�GLIIHUHQW�VWRUDJH�WHFKQRORJLHV��
This makes the centre a flexible environment for demand management: 

� Mechanic storage: It is connected to the hydraulic system and consists of a 
pumping system with the following elements: 

x 4 centrifugal pumps of 7.5 kW each.  
x 3 water-storage tanks: 

o Primary tank ~ 500 m3 located in LEVI. 
o Upper tank ~ 1500 m3 placed 16 m below the primary tank. 
o Bottom tank ~ 1900 m3 placed 70 m below the upper tank. 

� Electro-chemical storage: There are 3 storage systems connected to the 
microgrid, we will see in next chapter.  

Loads 

Loads are the HOHPHQWV� WKDW� HQDEOH�&('(5¶V� GD\-to-day operation, i.e. the various 
buildings and equipment (motors, lighting, boilers, laboratories, etc.) that make up the 
Centre and require energy in order to function. In terms of demand, CEDER offers a 
number of different consumption profiles, similar to those that can be found in an 
industrial environment, a services environment and even a domestic environment. 

Management system 

7KH�PDQDJHPHQW�V\VWHP�DW�&('(5¶V�PLFURJULG�FRQVLVWV�RI� 

� Communications bloc: based on NodeRED. It integrates the different 
communication protocols of the generation, storage and consumption systems 
at CEDER (Modbus, MQTT, HTTP, etc.). 

� A database (MariaDB) for data storage and its later analysis and treatment. 

� An EMS with a Human-Machine Interface via HomeAssistant. This enables 
researchers to monitor all the elements that comprise the microgrid in real-
time and to command or program different kinds of energetic strategies. 

Figure 2 shows the interrelationships between the different elements that make up the 
monitoring and control system of CEDER's smart microgrid. 
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Fig.2. Elements of CEDER microgrid control system. 

2.2 Electro-chemical storage systems 

This section presents the different battery-based energy storage systems connected to 
the CEDER microgrid. 

� P.E.P.A. I battery system: comprised of 120 sets of 2 V (240 V) Tudor 
7EAN100T (Classic OPzS 1080) lead-acid batteries, with a capacity of 1,080 
Ah over 120 hours (C120).  
It is connected to the microgrid via a 50 kW DC/AC inverter with an isolation 
transformer and an inductance. 

� P.E.P.A. II battery system: comprised of 120 sets of 2 V (240 V) Tudor 
5EAN70T (Classic OPzS 765), lead-acid with a capacity of 765 Ah. P.E.P.A. 
II is connected to the microgrid via a 20 kW inverter (see Figure 5). 
It is connected to the microgrid via a 20 kW DC/AC inverter with an isolation 
transformer and an inductance. 
 

Lithium Iron Phosphate Batteries (LFP): The system comprises two racks of 14 
modules, with 196 cells per module, each of 3.2 V and 50 Ah. This is connected to the 
microgrid via a 30 kW inverter. 

3 Battery management  

In this study, three cases are proposed to be analysed for a reduction in the centre's 
energy consumption. For which, both P.E.P.A. I and P.E.P.A.II lead-acid batteries will 
be used. In turn, we will also use lithium-ion batteries. For this, three ways of reducing 
energy expenditure in different periods of time are analysed. In the first case, the 
influence of battery discharge at a time of peak energy consumption of approximately 
two hours is studied. Subsequently, a longer period of 8 hours is analysed on a day 
where consumption was relatively high throughout the day. It ends with a study on the 
impact of the use of batteries in 5 hours, in a morning where there was an expense of 
almost 80 kW during that period of time. The three forms of energy reduction are 
presented below, differing in the power at which the batteries are discharged and the 
time of said discharges. Table 1 shows the maximum power provided by lead-acid 
batteries and LFPs for each period of time. 

Table 1. Battery discharge at different power settings. 

Time PEPA I ( kW ) PEPA II ( kW ) LFP ( kW ) 
2 h 31 15 12 
5 h 18 11 4 
8 h 15 8.2 2.8 
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The data in the following graphs was collected in periods of 15 minutes, which gives 
us a relatively realistic view of the energy that is generated and consumed throughout 
the day. The consumption without the use of batteries are represented in red, while the 
new consumption with the use of batteries are represented in blue. 

The first case to analyse was the elimination of peaks of high-energy consumption 
for two hours and 45 minutes (see Figure 3). The selected day is February 28, when the 
electrical cost reached up to 110 kW for two periods of approximately 15 minutes each 
if the batteries had not been used. 

 
Fig. 3. Consumption reduction of 2 h. 

To reduce this high-energy use, the batteries were discharged at the same time, 
varying the discharge power of each one of them every 15 minutes. This way, the new 
consumption that we achieve with the use of the batteries is as linear as possible. The 
batteries have been discharged for 165 minutes, where they have delivered 58 kW in 
some periods of 15 minutes, since together they can supply 58 kW for 2 hours 
constantly. With this discharge of the three batteries simultaneously, it has been 
possible to maintain an electrical network consumption of approximately 53 kW, 
mitigating such high peaks in energy consumption. 

In the following case (see Figure 4), the study focuses on reducing the use of network 
energy for a longer period of time, 8 uninterrupted hours. The selected day is February 
14, the day on which there was a higher consumption than usual, of more than 40 kW 
from 4:00 a.m. to 12:00 noon, having even 125 kW in one period of 15 minutes. 
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Fig. 4. Consumption reduction of 5 h. 

In this period of 8 hours, the batteries used are the same as before, knowing that they 
together deliver 26 kW for 8 hours of power drops. With this correct use of the batteries, 
a total of 208 kWh was reduced, where half of the total battery discharge time occurs 
in the phases where electricity was more expensive. 

The last case study deals with mitigating energy expenditure in a time period of 5 
hours and 15 minutes (see Figure 5), where a combination of the previous cases was 
analysed. For this, the action time of the batteries was 315 minutes, where they were 
asked for up to a maximum of 36 kW, since at certain times the discharge value was 
changed to have a relatively linear consumption. The total energy saving was 150 kWh, 
also in periods where the energy cost was higher. 
 

 
Fig. 5. Consumption reduction of 8 h. 
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In all three cases, the generation of energy, which includes the contribution of the 
batteries, never exceeds the total consumption of the centre, so it is not discharged into 
the distribution network. In our case, all these battery discharges start in the morning, 
approximately when the working day begins, and finish in all three cases before 2:00 
pm, when the working day ends. This is because it is easier to manage the discharge of 
the batteries through the computer during the working day. It would be interesting to 
discharge the batteries in periods when energy is more expensive, between 6:00 pm and 
9:00 pm, when the price reaches its maximum, saving money on the electricity bill. 

Just as the batteries are discharged to reduce the energy consumption of the CEDER, 
they also have to be previously charged, this study is explained below.  

The batteries are charged using surplus energy from CEDER's own microgrid. The 
days selected for battery charging were days that we knew would be hot, which would 
ensure a high energy production by the photovoltaic panels, having a surplus of energy. 
The objective of this study is to charge the batteries at different power settings during 
these periods of excess energy, the control and change of these settings will be by 
computer, varying them so that we can have different ways of charging the batteries 
depending on the needs from the centre. 

To characterize the battery charge, P.E.P.A. I lead-acid batteries are used, which have 
a 50 kW inverter. The previously mentioned power setpoints will be 10 kW and 30 kW. 
Firstly, it is evaluated how the charge of the batteries affects 10 kW. In the graph (see 
Figure 6), the discharge to the network if the batteries had not been used is represented 
in blue, while the real case of the discharge to the network with the use of batteries is 
represented in red. The time during which energy is poured into the network is 
approximately 8 hours in total. In turn, the charge of the batteries, which are capable of 
receiving 10 kW constantly for approximately 8 hours, is represented in yellow. By 
charging these batteries at a power of 10 kW it has been possible to stop pouring and 
take advantage of a total of 78 kWh. 

 
Fig.6. Load study at 10 kW. 
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The following graph (see Figure 7) shows how the battery charge affects a power of 
30 kW on the CEDER microgrid. The batteries are charged for 3 hours and 30 minutes 
and can store up to 100 kWh in that period of time. The consumptions with and without 
batteries are represented with the same colors as before, as well as the energy charged 
by the batteries, which is the yellow line. In this case, the battery charge is programmed 
in such a way that the charge setpoint is regulated, so that it is not necessary to go to 
the electrical network and have the minimum economic cost. 

 
Fig.7. Load study at 30 kW. 

4 Conclusions 

In this paper, we have tried to analyze the effect that the use of lead-acid and lithium-
ion batteries would have simultaneously to reduce the electrical consumption of the 
CEDER. For this, it has been studied how both batteries behave both in discharge and 
in charge.  

Given the intermittence in the generation of energy from the microgrid and the 
constant variation in the consumption of the CEDER itself, the energy produced and 
consumed must be computer controlled. The discharge and charge of the batteries were 
controlled by a computer in order to reduce both consumption peaks and lower but 
longer energy consumption over time. With this optimization and good maintenance of 
the batteries, it will be possible to use the energy in a more intelligent way, saving on 
the electricity bill and not pouring as much energy into the main grid. In all three cases 
of reduction of energy consumption, electricity consumption has been minimized 
thanks to the batteries. It has been possible to reduce 93 kWh, 150 kWh and 208 kWh 
for the cases of 2 hours, 5 hours and 8 hours, respectively. As mentioned above, this 
has been done by varying the battery discharge instructions by means of a computer, 
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although more energy could have been saved if the batteries had been discharged 
simultaneously to their maximum power in each period of time studied. 

As for battery charging, the choice of sunny days for a large energy generation, 
especially photovoltaic energy, makes it possible to fill the batteries and also not pour 
so much electricity into the distribution network, being exempt from possible sanctions. 
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Abstract. The increase in the installation of renewable energy sources in electric 
power systems has changed the behavior of power distribution networks, creating 
a new scenario with respect to the performance of protection devices, such as 
fuses or overcurrent relays. Distributed Generation (DG) can cause delays in the 
performance of these devices as a result of short circuits and the consequent loss 
of power supply to the subscribers. For this reason, this work shows improvement 
techniques for the response of the protection devices that entails an implicit im-
provement in the quality of electricity supply in distribution networks with the 
presence of DG that make up the SmartGrid. 

Keywords: Distributed Generation, Protection Coordination, Smartgrid, Qual-
ity of supply. 

1 Introduction 

Distributed Generation (DG) based on renewable energy sources has caused an im-
portant change in the traditional energy supply model in distribution networks. This 
new paradigm has brought the generation of electrical energy closer to the user, in con-
tradiction with the traditional generation in centralized plants [1,2]. Therefore, it is nec-
essary to implement electrical systems with an infrastructure that allows energy to be 
distributed and available to users in optimal conditions for its use [3]. 

 
Although the presence of DG in power grids can be beneficial [4,5], it produces a struc-
tural transformation, not behaving as a classical radial distribution network. Reverse 
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power flows can occur both in steady state and in the presence of faults [6-10]. The 
impacts that DG can have on these distribution networks will depend, among other 
aspects, on the type of generation, technology used, installed power and location in the 
network [11-15].  
Different problems may arise with the increase of DG within electrical networks, for 
example harmonic distortion, frequency drop and network stability and reliability [16-
20]. One of the most relevant problem is the coordination of expulsion fuses and pro-
tection relays . The traditional protection system was designed for unidirectional power 
distribution. However, this new situation has been changed by the increasing presence 
of these decentralized renewable energy sources [21], also taking into account other 
ways to reduce the energy production of traditional energy sources that have a negative 
impact on the climate (e.g., the use of electric vehicles as energy sources [22-27]). Con-
sequently, distribution networks with DG, such as photovoltaic generation, located at 
different grid locations, can lead to a mismatch in the coordination between protection 
devices [28-36]. 
For all the above reasons and with the aim of ensuring a good quality of power supply, 
achieving an adequate functionality of the protection devices and a more sustainable 
energy network, different novel methods that avoid untimely tripping and ensure an 
effective coordination between protection devices, and thus improve the quality of 
power supply in the distribution networks of SmartCities, are shown in this work. 

This paper is organized as follows. Section 2 describes the methodology and the 
network used to analyze the coordination, while the results are included in Section 3. 
Finally, the conclusions are summarized in Section 4.  

2 Methodology 

2.1 Improved fuse protection response 

The tripping curve of protection fuses is an inverse time-current characteristic curve. 
It is a straight line I2t log-log, where I is the tripping current and t is the tripping time, 
usually expressed for minimum fuse melting and total clearing times. From the fuse 
characteristic in the log-log curve, it is possible to approximate it to a second-order 
polynomial function. However, the fuse performance curve can be approximated to a 
straight line so the general equation describing the fuse characteristic curve can be ex-
pressed as the following equation [37-43]: 

 
� � � �log logt m I n �          (1) 

 
where m and n are the parameters of the selected tripping curve [41, 42]. 
 
The fuse tripping characteristic curve is shown in Figure 1, and it is characterized by 
two limit curves:  
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x The minimum melting curve (as the lower limit), which detects the mini-
mum overcurrent that causes the initiation of fusing of the link. 

x The full opening curve (as an upper limit), which indicates the complete 
melting of the fuse and the opening of the circuit.  

 

 
Fig. 1. Fuse actuation characteristic (cut-out). 

 

 The operation of these devices can be seen in Figure 2, which shows a classic coor-
dination between them in electrical networks without the presence of DG. The diagram 
included in this figure shows a radial network in which F1 is the fuse protecting the 
main line and F2 the one protecting the secondary line. The criteria for correct coordi-
nation between fuses are as follows: 

x For faults on the main line, fuse F2 will not detect any fault current, with 
fuse F1 acting as the main protection. 

x For branch faults, F2 will act as main protection and F1 as backup protec-
tion. 
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Fig. 2. Classic coordination between protection fuses in radial distribution networks 
without DG (Left) Diagram of a radial distribution network without the presence of 

DG (Right) Operating characteristic curves of F1 and F2 protection fuses  
 

In the presence of DG, the value of the current shown in Figure 2 can vary, thus 
causing untimely tripping and/or delay of the device to clear the fault. At this regard, 
Pindado et al [44] proposed a new method of selecting protection fuses to avoid these 
impacts, achieving a more sustainable electrical network while maintaining the func-
tionality of the protections. This procedure was based on a new mathematical modeling 
of the tripping curves of the upper envelope (ES) and lower envelope (EI) of the fuses 
to be coordinated. For the upper envelope, two mathematical expressions are proposed 
(equation 2), as a function of the current, I, in relation to a given value, I*: 
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For the lower envelope it is expressed by equation 3: 
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In equations 2 and 3, tES and tEI represent the total operating time corresponding 

to the upper envelope curve of the fuse acting as the main protection, and the minimum 
melting time corresponding to the lower envelope curve of the fuse acting as the backup 
protection, respectively. ȕ1,i and ȕ2,i are characterization parameters of the upper bound-
ary curve of the fuse acting as the main protection. ȕ i are the characterization parame-
ters of the lower boundary curve of the fuse acting as backup protection. 

The coordination criterion of the protection fuses can be expressed as shown 
in the following equation: 

 
� �EI ESt K t CTI �          (4) 

 
where CTI is the coordination time interval (200-300 ms) [32,33], and K is a propor-
tionality constant. 
 

2.2 Improved coordination of overcurrent relays 

Overcurrent relays (OCR) are currently the most widely used overcurrent protection 
devices at line outlets [45,46], used as main and backup protection. With respect to its 
operation, the OCR should act as primary protection by eliminating faults occurring in 
the zone under its supervision. Only in the event that the primary protection fails to 
operate, the backup protection should initiate tripping. 

A typical electrical distribution network may consist of hundreds of equipment pro-
tection relays. Each relay in the system must be coordinated with the adjacent equip-
ment protection relay. If the backup protection is not well coordinated, a coordination 
failure may occur. Therefore, the coordination of the backup protections is a major 
concern in the network protection system [45,47]. Generally, the coordination of pro-
tections can be performed by topology [48,49], by optimization methods [50,51], or by 
expert methods [52]. Topological analysis is used for relay tuning in multiterminal net-
works, whereas graph theory and functional approximation techniques are used to pro-
vide the best solution, which does not need to be the optimal one. In optimization meth-
ods, some researchers [50, 53] used nonlinear programming techniques to determine 
the optimal relay settings, subject to constraints due to coordination and limits of the 
relay settings themselves. Bedekar et at [54-55] proposed the large-M method to find 
the optimal value of the time multiplier setting (TMS) of the OCR, where the set values 
of the plug setting are assumed to be known and fixed. 

Alcala-Gonzalez et al [56] developed a unified protection system that offered dual 
functionality. It was shown that the system was able to optimize the relay settings for 
each network situation, and the OCR coordination problem in the distribution system 
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with the presence of DG was defined as an optimization problem with constraints, 
whose objective function is shown in equation 5: 

 
݉݅݊ ఈ

൫,ೕ൯
ഁିଵ

 σ ൫σ TMS, െ TMSାଵ,ାଵ

ୀଵ ൯

ୀଵ       (5)  

 
where Į and ȕ are the OCR shape constants according to Table 1, ki,j is the ratio between 
the short-circuit current, ICC, and the relay setting current, Iar, with respect to relay I 
with fault in section j, and TMS is the time multiplier setting. 
 
 

Table 1. Parameters ΅ y Ά IEC [55]. 
 
 
 
 
 
 

3 Results 

The relay performance has been tested for different DG penetration levels, different 
types of short-circuit faults (single-phase to ground and three-phase), and different fault 
zones (main feeder and lateral faults).  

For the implementation of the techniques described in the previous sections, the 
IEEE 13 network was used, as shown in Figure 3. As it can be observed, the distribution 
network was divided into 4 different protection zones. 

 

Curve Į ȕ 
Time inverse 0.14 0.02 
Very inverse 13.5 1 

Extremely inverse 80 2 
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Fig. 3. IEEE 13-bus test feeder used to test the performance of the proposed improve-

ment techniques [44]. 
 
The case studies were designed for three different DG locations in the network 

(bus/nodes 633, 646 and 652) and different DG power penetration levels, namely 25%, 
50%, 75% and 100% [56]. They were simulated with Power Factory's DIgSILENT© 
software [57], since this electrical system simulation software has a specific library for 
electrical protection. The DG locations in the distribution network are shown in Table 
2, together with the distance to the electrical substation (S) in each case. 

 
Table 2. DG location and distance to the substation. 

Bus Distance (m) Description 
Bus 633 (N1) 1500  Nearby to Substation 
Bus 646 (N2) 2400 Medium distance to Substation 
Bus 652 (N3) 7000  Far to Substation 

 
A nominal voltage of 20 kV was considered for the cases analyzed, being the over-

head cable made of reinforced aluminum 47-AL1/8ST1A (see Table 3 for the main 
characteristics, according to EN 50182 [58]). The total load considered was 3.83 MW, 
consisting of several three-phase loads distributed according to the information in-
cluded in Table 4. 

 
Table 3. Conductor characteristics 47-AL1/8ST1A. 

Electrical resistance to ���&�>�āNP-1] 0.614 
Electrical reactance at ���&�>�āNP-1]  0.41 
Max. short circuit current [kA] 0.202 
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Table 4. Characteristics of the loads considered as a function of the bus  
(see Figure 3). 

 
Location Load Type  Power (MW) 
Nudo 634 Type Y 1.5 
Nudo 611 Type Y 0.056 
Nudo 645 Type Y 0.056 
Nudo 646 Type D 0.5 
Nudo 652 Type Y 1 
Node 671 Type D 0.385 
Nudo 675 Type Y 0.281 
Nudo 692 Type D 0.056 

 
The supplier's standards [59] and the recommendations of IEC 60787 [60] were con-

sidered for the selection of the size of the expulsion fuses. In addition, two complemen-
tary criteria were established: the rated current of the fuse must be above the maximum 
expected load current of the generator with a sufficient margin (125% load), and the 
fuse must not trip at the generator switching currents [42]. The results of the simulations 
performed can be found in [44]. 

Figure 4 shows the results obtained from the simulation of the IEEE 13-bus power 
system, fuses F3 (E13) and F4(E10) that tripped for a current I = 87.2 A with poor 
coordination between them (i.e., the time between the upper envelope curve of fuse F4, 
tES, and the lower envelope curve of fuse F3, tEI, is lower than the coordination time 
interval, CTI = 0.3 s). This lack of coordination could be mitigated by replacing one of 
the fuses. 
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Fig. 4. Fuse selection to avoid uncorrected coordination detected when considering 
the PV nodes where the DG sources are installed. 

 
Figure 4 shows the upper curve of fuse F4 (SMD-50 E10) and the lower curve of 

fuse F3 (SMD-50 E13). It can be observed that the current intercepts the curve of fuse 
F3 at a point (indicated by a square) located below the curve corresponding to fuse F4 
plus a CTI = 0.3 s (which implies a lack of coordination). 

 
If fuse F3 was replaced by the next fuse in the family, characterized by a higher rated 

current (SMD-50 E15), the situation was not solved, since at a current I = 87.2 A the 
lower curve of the fuse had a lower tripping time than that indicated by the upper curve 
of fuse F4 plus a CTI = 0.3 s (also indicated by a square in Figure 4). The problem was 
finally solved by selecting an SMD-50 E20 for fuse F3. 
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In Figure 4 it can also be seen how the tripping time of its lower curve at I = 87.2 
A (indicated by a square), was off by more than 0.3 s relative to the upper curve of the 
SMD-50 E10. 

With respect to the performance of the OCRs, the values of the a and TMS cons-
tants and the top relay actuation times for the rest of the scenarios are shown in [56].  

The plots of classical coordination versus linear programming coordination in the 
case of more severe three-phase short circuits are shown in Figure 5. It can be seen that 
the response of the main and backup OCR protection devices was significantly opti-
mized with the method proposed in this work.  
 

Fig. 5. Short circuit in F2 with a DG1 penetration level of 17%. Classical versus li-
near programming. 

 

4 Conclusions  

Different novel methods that avoid untimely tripping and ensure an effective co-
ordination between protection devices, and thus improve the quality of power supply 
in the distribution networks of SmartCities, are shown in this work. 

Regarding the coordination of fuses in power grids with the presence of photovol-
taic technology DGs, the behavior of fuses in the power supply system of 13 IEEE bus 
with DG has been studied with DIgSI-LENT©, considering different levels of power 
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penetration and power distribution between the three bus nodes where the DG sources 
were installed (at short, medium and long distances from the substation), in order to 
study the widest range of possibilities. The most relevant results of this work are:  

 
x The effect of photovoltaic DG on fuse coordination in an electrical net-

work similar to that present in small rural villages were tested. The re-
sults indicated that inadequate coordination could occur in the fuses (cor-
rectly selected in the absence of DG). 

x A new and simple way to simulate fuse operation was described. 
x Thanks to the new fuse modeling developed, criteria for selecting new 

fuses in electrical networks that can ensure correct coordination between 
them were described. 
 

On the other hand, and with regard to the response of the OCR adjusted by pro-
gramming versus classical coordination, it can be concluded that, in all the cases stud-
ied, the system proved to be able of adapting the trip parameters of the relays protecting 
the faulted line section according to the operating conditions of the system at the time 
of the fault. The results showed that the protection coordination proposed in this work 
was able to reduce the operating times of the relays by more than 80% compared to 
classical coordination, resulting in a more reliable operation of a DG network. 
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Abstract: Nowadays microgrids (MGs) are becoming tools that can improve the 
reliability, stability, and supply quality of the electrical system. In addition, MG 
are also able to help the integration of renewable technologies for electrical ap-
plications. The present paper shows the implementation of a mobile alarm system 
to optimize the MG maintenance. The novelty of the system is that it is based on 
open-source software, Node-RED, Homme Assistant and Telegram. The system 
has been tested in the CEDER microgrid (MG) and it is able to detect faults in 
the several devices that make up the MG like generation units, storage systems 
or loads. When a fault is detected, the system sends a Telegram text message to 
the MG operator or maintenance crew mobile phones so that they can fix the 
problem as soon as possible. The software implemented can also manage the 
MGs periodic preventive maintenance sending periodic messages in order to re-
mind the maintenance crew the preventive maintenance task that must be done. 

Keywords: Alarm system, microgrids, maintenance  

1 Introduction  

Nowadays the consumption of electricity has become a necessity around the world. 
This means that the electric energy demand increases every year due to the population 
LQFUHDVH�DQG�WKH�HFRQRP\¶V�JURZWK��,Q�WKH�SUHVHQW��PRUH�than 70% [1] electric energy 
production in the word comes from non-renewable sources. Non-renewable technolo-
gies can be related to a high-level greenhouse gases emission, which produce the global 
warming, one of the biggest problems that current society faces. Renewable technolo-
gies for electricity generation are an alternative to traditional energy sources with a 
competitive generation cost. 

The constant growth of the different renewable energy systems and its integration 
into the different sorts of grids have a significant impact on the electric system perfor-
mance. Because of the electricity grid requirements, the integration of the different 
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technologies of renewable electricity generation presents a challenge in the grids con-
trol and operation. This is because of the common yield variation that present technol-
ogies like photovoltaic or wind energy [2].  

MGs can be considered as independent distribution networks that are made up by 
different units of distributed generation, loads and often storage elements as well. 
Therefore, MGs can provide a tool able to improve the reliability, stability, and supply 
quality of the electrical system [3], [4], solving the main problems related to the in-
creasing implementation of renewable technologies for electrical applications.  

Unlike conventional networks, MGs lack rotating inertia in the system. This and the 
fact that the MG generators are frequently fed by renewable energy source, lead to the 
need of developing MGs control systems. The most common control strategy is a hier-
archical control strategy based on three levels [5]. The primary controller is a local 
control system that is responsible for ensuring a proper sharing among the different 
generators that make up the MG and allow each generator to operate autonomously. 
The secondary controller is used in order to achieve the global controllability of the 
MG. For this secondary controller a MG central controller is needed. This MG central 
controller can also include a tertiary controller, which is responsible for the purchase 
and sale operations between the MG and the distribution network [5]±[8]. Moreover, 
the distribution networks can be able to communicate with the MG central controller 
and give it energy dispatch orders. In this way, the control capacity offered by the MGs 
to distribution networks is one of the keys that allows the integration of renewable tech-
nologies, which are based on distribution generation.  

The implementation of a control system in a MG needs the use of a programming 
language based on C++, Python, MATLAB y LabVIEW [9]±[11]. The use of these 
programs requires advanced knowledge of programming and paid license.  

Most MGs that use this kind of control hierarchy include in their programming a 
decision-making system, which is able to perform control actions on the different ele-
ments of the MG. They include the off or on of the generation units, actuation on the 
switches or storage system loading and unloading. However, it is unusual that the sys-
tem is able to notify the maintenance crew or the persons in charge of the MG control 
and monitoring [12]. 

Therefore, it is possible to classify the monitoring MGs system into two categories. 
7KH�ILUVW�RQH�LQFOXGHV�PRQLWRULQJ�V\VWHPV�WKDW�GRQ¶W�LQFOXGH�Dn alarm system while the 
second one includes monitoring systems that are able to notify the different persons in 
charge of the MG. Next, some of the monitoring systems that include an alarm system 
are shown.  

One possibility is a system that has a datalogger and a local server that file data in a 
database [13]. The program also does an analysis in order to update the linkage and 
detect failures in the different units that make up the MG. If one of the values that the 
system is able to monitor is different from the previously defined nominal values, the 
system sends a notification email to the desired users.  

Other possibility is a monitoring system based on Smart Meters and a Supervisory 
Control and Data Acquisition (SCADA) [14]. In this case, the periodicity of data ac-
quisition can be from minutes to hours. This data acquisition is complemented with an 
alarm system that can be configured so that it notifies the users registered in the control 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 826

pmoreno
ISBN 978-9942-44-109-6



3 

system. The Smart Meters can be configured in order to visualize data and to send no-
tifications. The system is also able to be programmed so that the recorded fault can be 
manually solved with the support of one of the users or automatically solved thanks to 
D�SUHYLRXV�SURJUDPPLQJ��6RPH� ³VRFLDO�6&$'$V´� [15] have been implemented in s 
MGs. This SCADA has got a simple interface, what allows that people without tech-
nical knowledge can understand the system performance. This SCADA is also able to 
send notifications to the user so that they perform maintenance tasks like battery bank 
maintenance.  

An alarm system can also be achieved using a Matlab/Simulink program [16]. The 
program compiles a protocol of different logic equations whose result determinate if 
the MG is working properly or if it has one or some failures. The failure must persist 
for a certain time until the system sends the failure notification. This allows that a tem-
porary failure in the communication system can be differentiated from a failure in the 
MG.  

It is also possible to develop an intelligence remote monitoring system based on Web 
[17]. This use B/S architecture (browser/server architecture) to realize real-time moni-
toring and adjusting the value of the environment factor data. In addition to monitoring 
environmental parameters, the system can send alarms when some parameter is outside 
its thresholds values, which can be defined previously.  

Finally, the monitoring and alarm system can also be based in a smartphone appli-
cation supported by a Raspberry Pi 3 and the cloud platform [18]. This smartphone 
application allows to the user who are register in it the live data visualization. Moreover, 
the user can send control orders to the different devices connected and receive notifi-
cation about the MG performance. With a proper setup, this system also allows plug in 
or out the MG loads and generators.  

The MGs alarm systems can be supplemented with a MG alarm processing method 
based on equipment fault prediction and improved support vector machine learning 
[19]. This system allows to improve the alarm processing speed and fault detection 
accuracy.  

The development of an alarm system in a MG is a good tool that could improve the 
MG performance and optimize the maintenance tasks, maximizing the renewable en-
ergy yield and increasing the availability and the sturdiness of the MG. In fact, a proper 
alarms system allows to leave out the continuous surveillance, which could save a lot 
of time and money.  

In this paper a MG alarm system is presented. The alarm system has been imple-
mented in the CEDER MG and it is based on open-source software: Home Assistant, 
NodeRed and Telegram. The second section of this paper describes the CEDER MG 
features while the third section shows the alarm system performance and the sort of 
alarms implemented. Finally, the conclusions of this mobile system are shown in fourth 
section.  
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2 CEDER microgrid description 

CEDER is the place where the mentioned alarm system has been implemented. This 
center belongs to CIEMAT. It is located in Lubia, in the province of Soria (Spain), with 
a built-up area of 13,000 m2 in three distinct areas, out of a total of 640 ha (see Fig. 1).  
 

 
Fig. 1. CEDER location and distribution. 

CEDER has a smart electrical MG which is used or modified in order to do researching 
activities. The CEDER MG is connected to a 45 kV distribution network and a 1,000 
kVA electrical transformer reduces the voltage to feed a 15 kV close-ring grid. This 
close-ring grid has 8 transformation centers that reduce the voltage to 400 V. All the 
loads, generators and storage systems are connected to this transformation centers. The 
several elements that make up the CEDER MG are detailed below. 

2.1 Distributed generation 

The different electrical generation systems are spread over the 640 ha that make up the 
CEDER and all these generators are connected to the MG in low voltage (400 V). De-
pending on their renewable character and manageability, generation systems can be 
divided into the following groups: 

x Non-controllable renewable:  

x Photovoltaic: 8 photovoltaic plants with 123.5 kW of total capacity. 
x Wind energy: 4 wind turbines with 61.2 kW of total capacity. 

x Controllable renewable: 
x Hydraulic turbine with 50 kW of total capacity.  

x Non-renewable: 
x Diesel generator with 100 kVA. 
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2.2 Storage systems 

CEDER MG has several energy storage systems that are essential in order to achieve 
balance between generation and consumption. They avoid the energy injection into the 
utility grid and allow to store the excess energy for a later use, when the load is greater 
than the generation. The different CEDER storage systems are detailed below: 

x Mechanical storage: 

x Hydraulic pumping system: 4 pumps with 7 kW each one. 

x Water tanks (3 tanks, 2000 m3 and 70 m unevenness). 

x Electrochemical storage: 

x Lead-acid battery I: 120 cells with 2 V 1,080 Ah. Inverter 50 kW. 

x Lead-acid battery II: 120 cells with 2 V 765 Ah. Inverter 20 kW. 

x Lead-acid battery III: 120 cells with 2 V 650 Ah. Inverter 5 kW. 

x Lithium-ion battery: 2 racks with 14 modules and 14 cells per module 
(LFP). Each cell has 3,2 V and 50 Ah. Inverter 30 kW. 

2.3 Loads 

The several loads that make up the CEDER MG are connected into the low voltage 
grid. In order to measure the energy consumption, there is a main smart meter in the 
point of common coupling between the MG and the distribution network. In addition, 
each transformer center has a grid analyzer (PQube) that can measure the quality and 
energy consumption.  

2.4 Management system 

7KH�PDQDJHPHQW�V\VWHP�DW�&('(5¶V�PLFURJULG�FRQVLVWV�RI� 

x Communications bloc: based on NodeRED. It integrates the different com-
munication protocols of the generation, storage and consumption systems at 
CEDER (Modbus, MQTT, HTTP, etc.). 

x Database: it is based on a database management system called MariaDB. The 
latter is a relational database that allows us to storage data per second in real-
time thanks to programmed events and calculations (minute average or 15-
minute average, as the ones used by the energy distribution company that sup-
plies CE.D.E.R.) through the corresponding queries. 
This is important because, in addition to monitoring in real-time to make im-
mediate decisions, it is of great interest to storage and analyse the data in order 
to stablish management strategies in the medium and long-term. 
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x Energy Management System (EMS) with a human-machine interface based 
on the Home Assistant software (see Fig. 11). This software allows monitoring 
all the necessary data from the equipment connected to the microgrid in real-
time and giving instructions to each one. Furthermore, it is accessible from 
every point of the CE.D.E.R. communication network (meaning it is decen-
tralized) and it can be accessed remotely with a smartphone application. 

To achieve this, it is essential to connect all the elements of the microgrid as well as 
the management system to CE.D.E.R.¶V�GDWD�QHWZRUN. In this case, the equipment is 
connected to an Ethernet data network. 

&\EHUVHFXULW\�LV�FORVHO\�OLQNHG�WR�WKH�PLFURJULG¶V�PDQDJHPHQW�DQG�FRQWURO�VRIWZDUH��
Due to the number of devices, entry points and protocols used, there is a bigger area 
susceptible to cyberattacks.  

The modern cybersecurity market does not have the capacity to manage accurately 
such display for the entire power grid yet. Because of the latter, a member of the project 
is developing a security framework to provide a set of defensive measures in network 
attacking scenarios. 

All of the above means that the operating mode and the cybersecurity system prep-
aration is based on vulnerability evaluation and attack scenarios. The aim is to design 
a smart network architecture against malware. At the same time, the security perfor-
mance will be analysed to reduce the impact of human errors and spear phishing cam-
paigns. 

 

3 Mobile Alarm System  

3.1 Implementation of the alarm system 

Home Assistant is an open-source software, developed in Python and generally used 
for home automation applications. However, it is a robust solution, economically af-
fordable and with great potential for monitoring and managing MGs in real-time. Home 
Assistant allows connecting with all the elements in a MG (generation sources, storage 
systems and loads) using different communication protocols, developing SCADAs for 
the operation of each one and its integration in a single Human Machine Interface 
(HMI) to operate the MG [20]. Node-RED is an open-source tool developed in JavaS-
cript for wiring together hardware devices, APIs and online services. It provides a 
browser editor which makes it easy to connect flows using several nodes. Telegram is 
an open source, cross-platform instant messaging software and application service that 
provides end-to-end encrypted calls. 

Node-RED has a Telegram integration that allows to send text messages to the mo-
bile phone of the MG supervisor. This enables to instantly inform them of all the issues 
in the MG so that they can take the appropriate actions for its operation or program the 
necessary maintenance tasks. In order to do this alarm system, the MG monitoring and 
control system needs to be developed using Home Assistant [20].  
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It is necessary to create a telegram bot. Hence, it is needed to follow the following 
steps:  

1. Install Telegram application and run it. 
2. Search BotFather, which is a bot that allows to create new bots and change the 

configuration of our own bots. 
3. 6WDUW� D�FRQYHUVDWLRQ�ZLWK�%RW)DWKHU�DQG�VHQG�KLP�WKH�FRPPDQG� ³�QHZERW´��

This allows to create a new bot, which must have a name and username. When 
the bot is created, a token is generated. This token must be included in the 
Home Assistant configuration file.  

4. Then, it is needed to achieve the identifying numbers of each mobile phone 
that are going to communicate with the MG control system and receive the 
several alarms. For this, it is necessary to start a conversation with the bot 
IDBot and send it the command ³�JHWLG´. This step must be done in all the 
mobiles phones that are going to receive the MG alarms or notifications. 

5. Integrate telegram in Nod- RED. ,QVWDOO�WKH�DGGLWLRQDO�QRGH�³QRGH-red-contrib-
WHOHJUDPERW´��7KH�DGGLWLRQDO�QRGH�FDQ�EH�LQVWDOOHG�IURP�WKH�1RGHUHG�LQWHUIDFH�
LQ�WKH�³0DQDJH�3DOHWWH´��7KHQ�LW�LV�QHHGHG�WR�LQFOXGH�WKH�QDPH�RI�WKH�ERW�DQG�
the API key in the Nodered configuration nodes. 

6. Finally, the several alarms can be programed using the Node-RED browser-
EDVHG�HGLWRU��,Q� WKLV�FDVH� WZR�DGGLWLRQDO� QRGHV�DUH�XVHG��³QRGH-red-contrib-
WHOHJUDPERW´�DQG�³QRGH-red-contrib-home-assistant-ZHEVRFNHW´��7KH�VHFRQG�
one allows to integrate Home-assistant into Node-RED.  

A simple example of one alarm is shown below (see Fig. 2). This nodes configura-
tion allows to detect a fault in one of the solar plants. The configuration detects when 
RQH�VRODU�LQYHUWHU�GRHVQ¶W�SURGXFH�HQHUJ\�ZKLOH�WKH�VRODU�LUUDGLDnce is high enough to 
do it. When this fault is detected the system sends a text message alarm.  

 
Fig. 2. Example of a corrective maintenance alarm configuration.  

7KH�ILUVW�QRGH�LV�D�³WULJJHU�QRGH´�DQG�LW�FKHFNs the value of the inverter power. When 
the power is less than 0 W for 20 minutes the node triggers a flow that is sent to the 
next node. The configuration of this node must include the Homme Assistant server 
and the name of the entity that is wanted to check (see Fig. 3).  
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Fig. 3. Trigger node configuration. 

 
7KH�VHFRQG�QRGH� LV�D�³FRQGLWLRQDO�QRGH´, and it checks if the measured irradiance is 
high enough to allow generation. Hence, if the inverter power is less than zero for 20 
minutes and solar irradiance is higher than 50 W/m2 a flow is sent to the third node. 
The configuration of this node must include the Homme Assistant server and the name 
of the entity that is wanted to check (see Fig. 4).  
 

 
Fig. 4. Conditional node configuration. 

The configuration of the QH[W�QRGH��³function node´��must include the Telegram user 
ID of the person who is going to receive the alarm and the message text (see Fig. 5).  
 

 
Fig. 5. Function node configuration. 
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The last node LV�D�³7HOHJUDP�VHQGHU�QRGH´�DQG�LW�DOORZV�WKH�FRPPXQLFDWLRQ�EHWZHHQ�
Node-RED and Telegram. This node must include the bot username and the bot token 
which has been generated in the bot creation bot process Fig. 6. 
 

 
Fig. 6. Telegram sender node configuration. 

This system also allows to program a node configuration to send alarms when a periodic 
preventive task must be done (See Fig. 7). One possibility is a configuration that sends 
a periodic alarm, in this case an alarm every 180 days. Meantime, the other possibility 
is a configuration that sends an alarm each year in a determinate day and hour, in this 
case an alarm at 7:30 every 15th of April. The first configuration could fit better with 
tasks that have to be done two or more periodic times per year while the second one fits 
better with the tasks that have to be done once per year or the tasks that have to be done 
in a determinate moment of the year, like starting the electrical heater in the hydraulic 
turbine (before the frost period). 

 
Fig. 7. Examples of preventive maintenance alarms. 

Furthermore, the system can be configured so that it sends different alarms to different 
persons. The main operator of the MG receives all the alarms that the system detects 
while each member of the maintenance crew just receives the alarms of the facilities 
for which they are responsible.  

3.2 System performance and sorts of alarms  

There are many types of alarms that can be defined to notify the different failures that 
can occur during the normal MG performance. Not all the failures require the same type 
of response. The performance of the alarm system and the several sorts of alarms are 
shown below (see Fig. 8). When one of the monitored parameters is outside of its nor-
mal range and this parameter remains outside of its normal for a determinate time, the 
system sends the alarm message. This allows to differentiate a failure in the MG from 
a momentary communication failure. Depending on whether the parameter failure pre-
vents the normal MG performance, the alarms can be classified as corrective mainte-
nance alarm or informative alarms. Finally, the system sends periodic alarms to the 
SHUVRQ� LQ�FKDUJH�RI� WKH� VHYHUDO�SUHYHQWLYH�PDLQWHQDQFH� WDVN�� ,I� WKH�FRQGLWLRQV�GRQ¶W�
allow to do the maintenance, the system waits until the conditions allow to do it and 
send the alarm message.  
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Fig. 8. Mobile alarm system performance.  

Corrective maintenance alarms��7KHVH�VRUWV�RI�DODUPV�GRQ¶W�OHW�D�QRUPDO�MG perfor-
mance and need the intervention of the maintenance crew so that they fix the detected 
failure. Among them we find the followings alarm: 

� Differential or magnetothermic trip switch: when the power measured by one 
of the network analysers is zero during a determinate quantity of time, the 
system detects it and sends a message to the maintenance crew so that they fix 
it.  

� Photovoltaic fault: If there is an irradiation higher than a determinate value 
DQG�RQH�RI�WKH�LQYHUWHUV�GRHVQ¶W�SURGXFH�SRZHU�ZKLOH�WKe other produces it, the 
system detects it and sends a message to the maintenance crew so that they fix 
it.  

� Wind turbine failure: If there is a wind speed higher than the cut-in wind speed 
and the power of the wind turbine is zero, the system detects it and sends a 
message to the maintenance crew so that they fix it.  

� Failure in the energy storage system when generation is greater than consump-
tion. 

� Motor protection trip switch. 
� Lead-acid battery faults. 
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Some alarms are detected during normal operation as these cause a change in one of 
the parameters that are checked. On the other hand, other failures cannot be detected 
until the generation or storage units start to work. In both situations, a member of the 
maintenance crew must go to the place where the failure occurred.  

Preventive maintenance alarms: In a MG with several generation and storage 
units, regular maintenance tasks must be done in order to avoid breakdowns or a prem-
ature degradation of the storage system. So, several alarms can be programmed to re-
mind the maintenance crew that they have to perform these tasks. Among them we find 
the followings alarms: 

� Visual and thermographic inspections of the inverters and the distribution 
boards. 

� Solar module thermographic inspection by DRON. 
� Wind turbines visual inspections. 
� Check the hydraulic circuit and tanks leaks.  
� Check the level of the electrolyte and measure his density in the different lead 

acid cells. 
� Check the voltage of the battery cells.  
� Turn on an electric heater in the pumps and hydro turbine so that the water 

GRHVQ¶W�IUHH]H�� 

Moreover, it could be other preventive maintenance task whose performance is only 
possible in determinate conditions. For example, the maintenance task that must be 
done inside the tank only can be done when the level of the tank is lower than 30 cm. 
So, the system can be programmed to send the alarms when the conditions allow to do 
maintenance tasks.  

These sorts of alarms let a normal MG performance but need that a member of the 
maintenance crew must go to the place where the unit that need a maintenance task is 
placed��+RZHYHU��VRPH�RI�WKHP�FDQ�EH�DXWRPDWLFDOO\�VROYHG��)RU�H[DPSOH��LW�LVQ¶W�UHF�
RPPHQGHG�WKDW�WKH�GLHVHO�JHQHUDWRU�LVQ¶W�RII�PRUH�WKDQ���GD\V��6R��LI�LWV�UHYROXWLRQV�SHU�
minute are zero for one week, the system detects it, sends an alarm to the maintenance 
crew and starts the diesel generator for 10 minutes. 

Informative alarms (Management alarms): These sorts of alarms give infor-
mation about the performance of the MG. This information can be useful for the mainte-
nance crew: 

� Wind speed higher than a determinate value.  
� The tilt angle of the photovoltaic modules should be changed to maximize the 

production: this task must be done manually, so the system sends several 
alarms throughout the year showing the optimized tilt angle depending on the 
month. 

� Low tank level. 
� Low battery in the storage system. 
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4 Conclusions  

This paper shows the viability of developing an alarm system based on Node-RED, 
Home Assistant and Telegram that allows to improve the performance of a MG and 
optimize the maintenance of the several devices that make up the MG.  

The system is able to detect faults in the different units of generation, storage and 
loads, what enables to maximize the renewable fraction energy consumption and im-
prove the MG reliability. The system can also manage the preventive maintenance of 
the different devices that make up the MG sending alerts to the maintenance crew about 
the periodic maintenance task that must be done. Other informative alarms that are in-
teresting to the MG operator or maintenance crew can be programed using the presented 
system.  

The implemented system has demonstrated to be a robust solution with great poten-
tial for managing the several alarms in a MG. Moreover, the alarm system is based on 
open-source software, while other monitoring and alarm systems require paid license. 
This means that the alarm system presented could be an economically affordable solu-
tion for most of the MGs. Finally, the Node-RED browser editor allows to program 
several alarms without the need of an advanced knowledge about programing.  

The alarm system implementation in the CEDER MG has improved the performance 
of the MG. The programed corrective alarms have achieved a quick fault detection in 
the several generators, what means a higher energy yield and less energy consumption 
from the distribution network. The alarm system implemented has also enabled to leave 
out the continuous monitoring and save microgrid operator time.  
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Abstract. The energy transition is impulsing multiple challenges in the
power system’s technical and economic areas. The stochastic behavior of
renewable energy generates high uncertainty levels, which only can man-
age through the development of flexibility capacities from demand re-
sponse or generation-side. Energy management systems have been raised
to optimally schedule prosumer’s power dispatch with hourly timeframes
or every minute. During this energy planning, a real-time control man-
agement system is needed to handle deviations, cost overruns, risks, loss
of quality, supply reliability, and identify economic opportunities to re-
duce electricity bill. This paper endeavors to present a flexibility man-
agement system for executing an energy program of distributed energy
resources based on a power re-dispatching and unit re-commitment mod-
ule using an adaptive auto-regression algorithm as a forecasting module.
The conclusions drawn from this study demonstrate that the proposed
flexibility management system can control real-time dispatch profitably
and optimally.

Keywords: Flexibility Management, Energy Program, Cost Overrun.

Abbreviations:
AMI Advanced Metering Infrastructure
ARA Adaptive Auto-regression Algorithm
BBSA Binary Backtracking Search Algorithm
BRP Balance Responsible Party
CBA Cost-Benefit Analysis
DER Distributed Energy Resources
DSO Distributed System Operator
EMS Energy Management System
EV Electric Vehicle
FLEMS Flexibility Management System
GA Genetic Algorithm
POI Point of Interconnection
PV Photovoltaic Panel
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PVPC Precio Voluntario para el Pequeño Consumidor
RES Renewable Energy Sources
SOC State of Charge

Variables:
Echbat

B Efficient factor for charging of battery
EdisbatB Efficient factor for discharging of battery
SOCbat

min Minimum SOC for period t
SOCbat

max Maximum SOC for period t
Rchbat Power ramp rate for charging of battery
Rdisbat Power ramp rate for discharging of battery
Pchbat

t Battery energy charging
Pdisbatt Battery energy discharging
PPV PV production
P ,PV
t Predicted PV production

CurPV
t Solar curtailment

CurPV
t,tolerable Solar curtailment limit value

V AMI
t Inverter voltage measured by AMI

V maxt,nom Maximum inverter voltage at rated power
V mint Inverter voltage at minimum active power
PnomPV

t PV rated active power
PminPV

t Minimum PV active power
RchEV Power ramp rate for charging of EV
RdisEV Power ramp rate for discharging of EV
σ(IbatSOCt

t ) Severity factor for battery aging
Ibatnom

t Nominal charging and discharging current of battery
Ahbat

t Total aging effect caused by cycling
X Battery market price
Clifet Battery life cycle
Ppoi,t,s Forecasted power at POI for time t done at time s
Ppois−n+1 Measured power at POI for time s-n+1
Ppoi,s−n+1,s−n Forecasted power at POI for time s-n+1 done at time
s-n
Ppoi,FLEMS

t,s Forecasted demand at POI estimated by FLEMS
Xbuy

t Electricity retail price
Ppoi,EMS

t,s−1 Forecasted power at POI for time t done at period s-1
estimated by EMS.
CFLEMS

flex Flexibility costs calculated by FLEMS

1 Introduction

The growth of Distributed Energy Resources (DER), mainly from Renewable
Energy Sources (RES) in power systems, is turning flexibility into an essential
element for a feasible, safe, and reliable electrical supply [1, 2]. Traditionally,
flexibility was provided by conventional generators, which possess flexible power
output to preserve the balance between generation and consumption. Demand-
side flexibility is getting lots of attention owing to an increasing storage devices
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FLEMS for Executing Energy Program with Distributed Resources 3

(electric vehicles and fixed residential batteries), flexible loads, and control and
communication devices in power systems. All above-mentioned are modifying
the traditional end-users into prosumers [3].

Prosumers and microgrids are transforming into an efficient solution to in-
tegrate DER and RES, as well as manage and control the increased flexibility
from the demand-side [4]. For flexibility services and optimal dispatch, a man-
agement and control system is necessary to accomplish the energy commitments
at reduced costs and preserve the acceptable quality of electricity supply. Energy
Management System (EMS) has been tested successfully by [5, 6], which estab-
lish an optimal dispatch of DER assets during a given period time. Besides,
during this same period time, EMS could properly execute flexibility requests
from external agents such as Distributed System Operator (DSO), Balance Re-
sponsible Party (BRP), aggregators, or end-users. Along with EMS, a real-time
management system is needed to manage power output, and unexpected events,
as well as execute voltage/frequency, real/reactive power control, and flexibility
services outside of EMS control, according to the power system’s needs.

To define real time management system, authors have developed some al-
gorithms to manage real-time energy dispatch in power systems. Firstly, Bi-
nary Backtracking Search Algorithm (BBSA) is implemented to give an optimal
schedule for home devices to limit the total demand and schedule the operation of
home appliances at specific times during the day [3]. BBSA is based on producing
a trial population that evolves using two new mutation and crossover operators.
Adaptive Auto-regression Algorithm (ARA) is also used as a real-time predictive
controller [6, 8], where forecasted values are generated for the next period time
(1 minute), using coefficients found by optimizing the model on the training date
from past series values. Thirdly, two-stage stochastic programming with a sce-
nario reduction method based on mixed-integer linear optimization classifies the
decision variables into two groups [9]. First, the decision maker takes some ac-
tion in the first stage, after which a random event occurs, affecting the outcome
of the first-stage decision. Then, a recourse decision will be made in the second
stage that compensates for any undesirable effects that might have been experi-
enced due to the first-stage decision. Additionally, a Genetic Algorithm (GA) is
implemented to determine the optimal settings by minimizing the cost functions
in a power system with distributed energy resources [10, 11]. In the end, power
re-dispatching and unit re-commitment use hill climbing (optimal local values)
iteration to correct voltage and current violations [8, 10]. These solutions should
be validated by an optimizer solver and report the updated data.

On the other hand, although diverse projects are proposing short-term con-
trol schemes, those are oriented towards distribution networks with real-time
monitoring and control schemes from DSO, local flexibility market, or central-
ized aggregator point of view. In general, these works is neglecting the man-
agement of energy planing in real-time and its deviations during its executing
from prosumer or end user perspectives. Therefore, this article’s close-to-real-
time management system, named Flexibility Management System (FLEMS), is
a challenge still unsolved [7]. This paper focuses on developing a FLEMS that
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can efficiently manage power dispatch in real-time, persevering the generation
and consumption balance and quality of electricity services, as well as managing
flexibility requests assigned to FLEMS by EMS. FLEMS and EMS should be
adequately coordinated and guarantee an unfailingly minimum quality of ser-
vice in electricity supply. The remainder of the paper is organized as follows:
Section 2 describes the FLEMS framework. Section 3 exposes the mathematical
formulation problem. A case study and its results are presented in Section 4. In
the end, conclusions are outlined in Section 5.

2 System Description

The proposed FLEMS is based on the INVADE H2020 project [12, 13]. The sys-
tem is initially composed of a connected-to-grid prosumer with an electric vehicle
residential charging station, photovoltaic panel, and battery as flexible assets.
The architecture is completed with an EMS as a high-level energy manager,
which generates the prosumer’s optimal dispatch according to an optimization
process with economic and technical variables. Additionally, an aggregator or
DSO could generate flexibility requests handled by EMS and FLEMS. As shown
in Figure 1, FLEMS also receives real-time measurements, which adjusts the
optimal dispatch through new set-point profiles of the prosumer’s flexible assets.

Fig. 1. Control Scheme of Power System with Distributed Resources
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FLEMS for Executing Energy Program with Distributed Resources 5

2.1 Flexible Assets Models

This section formulates the flexible assets models applied to the formulation
of the FLEMS. Once models have been drawn, FLEMS’s power management
strategy proceeds.

Battery model : In order to represent an accurate model, efficient factor for
charging ηbatch and discharging ηbatdis,B energy has been involved. The State of
Charge (SOC) of the battery (SOCbat

t ) must be between a minimum SOCbat
min

and maximum SOCbat
max limit value. Besides, the power ramp rate for charg-

ing Rchbat and discharging Rdisbat for period t must be taken into account to
preserve the battery lifetime.

SOCbat
t = SOCbat

t−1 + Echbat
t ∗ ηbatch − Edisbatt

ηbatdis

(1)

SOCbat
min ≤ SOCbat

t ≤ SOCbat
max (2)

Echbat
t ≤ Rchbat (3)

Edisbatt ≤ Rdisbat (4)
Where, Echbat

t and Edisbatt are energy charging and discharging for battery,
respectively.

Detachable and reducible photovoltaic panel model : For this PV model,
the energy production (PPV

t ) for a period t must be between 0 and predicted
production (P ,PV

t ). FLEMS can charge the predicted values if solar curtailment
(CurPV

t ) rises to limit values (CurPV
tolerable). Equations 5 and 6 express those as

mentioned earlier.

0 ≤ PPV
t ≤ P ,PV

t (5)

CurPV
t ≤ CurPV

tolerable (6)
Solar curtailment is determined using the Volt-Watt curve of panels, where

voltage variations at inverters express the solar curtailment due to volt-watt con-
trol to accomplish set-point profiles from the PV controller. The mathematical
formulation is drawn in equation 7 based on [14, 15]:

CurPV
t =

T∑

t=1

V AMI
t − V maxnom

V min− V maxnom
∗ (PnomPV − PminPV ) (7)

Where, V AMI
t is the voltage measured by Advanced Metering Infrastruc-

ture (AMI), V maxnom is the maximum voltage at which PV system produces
its rated power PnomPV . V min is voltage at which the system generates its
minimum active power PminPV .
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Electric vehicle controllable and interruptible model : This EV model
allows to control and interrupt charging sessions, shaping the final charging pro-
file according to the energy needs of the prosumer. The charging and discharging
power (PEV

t ) must be between 0 and maximum value (PEV
max). Besides, the en-

ergy charging EchEV
t and discharging EdisEV

t of EV for period t must be less
than maximum power ramp rate for charging RchEV and discharging RdisEV .
Those indexes are considered to preserve the EV-battery lifetime.

0 ≤ PEV
t ≤ PEV

max (8)

EchEV
t ≤ RchEV (9)

EdisEV
t ≤ RdisEV (10)

2.2 Flexibility Management System

The FLEMS proposed in this article aims to manage the prosumer’s energy pro-
gram in a close-to-real-time framework. The FLEMS structure is shown in Figure
2. Initially, FLEMS has an activation module where real-time power measure-
ments and control signals from EMS are received. The activation module aims to
establish the initial conditions, such as SOC Residential Battery and EV Battery,
and EV charging session, of the prosumer‘s flexible assets and calculate reference
values from EMS optimal dispatch, e.g. prosumer’s forecasted cost of electricity,
forecasted energy consumption, and forecasted inflexible consumption. During
the energy program, the activation module supervises the energy exchanges with
the grid to prevent exceeding the maximum power agreed with DSO or fixed by
EMS, as well as to ensure that the prosumer does not discharge energy to the
grid at any time. It has defined a tolerance range of 5% concerning limit values
to complete the above.

Subsequently, FLEMS diagnoses the power absorbed from network by pro-
sumer. This short-term forecasting allows determining if the present deviations
could generate unacceptable economic losses for end-user or aggregator, if the
aggregator is in charge of the energy management of the prosumer’s installation.
It can be seen in Figure 2 that FLEMS receives energy set-point profiles from
EMS, resulting from an optimization carried out by EMS for the present period
of time. Additionally, FLEMS receives as an input the real-time measurements
of the main variables of the system, such as PV production, consumption, and
state of charge of residential battery and EV battery, among others. FLEMS
performs its predictive processes to optimize the cost overrun due to deviation
in uncontrollable variables such as PV production, inflexible consumption, or un-
planned events such as EV disconnection or network failure. FLEMS generates
or modifies the flexible assets’ set-point profiles from EMS in a close-to-real-time
timeframe.

According to the above-mentioned, FLEMS uses an ARA to forecast the en-
ergy exchanges with the grid in a short time period. This short-term prediction

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 844

pmoreno
ISBN 978-9942-44-109-6



FLEMS for Executing Energy Program with Distributed Resources 7

generates information to be evaluated in Cost-benefit Analysis (CBA) module.
CBA module optimizes the real-time power dispatch reducing the cost overrun
of the prosumer, augmenting the generation of renewable energy resources, and
minimizing the flexibility services cost. According to CBA and taking into ac-
count the flexibility requirements accepted by EMS, a power re-dispatching and
unit re-commitment module assign the final set-point profile to the prosumer’s
devices, depending on the current flexibility request if they have been accepted
previously. Each control signal will be valid until the predicted values return to
accepted ranges and the activation signal is disabled.

Fig. 2. Flexibility Management in Power System with Distributed Energy Resources

Power Management Strategy: The management strategy developed by the
power management module is initially executed by FLEMS employing the in-
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formation provided by EMS (every 15 minutes). As mentioned, EMS generates
set-point profiles for prosumer flexible assets according to the planning horizon.
These values represent a local optimum, which establishes an overall referent
cost for flexible assets, inflexible load and energy purchases from grid. FLEMS’s
power management strategy is based on electric parameters at the Point of Inter-
connection (POI) and AMI in order to control solar curtailment. First, FLEMS
seeks that prosumer is not discharging to the grid, and therefore, flexible assets
will be activated depending on their cost models. The above happens until when
exchanged power between prosumer and grid comes to zero. In the same way, if
exchanged power exceeds subscribed or predefined maximum power, fixed and
mobile battery (electric vehicle charging station), as well as flexible load are
managed to reduce the energy demand. A deviation tolerance range is defined
concerning the power control signal generated by EMS, given that a significant
deviation could generate both opportunity loss or large imbalances. Once more,
FLEMS manages flexible assets to overcome this undesired situation.

Supposing the above deviations remain in time. FLEMS generates a report,
which could be sent to EMS, aggregator, and DSO, reporting the situation or fu-
ture events according to its predictive models. Conversely, the normal operation
of the prosumer continues until EMS updates the power control signals for the
next period. Considering that the uncertainty in power systems is increasing in
the same proportion as the renewable energy penetration level, short-time con-
trol systems are desired to maintain the stability and reliability of the electricity
supply.

2.3 Cost Functions of Flexible Assets

The FLEMS attempts to incorporate cost models related to energy assets to
make proper decisions to reduce the energy cost for prosumers. This section
presents cost models used in this study, leaving the potential benefits of close-
to-real-time energy management for future work.

Battery costs : The cost related to residential battery usage is listed as follows:

– Cost of Discharging and Charging: The operating cost of the battery can
be defined as a continuous convex quadratic function [9, 10], where charging
and discharging powers are used to calculate the operating cost. Equations
11, 12, and 13 describe this function cost:

Cchbat
t = ac ∗ (Pchbat

t )2 + c (11)

Cdisbatt = ad ∗ (Pdisbatt )2 + c (12)

Copebatt = Cchbat
t + Cdisbatt − Copebat,EMS

t (13)
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– Aging for cycling: Withing the energy storage system operation, aging cost
has generally been reflected in various studies, but this phenomenon has high
relevance to the battery’s useful life. FLEMS pretends to manage deviation
in a close-to-real-time period through flexible assets, so the aging cost must
be defined. In equations 20, 21, and 22, a mathematical formulation for aging
cost for cycling is drawn for period t [16]. This model uses a severity factor
(σ(IbatSOCt

t )) to measure the impact of any cycle (charging or discharging)
on battery lifespan, according to standard conditions (Ibatnomt ). Ahbat

t rep-
resents the total aging effect caused by cycling over a period of time T. X
and Clifet depict the battery market price and life cycle, respectively.

Cagbatt = Xbat ∗
Ahbat

t

Qbatbatt ∗ Clifebatt

− Cagbat,EMS
t (14)

Where,

Ahbat
t =

1

T
∗
∫ T

0
σ(IbatSOCt

t ) ∗ Ibatnomt dt (15)

σ(IbatSOCt
t ) =

∫ T
0 Ibatt dt

∫ T
0 Ibatnomt dt

(16)

Photovoltaic panel model costs : For detachable and reducible PV model,
costs are incurred when there is solar curtailment due to forecasting deviations.
Curtailment solar was defined in equation 7.

Electric vehicle costs : In the same sense as the stationary battery, EV battery
has operation cost and aging costs associated with unusual cycling.

– Cost of Discharging and Charging:

CchEV
t = ac ∗ (PchEV

t )2 + c (17)

CdisEV
t = ad ∗ (PdisEV

t )2 + c (18)

CopeEV
t = CchEV

t + CdisEV
t − CopeEV,EMS

t (19)
– Cost of Discharging and Charging:

CagEV
t = XEV ∗ AhEV

t

QevEV
t ∗ ClifeEV

t

− CagEV,EMS
t (20)

Where,

AhEV
t =

1

T
∗
∫ T

0
σ(IevSOCt

t ) ∗ Ievnomt dt (21)

σ(IevSOCt
t ) =

∫ T
0 Ievt dt

∫ T
0 Ievnomt dt

(22)
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3 Mathematical Problem Formulation

The close-to-real-time energy program execution problem of the power systems
with distributed resources is addressed in two steps. First, an activation module
is carried out. This module consists in real-time forecasting, which is undertaken
with ARA. Together with forecasted values, indicators are established to measure
the excessive deviations, cost overruns, as well as economic opportunities such as
high renewable energy generation or attractive electricity prices. FLEMS should
be activated in such situations. Once the activation signal is produced, a CBA
is performed to determine the set-point profile of the prosumer’s assets within
of specific period of time, depending on the prosumer’s behavior (economy or
reliability followers). Finally, if the deviations and limit values can not be solved
with FLEMS’ resources, a report is sent to EMS, aggregator, or DSO to notice
the current situation.

3.1 Close-to-Real-Time Power Forecasting Problem

The close-to-real-time power forecasting problem is defined as follows: for man-
aging the energy program execution, FLEMS must predict the net prosumer
demand on a certain rolling horizon base time, near to the actual value. FLEMS
defines this timeframe according to complexity, according to complexity, commu-
nication, and processing system constraints and variability of the consumption
and generation of the power system. The rolling horizon base time could be fixed
or variable, but it will be constant for the present paper. The fast forecasting
technique selected in this document is ARA. ARA has a rapid execution time,
adaptive and trainable to the historical data of prosumers. Equation 23 shows
the ARA’s mathematical formulation according to [6, 8]:

Ppoi,t,s = Ppoi,t,s−1 ∗
1

min(n, s)
∗

min(n,s)∑

n=1

Ppois−n+1

Ppoi,s−n+1,s−n

(23)

Where, Ppoi,t,s is forecasted power at POI at time t done at time s based
on n previous time intervals, Ppois−n+1 is measured value of power at POI and
Ppoi,s−n+1,s−n is forecasted power at POI done at time s-n. The number of past
values used to forecast the next future value depends on the training data of the
power system. According to [6] and [8], a third grade (n=3) was estimated for a
residential prosumer.

3.2 Energy Program Execution Problem through Cost Analysis

Energy Program Execution Problem is solved through Cost Analysis. This cost
analysis is performed to minimize the costs associated with the analysis pe-
riod, which is the period at which FLEMS estimated the power in the POI
Ppoi,FLEMS

t,s . First, the prosumer’s energy cost is found using the energy tariff
of the Spanish market, PVPC (Precio Voluntario para el Pequeño Consumidor)
Xbuy

t . Energy cost predicted by EMS must be subtracted from total cost in order
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to find cost overrun by deviations Ppoi,EMS
t,s−1 . In the same sense, flexible costs are

computed as the difference between the cost incurred by FLEMS’ management
of the energy program and reference values from EMS in terms of the costs of
the energy program. For instance, EMS schedules the electric vehicle charging
session from 03:30 to 05:30. EV operation cost and aging costs are estimated
and valid within of energy program. This energy program is optimal according
to EMS criteria. If the FLEMS acts on the EV during this period, the operating
and aging costs must consider that the EMS has previously optimized them. In
this way, flexibility costs CFLEMS

flex have been calculated for the period of FLEMS
execution and management.

min
T∑

t=1

((Ppoi,FLEMS
t,s − Ppoi,EMS

t,s−1 ) ∗Xbuy
t + CFLEMS

flex (24)

With,

CFLEMS
flex = Copebatt + Cagbatt + CurEV

t + CopeEV
t + CagEV

t (25)

Where Xbuy
t is the retail price for energy purchases, CFLEMS

flex is the flexi-
bility cost calculated by FLEMS, and Ppoi,EMS

t,s−1 is forecasted demand at POI
estimated by EMS.

4 Case Study

In order to demonstrate the suitability of FLEMS, a prosumer with an EV’s
charging station, residential battery, photovoltaic panel, and flexible loads is se-
lected as a case study. Real-time demand, EV’s consumption, and PV generation
data have been obtained by DataPort Inc. Street 2022 for prosumers located in
Austin, Texas [17]. The present case study encompasses a horizon of 15 min-
utes, divided into 10-second time intervals, starting on January 14th of 2018 at
17:00. As was mentioned before, FLEMS works in an economic follower mode, in
consequence, deviations will be transferred to the next 15-minutes period time.
Previously, the energy program was held by EMS, according to [5]. Figure 3
exposes prosumer consumption every 15 minutes, starting on January 13th of
2018 at 17:00, and set-point profiles for prosumer’s assets found by EMS. These
set-points are input data for FLEMS’s activation module. For a better under-
standing, negative values express demand or consumption, and positive values
represent electricity input to the system.

On the other hand, prosumers define some indicators related to their prefer-
ences regarding acceptable cost overrun, maximum and minimum range for POI
power, and maximum solar curtailment. Also, economic variables related to the
storage system must be declared. These parameters can be seen in Table 1. EMS
determined the prosumer’s energy program for a rolling horizon for the next 24
hours. From 17:00 to 17:15 on January 14th, neither the projected battery nor
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Table 1. FLEMS initiation parameters.

Parameters Values
Tolerable cost overrun 1€
Maximum Range for POI power 95%
Minimum Range for POI power 5%
Penalty for Exceeding Max Power 1.4064 €/kWh
ac
B 2

ad
B 2

cB 5
PVPC 0.04 €/kWh
Max Power at POI 2.6 kW
Min Power at POI 0 kW

EV battery will be discharged or charged during this period. At the same time,
solar output is expected to be 600W, forecasted consumption from grid will be
350W and inflexible load is awaited at 950W along of 15 minutes. Figure 4 shows
the set-point profiles of prosumer’s flexible assets under FLEMS’s management
over 15 minutes divided into 10-second periods.

Fig. 3. Prosumer consumption and PV generation. Source: Pecan Street Inc. Dataport
2022

First, there is a solar curtailment due to a deviation from the EMS forecast.
This solar curtailment is detected through the AMI-voltage-based method, as
mentioned in section 2.3 above. FLEMS adjusts the solar panel control signal to
allow more solar output. Subsequently, FLEMS manages an unscheduled elec-
tric vehicle charging session, modeling a rare behavior of a prosumer when it has
arrived home at a random time. The additional charging of the electric vehicle
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FLEMS for Executing Energy Program with Distributed Resources 13

Fig. 4. Close-to-real-time execution of energy program under FLEMS from 17:00 to
17:15 of January 14th in 10-second periods.

increases the energy drawn from the grid at the POI to the maximum allowable
power range. Before the maximum power is likely reached, FLEMS manages flex-
ible assets to temporarily reduce the energy transfer to the EV battery. FLEMS
acts until period 32, when the power at POI is less than the maximum allowed
values. Finally, the unexpected charging session of the electric vehicle is termi-
nated in period 42. FLEMS manages a deviation of the power absorbed from
the grid at the POI by activating the fixed battery connected to the prosumer’s
installation. The battery is charged according to the allocated power necessary
for the power at the POI to be higher than the minimum allowed range. Both the
reduction of the EV charging session and activation of the battery for charging
or discharging is determined by cost functions in Equations 24 and 25.

Economical Analysis: As mentioned before, FLEMS attempts to reduce the
cost overrun and, consequently, the prosumer’s electricity bill. From EMS, the
total cost is estimated according to the optimization of the power dispatch. For
the case study, this cost is 0,32 €. If FLEMS is not activated, the total cost
increases to 0.96 €, according to the real-time variation of solar production and
consumption recorded in DataPort Inc. Street 2022 for the prosumer selected.
Due to the activation of FLEMS to increase solar production and manage flex-
ible assets to cope with deviations, the total cost has been reduced to 0.86€.
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Therefore, cost overruns due to deviations have been reduced by 10.4%. The
evolution of the electricity cost can be seen in Figure 5.

Fig. 5. Evolution of cost overrun under FLEMS from January 14th 17:00 to 17:15 in
10-second periods

5 Conclusions

According to the results, the proposed flexibility management system performs
as expected. Firstly, the solar curtailment is reduced through FLEMS’s manage-
ment of solar production when it is higher than the forecasted value by EMS.
On the other hand, FLEMS manages distributed and flexible resources to assure
the optimal dispatch within the allowed range, as well as reduce the prosumer’s
electricity bill through maximizing PV production and establishing the set-point
profiles for flexible assets in order to minimize the cost overruns by deviations.
FLEMS initiation parameters should be studied in depth in future work to find
possible findings for a more appropriate FLEMS design according to the flexible
assets, distributed resources, flexibility potential, and power system. For flexi-
bility services, such as reactive power supply, voltage and frequency regulation,
operative reserves, and inertia, among others, and their remuneration system
will be handled in future works on FLEMS.
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Abstract. En general, por sus características, las infraestructuras de datos espa-
ciales (IDE) son la mejor opción tecnológica para compartir datos geográficos en 
la web. Permiten sintetizar, calcular y analizar datos espaciales a través de servi-
cios web interoperables. Es la forma más efectiva de tener un sistema distribuido 
y flexible basado en estándares (OGC, W3C o ISO) y tecnología de código 
abierto. En este marco, la información geográfica es fundamental para planificar, 
gestionar y controlar la movilidad. Indicadores como el número de vehículos por 
unidad de superficie, la concentración de emisiones gaseosas o la población resi-
dente, son indicadores geográficos básicos para planificar la movilidad sosteni-
ble. El objetivo de este artículo es investigar el estado del arte sobre la importan-
cia de las IDE para apoyar la planificación y gestión de una movilidad cada vez 
más sostenible en Iberoamérica. 
 

Keywords: Movilidad sostenible, RITMUS, IDE, Portugal, Ibero América. 

 

1 Introducción 
 
La información, entendida como el conjunto organizado de datos tratados, es el insumo 
básico necesario para el desarrollo de las actividades que, como sociedad, realizamos 
en busca del crecimiento y del bienestar. Así, la necesidad de contar con información 
suficiente para la toma de decisiones y la gestión de programas, proyectos y actividades 
en general se torna fundamental en la sociedad actual y futura. Actualmente, contar con 
información que tenga las características necesarias para que se puedan tomar 
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decisiones de manera adecuada es uno de los desafíos más importantes. Una de las 
características más importantes es disponer de información con los datos abiertos y 
aprovechables a las necesidades de la sociedad. 
Para que los datos se consideren abiertos, cualquier persona u organización puede ac-
ceder a ellos, utilizarlos o compartirlos cuando están en línea. Según el Banco Mundial 
[1], para considerar que los datos son abiertos, se deben cumplir dos (2) aspectos: 

a) Estar en un sitio web de acceso público o en condiciones de libre acceso y con 
restricciones mínimas y, además, en términos técnicos. 

b) Estar a disposición del público, en formato electrónico, en lenguaje informá-
tico, sin contraseñas ni cerramientos (firewalls) para que los usuarios puedan 
acceder y utilizar la información. 

 
Los datos abiertos se convertirán en información y conocimiento y su éxito radica en 
el impacto que tienen en la sociedad al permitir que los gobiernos, las personas y las 
empresas interactúen [2]. Se utiliza una gran cantidad de datos en áreas diversas como 
cartografía, catastro, estadísticas, presupuestos y ejecución de fondos públicos, regis-
tros comerciales, legislación, transporte, comercio, salud, educación, seguridad, medio 
ambiente, resultados electorales y compras públicas, entre otros. 
El principal problema que se produce en el uso de datos abiertos es que las licencias 
bajo las que se almacenan a menudo no son accesibles para uso público y pueden estar 
incompletas o repartidas en varias secciones o en varios sitios web. Los datos pueden 
aparecer como no disponibles, no actualizados, sin información sobre la frecuencia de 
la actualización o en formatos no legibles o reutilizables. El acceso a los datos también 
puede tener un coste, lo que contribuye a aumentar la brecha digital [3]. Éstos aspectos 
afectan las características de los datos abiertos al limitar la realización de los posibles 
beneficios sociales y económicos que ofrecen. 
Otros problemas que interfieren en el acceso a los datos abiertos son la integración de 
datos de diferentes fuentes, arreglos y tecnologías [4], causando problemas de interope-
rabilidad entre diferentes entidades y usuarios, especialmente los que se puedan generar 
en datos geoespaciales o cartográficos [5]. La necesidad de integrar datos geoespaciales 
a través de las fronteras nacionales, plantea retos sobre cómo superar las barreras téc-
nicas y organizativas, entre las diversas agencias cartográficas, debido, a que en los 
primeros esfuerzos utilizaron tecnologías heterogéneas y desarrollaron una cierta cul-
tura entre los usuarios. Resultando que los recursos técnicos de la comunidad de usua-
rios, junto con la forma en que se proporcionan los datos desde una perspectiva técnica, 
son cruciales para la (re) usabilidad potencial de los datos en cualquier nivel.  
Existen algunos ejemplos prácticos de compatibilidad de información geográfica y al-
fanumérica a diferentes niveles, de los que destacamos en Iberoamérica el proyecto 
Observatorio Territorial y Ambiental Alentejo-Extremadura Centro (OTALEX C) [6]. 
Este proyecto hizo la compatibilidad de información geográfica y alfanumérica, prove-
niente de diferentes entidades, niveles de administración del territorio (local, regional 
y nacional) y países (Portugal y España) y desarrolló una infraestructura de datos espa-
ciales transfronterizos (IDE) entre las regiones de Alentejo y Centro de Portugal y Ex-
tremadura de España [7]. 
La movilidad debe ser vista más allá de los desplazamientos. Estas forman parte de la 
vida de las ciudades, impactando en su desarrollo y competitividad. Además, las polí-
ticas existentes de protección del ambiente y la necesidad de reducir las emisiones de 
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gases de efecto invernadero y otros efectos, impulsan a que esta movilidad debe ser 
sostenible y, en este marco, se forma la Red Iberoamericana de Transporte Urbano y 
Movilidad Sostenible (RITMUS) [8]. El objetivo de este artículo es investigar el estado 
del arte sobre la importancia de las IDE para apoyar la planificación y gestión de una 
movilidad cada vez más sostenible en Iberoamérica. El cual se encuentra estructurado 
en las secciones relacionadas con la movilidad en el mundo y sus impactos sociales y 
ambientales, RITMUS, y las IDE y su apoyo en la movilidad urbana. La metodología 
utilizada es revisión de la literatura existente, de documentos oficiales y diversos sitios 
web sobre la apertura de los datos. Se muestran los resultados relacionados con las 
iniciativas de construcción de las IDE en la región, la información necesaria para la 
movilidad y, finalmente, a cuáles datos realmente es posible acceder.   
La movilidad es uno de los derechos fundamentales de la sociedad, aspecto que se ha 
contemplado en la mayoría de las constituciones o cartas magnas de los países. Sin 
embargo, ese derecho ha acentuado las innegables diferencias económicas, sociales y 
ambientales en nuestro planeta. El acceso a la movilidad digna significa, en casi todos 
los casos, la posibilidad de contar con beneficios vinculados al desarrollo social, eco-
nómico y ambiental, entre otros, y en general con aspectos positivos relacionados con 
el futuro libre de nuestra sociedad [9]. 
Merecen especial atención los aspectos relacionados con la salud, la seguridad y el bie-
nestar donde la movilidad tiene un impacto decisivo [10]. No tener una movilidad efi-
ciente y sostenible no sólo puede ser visto como una violación de un derecho funda-
mental, sino que también significa diferencias entre sociedades o comunidades que pue-
den estar relacionadas con numerosas situaciones negativas derivadas de ello. Sería im-
posible enumerar todos los problemas e impactos que genera la movilidad deficiente, 
sin embargo, se sabe que esto retrasa y pone en riesgo el desarrollo y el bienestar de la 
sociedad. 
Si a lo anterior se suma, que la movilidad en nuestro planeta se ha centrado efectiva-
mente en el uso indiscriminado de combustibles fósiles [11], se puede concluir que es 
deber de nuestra sociedad desarrollar sistemas sostenibles que minimicen su impacto 
en el medio ambiente y que busquen desarrollar prácticas beneficiosas para el mismo. 
El uso de fuentes, tecnologías y herramientas que garanticen la movilidad sostenible, 
es uno de los pilares fundamentales sobre los que se construye un modelo de movilidad 
necesario para nuestro futuro inmediato. 

 
1.1 La movilidad urbana sostenible 
 
La movilidad urbana sostenible es el eje central de la Red Iberoamericana de Transporte 
Urbano y Movilidad Sostenible (RITMUS), compuesta por 91 investigadores de 20 
grupos de 14 países iberoamericanos: Argentina, Brasil, Colombia, Costa Rica, Cuba, 
Ecuador, El Salvador, España, Guatemala, Honduras, México, Panamá, Portugal y Ve-
nezuela. Esta red se creó en 2018, en el marco del Programa Iberoamericano de Ciencia 
y Tecnología para el Desarrollo (CYTED) y su objetivo general es desarrollar una red 
de entidades dedicadas a la I+D+i, empresas, administraciones y otros interesados, para 
el análisis en la región Iberoamericana de fuentes de energía, tecnologías e infraestruc-
turas relacionadas con la movilidad, así como asistir a las estructuras de planificación 
y gestión del transporte, en la transferencia de conocimiento e innovación que permitan 
un transporte más eficiente, sostenible, seguro y equitativo. 
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Según Naciones Unidas, en el año 2018, el 55% de los habitantes del planeta vive en 
zonas urbanas. El número de megaciudades (con más de 10 millones de habitantes) está 
creciendo rápidamente. Existe un enorme auge de ciudades intermedias latinoamerica-
nas, con expansiones desproporcionadas y desordenadas, debido a los crecientes movi-
mientos migratorios, provocados tanto por crisis económicas, como por conflictos in-
ternos y externos [12]. Hay una necesidad urgente de mejorar la movilidad, especial-
mente en las economías emergentes, los países y regiones en desarrollo como China, 
India, América Latina (AL), África. Por otra parte se espera que las ventas de automó-
viles se dupliquen de 2010 a 2025 [13]. La dependencia del sector del transporte de los 
combustibles fósiles y la creciente motorización de las ciudades hace que sea respon-
sable del 25% del consumo energético mundial y del 25% de las emisiones de Gases 
de Efecto Invernadero (GEI) [14]. 
Los altos niveles de urbanización, el crecimiento acelerado de las áreas urbanas y su 
altísima motorización, han provocado problemas de congestión, accesibilidad a mejores 
oportunidades laborales, medio ambiente, salud, seguridad y otros. En este contexto, la 
movilidad urbana sostenible tiene como objetivo: 
� Disminuir el calentamiento global y minimizar el cambio climático. 
� Mejorar la calidad del aire en las zonas urbanas y la calidad de vida de los ciu-

dadanos. 
� Reducir el consumo de energía y la dependencia de combustibles fósiles. 
� Reducir riesgos y accidentes. 
� Contribuir al acceso universal al mercado laboral y la participación en la vida 

social activa. 
� Reducir la congestión en las ciudades. 

Se tiene especial énfasis en las ciudades intermedias, que se consideran más vulnerables 
a los efectos del transporte y la movilidad inadecuados. La movilidad urbana es mucho 
más que sistemas de transportes, se trata de personas y su entorno. AL se destaca por 
sus altos índices de viajes motorizados y niveles de congestión. Existen ciudades em-
blemáticas reconocidas por sus niveles de sustentabilidad, entre ellos se encuentra la 
ciudad de Curitiba en Brasil, que engloba varias prácticas de movilidad (individual, 
colectiva y urbana) debidamente articuladas que sirven de modelo a nivel regional y 
global, por su contribución a la sostenibilidad del entorno urbano. 
La demanda de información geográfica se ha incrementado en varios ámbitos de la 
movilidad urbana, gracias a la evolución de las tecnologías y, sobre todo, de la IDE, 
entendida como el conjunto de tecnologías, políticas, estándares y recursos humanos 
para adquirir, procesar, almacenar, distribuir y mejorar la difusión de información geo-
gráfica. 
En general, por sus características la IDE es la mejor opción tecnológica para compartir 
datos geográficos en la web. Permiten sintetizar, calcular y analizar datos espaciales a 
través de servicios web interoperables. También es la forma más efectiva de tener un 
sistema distribuido y flexible basado en estándares (OGC, W3C o ISO) y tecnología de 
código abierto. Están formados por tres (3) componentes: (a) un visor de datos (visor 
de mapas), (b) un catálogo de metadatos y (c) un catálogo de nombres de lugares. Los 
sistemas de información geográfica local se comunican a través de servicios de mapas 
web (WMS), servicio de catálogo web (CSW) y servicios de características web (WFS). 
La información geográfica es fundamental para planificar, gestionar y controlar la mo-
vilidad. Indicadores como el número de vehículos por unidad de superficie, la 
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concentración de emisiones gaseosas o la población residente, son índices geográficos 
básicos para planificar y gestionar la movilidad sostenible. 
En AL se destacan dos (2) áreas principales de uso de las IDE. La primera es el Catastro 
Multifinalitario, que sirve como fuente de información para soporte de decisiones en el 
contexto de la Gobernanza Inteligente, específicamente en la información temática so-
bre movilidad urbana y sus redes de rutas de transporte, medición de tiempos y volú-
menes de personas por viaje, entre otros. Además, el segundo se refiere a las ciudades 
inteligentes (smart cities) y la movilidad inteligente (smart mobility - SM) [16].  
Según Uteng, et al, [16], aunque el término no sea consensual, teniendo al menos 23 
definiciones de SM identificadas, se puede generalizar los conceptos de Sistema de 
Transporte Inteligente (ITS), Transporte Inteligente (TI) y Movilidad como Servicio 
(MaaS), que están vinculados a bases de datos robustas, integrando organizaciones de 
diferentes niveles de administración territorial, empresas y ciudadanos. 
La mayoría de los datos necesarios para planificar y gestionar la movilidad urbana son 
capturados y gestionados de diversas formas por los gobiernos centrales y locales. El 
informe del Banco Interamericano de Desarrollo (BID) propone cuatro (4) indicadores 
para evaluar el estado de los datos abiertos en todo el mundo. Ellos son: (a) el Baróme-
tro de Datos Abiertos (BDA), (b) el Índice Global de Datos Abiertos (GODI), (c) el 
Inventario de Datos Abiertos (ODIN) y (d) y el índice OECD OURdata [17]. De su 
análisis, se desprende que los indicadores de AL están siempre por debajo de los están-
dares europeos. 
Según Ballari, et al, [18], advierten sobre la heterogeneidad de la situación dentro de 
AL, en comparación con Europa. Esto como resultado que Europa asume estándares 
rigurosos como ISO 19100 e ISO 19115. Los autores también destacan a México, Brasil 
y Colombia como países emergentes en el desarrollo de la IDE, por el contrario, El 
Salvador aparece con resultados modestos en los índices de 2017.  
Es importante resaltar cómo cada uno de ellos tiende a vincularse con Big Data, Web 
Cloud e Inteligencia Artificial, designada como cuarta fase de implementación del IDE 
en todo el mundo. Es en esta etapa, que se amplía el ámbito de posibilidades para recu-
perar datos de buena calidad a partir del suministro de información de los usuarios de 
diferentes sistemas de movilidad. En este sentido, es relevante hablar de la tendencia, 
aún incipiente, de la Información Geográfica Voluntaria (IGV) y su impacto en hacer 
cada vez más robusta la base de datos para la toma de decisiones en AL, luego de la 
actualización de la normativa [19]. 
En Europa, concretamente en Lisboa, Portugal, se está desarrollando con la implemen-
tación de una manera más avanzada con Voluntary Geo-Dynamic Information (VGDI), 
con lo cual  se demuestra su gran potencial en la determinación patrones de movilidad 
individual [20], uno de los principales desafíos en la evaluación de la accesibilidad 
como medida de sostenibilidad de la movilidad urbana [21]. 
 
2 Resultados 
 
Los resultados se obtienen a partir de la revisión de la literatura existente, de documen-
tos oficiales y diversos sitios web sobre la apertura de los datos. Se analizaron en total 
16 artículos, sobre los cuales se muestran los resultados relacionados con las iniciativas 
de construcción de las IDE en la región, la información necesaria para la movilidad y 
la que realmente es accesible. Se utilizaron palabras claves para la selección de los 
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artículos como: ³Spatial Data Infrastructure´�³7UDQVSRUW´�³8UEDQ�0RELOL\´�HQ�HO�EXV�
cador EBSCO, con el fin de homogenizar la búsqueda de los investigadores, posterior-
mente se compartieron los artículos seleccionados para eliminar la posibilidad de se-
leccionar repetidos. 
Una alternativa de solución a la carencia de disponibilidad de información espacial, 
necesaria para llevar a cabo los procesos de planificación y desarrollo, puede ser cu-
bierta con IDE. Éstas pueden ser consideradas para la toma de decisiones a nivel local, 
nacional o regional y ser enfocadas en aspectos económicos, estadísticos, demográfi-
cos, entre otros. El objetivo es lograr un desarrollo sostenible aplicando políticas de 
estandarización, interoperabilidad y accesibilidad de las tecnologías y datos geográfi-
cos digitales para gestionar la información geoespacial [22]. 
En el recuento histórico, la construcción de las IDE en AL tiene más de quince (15) 
años de esfuerzo. En este marco es oportuno destacar varias iniciativas, que se muestran 
en la Tabla 1, relacionadas con la integración de las IDE en Iberoamérica. 
 

Tabla 1. Iniciativas de construcción de las IDE en Iberoamérica 
 

Acrónimo Nombre URL 
IGN Red Interamericana de Datos Geoespaciales  http://www.ign.es 
SIRGAS Sistema de Referencia Geocéntrico para las 

Américas 
http://www.sirgas.org/es/ 

R3IGeo Red Iberoamericana de Infraestructuras de In-
formación Geográfica 

http://www.r3igeo.org/ 

PC-IDEA Infraestructura de Datos Espaciales de las Amé-
ricas 

http://www.cp-idea.org/ 

GeoSur Programa GeoSUR http://www.geosur.info/geosur/in-
dex.php/en/ 

GSDI Infraestructura Global de Datos Espaciales http://gsdiassociation.org/ 
IPGH Instituto Panamericano de Geografía e Historia  http://www.ipgh.org/ 

 
Entre las iniciativas que se muestran en la Tabla 1, el Banco de Desarrollo de América 
Latina persigue el objetivo de promover el desarrollo de IDE en la región a través del 
Programa GeoSUR. Este Programa posee un punto de entrada a los datos espaciales 
publicados por agencias de AL y provee capacitación para fortalecer sus servicios de 
mapas web y habilidades asociadas para las agencias geográficas nacionales de la re-
gión. Por otra parte, la R3IGeo es un geoportal que permite el acceso a los datos, me-
tadatos, servicios e información de tipo geográfico de sus países miembros. Entre sus 
productos figuran la localización, visualización, descarga y transformación de datos 
geográficos. Para los países integrantes de la red y, conforme a sus respectivas regula-
ciones, al menos los servicios de visualización y localización son gratuitos. Son miem-
bros de esta Infraestructura:  
� Las Infraestructuras Nacionales de Datos Espaciales de los países miembros de 

la Red.  
� La Infraestructura de Datos Espaciales de las Américas (PC-IDEA) 
� La Infraestructura del Instituto Panamericano de Geografía e Historia (IPGH) 

para apoyar el desarrollo de los datos espaciales.  
� La Infraestructura de Datos Espaciales de España (IDEE)  
� La Infraestructura de Datos Espaciales de Portugal (SNIG). 
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En cuanto a los países de Iberoamérica con IDE desarrollados figura España, con altos 
avances en este tipo de infraestructuras y pioneros tanto local como internacional [23].  
En la tabla 2 y 3 se muestran, los 16 artículos en análisis, clasificados en otras regiones 
del mundo e Iberoamérica, respectivamente, y la información referente a la caracteri-
zación de los artículos en cuanto al tipo de IDE o SIG que conforman determinados 
países o regiones. 
 

Tabla 2. Artículos consultados 
Año Región/país o 

ciudad 
Palabras clave Tipo de investiga-

ción 
Referencia  

2019 Finlandia, Ho-
landa, Noruega 
y España 

OpenELS, Geospatial Linked 
Data, INSPIRE, Spatial Data In-
frastructure, SDI 

Documental [1] [5] 

2019 Reino Unido Urban big data infrastructure, Ur-
ban analytics Spatial, urban indi-
cators Small area assessment, 
Spatial big data 

Documental [2] [24]  

2019 Gran Bretaña Urban big data infrastructure, Ur-
ban analytics Spatial, urban indi-
cators Small area assessment, 
Spatial big data 

Documental [3][25] 

2019 India Cloud computing, SDI, Geo-
graphical Indications, Overlay 
analysis 

Documental [4][26] 

2019 Estado de 
Maharashtra 
(India) 

Spatial data infrastructure (SDI), 
Geospatial big data, Fog compu-
ting, Cloud computing, Geo-
health big data, Malaria 

Construcción de 
Prototipo 

[5][27]  

2020 Ghent, Belgica Traffic management as a service, 
Traffic management, Urban mo-
bility, Smart city, Data integra-
tion, Data visualization 

Proyectiva, Cons-
trucción de Proto-
tipo Traffic Mana-
gement as a Ser-
vice (TMaaS) 

[6][28] 

2019 Alabama, USA Google maps, Transportation in-
frastructure, traffic analysis, iso-
chrone map, geographic infor-
mation systems 

Proyectiva. Cons-
trucción de Proto-
tipo Transporta-
tion Analysis 
Tool. 

[7][29] 

2019 Yangon City, 
Myanmar, Ja-
pón 

Geospatial dashboard, IoT, big 
data analytics, geovisualisation, 
disaster management 

Proyectiva. Cons-
trucción de Proto-
tipo 

[8][30] 
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Tabla 3. Artículos consultados 
 

Año Región/país o 
ciudad 

Palabras clave Tipo de investiga-
ción 

Referencia  

2017 Diversas regio-
nes, resaltando 
Ciudades de Es-
paña. 

IDE, ciudad inteligente, sosteni-
bilidad, sensores 

Documental [9][31] 

2015 España Ciudades inteligentes (smart ci-
ties), SIG, GIS, Sistemas de In-
formación Geográfica, Ordena-
ción del territorio, Planificación 
urbana, Espacio urbano, Aplica-
ciones 

Documental [10] [32] 

2014 Ecuador Infraestructuras de Datos Espa-
ciales, Sistemas de Información 
Geográfica, Ontologías, Planea-
ción Territorial, Sensor Ciuda-
dano 

De campo [11] [33] 

2014 LATAM Tendencias, dispositivos móvi-
les, crowdsourcing, información 
geográfica voluntaria, sensores, 
Latinoamérica 

Documental [12] [18] 

2013 Cuba Análisis de redes viales; bases 
de datos espaciales; camino mí-
nimo; datos espaciales; sistemas 
información geográfica 

De campo [13] [34] 

2013 España Smart Cities, IDEZar Documental [14] [23] 

2012 Colombia Datos espaciales, infraestruc-
tura, preferencias, transporte 
público, sistema de informa-
ción, Bogotá 

Documental [15] [35] 

 
En la siguiente tabla, dedicada al tema de bases de datos y dispositivos tecnológicos 
para la movilidad urbana, se han enfocado los recursos existentes y los deseados y se 
plantearon propuestas, la mayoría de ellas en torno a tres (3) temas: (a) apertura en la 
recopilación y difusión de datos a través de sistemas abiertos, (b) generación de cultura 
y educación para mejorar la movilidad urbana y (c) actualización y aplicación de nor-
mas. De la consulta de expertos de RITMUS en materia de movilidad se ha recompilado 
la información necesaria a la gestión de la movilidad sostenible [8]. 
En la Tabla 4 se puede observar que para la movilidad sostenible es necesario tipos de 
información en formatos raster, servicios de mapas, vectorial, sistemas de información 
y alfanumérico para mapas en sus diferentes tipos (ortofotomapas, imágenes satelitales, 
límites administrativos, red de vías, personas y ciclovías, red de transporte público, 
control del tráfico, datos de tránsito en tiempo real, seguridad vial y planes y otros, los 
cuales han sido agrupados en la siguiente Tabla 5 en cuatro (4) clases. Estas clases son 
información de base, infraestructura para la movilidad, datos operacionales y, planifi-
cación y gestión. 
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Tabla 4. Información geográfica necesaria para la movilidad sostenible 
 

Clase de informa-
ción Tipo de información Formato Fuentes de datos de Eu-

ropa (Portugal e España) 

Información de base 

Ortofotomapas Raster 
CNIG España; Direção 
Geral do Território (DGT) 
Portugués 

Imágenes de satélite Raster Landsat, IKONOS, 
Quikbird??, Sentinel 

Modelo Digital del Terreno Raster www.igeo.pt; 
www.cing.es 

Mapa base con limites administra-
tivos; localidades; hidrografía; re-
levo; toponimia 

Serviço de mapas bingmaps; institutos geo-
gráficos nacionales 

Infraestructuras 
para la movilidad 

Red viaria (auto-rutas, rutas e otras 
vías) Vectorial 

openstreetmap, entidades 
nacionales; regionales y 
locales 

Red ferrocarril (electrificado o a 
combustible) Vectorial 

openstreetmap, entidades 
nacionales; regionales y 
locales 

Vías perdónales y ciclo vías Vectorial 
openstreetmap, entidades 
nacionales; regionales y 
locales 

Interfaces (parajes y centrales de 
transporte; otros) Vectorial municipios 

Dados operaciona-
les 

Señalética de tránsito, vertical y ho-
rizontal; Semáforos Vectorial municipios 

Sentido de las vías  Alfanumérica openstreetmap; google 
drive, otros 

Cualidad y conservación de la vía Alfanumérica municipios 

Visibilidad de la vía Vectorial análisis espacial 

Dados de tránsito en tiempo real Vectorial 
sensores e Información 
Geográfica Voluntaria 
(IGV) 

Rutas dos transportes públicos Vectorial 
empresas de transportes e 
Autoridades de transpor-
tes (SIGGESC - Portugal) 

Información sobre transporte al 
ciudadano 

Sistemas de infor-
mación Paineles informativos 

Seguridad de la vía (indicador) Alfanumérica Autoridades de seguridad 

Planificación y ges-
tión 

Planes de ordenación del espacio 
urbano Vectorial municipios 

Puntos negros en la movilidad Vectorial Autoridades de seguri-
dad/policía 
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Clase de informa-

ción 
Tipo de información Formato 

Fuentes de datos de Eu-

ropa (Portugal e España) 

Planos de movilidad sostenible Vectorial 
Autoridades de Trans-

porte 

Nº de usuarios /residentes/turis-

tas/otros 
Alfanumérica 

empresas de transportes e 

Autoridades de transpor-

tes (SIGGESC - Portugal) 

Movimientos pendulares Alfanumérica 

empresas de transportes e 

Autoridades de transpor-

tes (SIGGESC - Portugal) 

 

La información geográfica es uno de los pilares de la movilidad sostenible, sin la cual 

no es posible gestionar carreras y flujos de personas. Actualmente, la mayoría de las 

infraestructuras de datos espaciales tienen acceso a información de base territorial. Este 

es el caso de las infraestructuras de datos geográficos nacionales en España y Portugal, 

donde la información es proporcionada por diferentes entidades nacionales, regionales 

y locales.  

En la Tabla 5 se muestra la información accesible, clasificada en estadísticas, movi-

mientos pendulares y tipos de transporte para la movilidad sostenible. 

 

 

Tabla 5. Información accesible 

 

Clase de Informa-

ción  

Indicadores 

Estadísticas censi-

tarias relacionadas 

con a movilidad 

Número de residentes 

Número de visitantes 

Movimientos pen-

dulares 

Cuantas personas se mueven al día  

Lugar de destino y sentido  

Razones de la Movilidad (ocupacional, personal o de retorno) 

Grupos etarios 

Lugar, destino y tipo de transporte de persona con necesidades especiales 

Tipos de transporte Tipo de Movilidad: Activa (caminata, bicicleta y otros), Transporte público (auto-

bús, metro, ferrocarril y otros) y vehículo privado (automóvil, motocicleta y otro) 

Forma de organización/gestión do transporte 

Gobernanza do transporte 

Intermodalidad 

Tipo de combustible e emisiones de gases de efecto invernadero y material parti-

culado 
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3 Conclusiones 
 
Según la investigación de las IDE entre Europa y América Latina, se encuentra una 
situación de contrastes. Europa es una región con una directriz clara a partir de la im-
plementación de la normativa ISO19100 e ISO19115 y la normativa europea INSPIRE, 
en contraste con una región latinoamericana marcada por la desigualdad entre países y 
al interior de ellos, por una profunda brecha tecnológica aún no superada. 
Ante esta situación la IGV y la IGDV se constituyen como verdaderas herramientas que 
pueden potenciar la generación de nuevas fuentes de información de manera más diná-
mica, producto de la participación ciudadana, sin embargo, Latinoamérica se enfrenta 
nuevamente ante un reto de diseñar normativas acordes a los requerimientos de la uti-
lización de la información personal. 
Las fases de implementación de IDE propuestas por Ballari, et al, son un estándar de 
evaluación de la situación de ambas regiones y representan un campo de profundización 
de cara al establecimiento de programas y metas conjuntas, para la mejora de la ejecu-
ción de las IDE en Latinoamérica. 
Los datos abiertos abren posibilidades para mejorar, la gobernanza y la calidad de vida 
de la sociedad en general. Se abren opciones para mejorar la movilidad sostenible y 
plantear soluciones eficientes, por medio de mapeos, plataformas o sitios web que sa-
tisfagan las demandas de información de la sociedad, para la mejora de la toma de de-
cisiones. 
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Resumen. Los sistemas de bicicletas compartidas son cada vez más una parte 
fundamental de la movilidad en las grandes ciudades del mundo como alternati-
va de transporte accesible y sostenible. Investigar los patrones de uso de las bi-
cicletas en estos sistemas es clave para conocer la demanda y el comportamien-
to de los ciclistas y así optimizar sus procesos y mejorar su servicio. 
 
A partir de los registros históricos de los viajes, en este artículo se presenta una 
herramienta de visualización de datos del sistema ECOBICI de la Ciudad de 
México para estudiar sus patrones y ofrecer su uso de forma pública. Se centra 
en el estudio de las colonias de la ciudad y los patrones que existen entre ellas, 
en días entre semana, fines de semana y en diferentes horarios del día. 
 
Este caso de estudio pretende ofrecer una herramienta que ayude a resolver los 
problemas más comunes de estos sistemas que implican el análisis de la de-
manda de bicicletas, así como su rebalanceo en las diferentes zonas de la ciudad 
a través de la identificación de patrones de movilidad y la demanda de bicicletas 
y cicloestaciones. Se trata de un ejemplo de una aplicación de la Ciencia de Da-
tos mediante herramientas de visualización de datos enfocadas en la movilidad 
urbana y en los sistemas de bicicletas compartidas. 

Palabras clave: Sistema de bicicletas compartidas, Movilidad urbana, Ciencia 
de datos, Análisis exploratorio, Visualización de datos. 

1 Introducción 

Un sistema de bicicletas compartidas (SBC) es una solución de movilidad urbana que 
pone a disposición temporal un número limitado de bicicletas a los usuarios. Son 
parte de un enfoque de transporte sostenible de los gobiernos y agencias de planifica-
ción urbana para estimular la movilidad sostenible, reducir la congestión del tráfico, 
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el uso del automóvil, mejorar la calidad del aire, mejorar la conectividad y promover 
un estilo de vida saludable. [1] 

Se basan comúnmente en el manejo de estaciones, lugares donde se pueden recoger 
las bicicletas para posteriormente poder dejarlas en la misma o en cualquier otra esta-
ción a lo largo de la ciudad en la que se encuentren, aunque también existen SBC sin 
estaciones. 

ECOBICI es el SBC basado en estaciones de la Ciudad de México que integra a la 
bicicleta como parte esencial de la movilidad y transporte, dirigido a los habitantes de 
la capital, de sus alrededores y a los turistas. Permite a los usuarios registrados tomar 
una bicicleta de cualquier cicloestación y devolverla a la más cercana a su destino en 
trayectos ilimitados de 45 minutos brindando su servicio todos los días del año en un 
horario de 5 am a 12:30 am del día siguiente.  

Comenzó su funcionamiento en el año 2010 y de acuerdo con su página oficial 
[2,3], en 2022 este sistema cuenta con más de 380,000 usuarios registrados, mientras 
que su servicio se encuentra activo en 55 colonias de la ciudad con 480 cicloestacio-
nes disponibles y continua con planes de expansión en lo que resta del año. 

Datos Públicos. ECOBICI pone a disposición pública todos sus datos históricos des-
de el año 2010 en su página oficial [4]. Los datos de los viajes son almacenados y 
publicados de forma mensual, es posible obtener los viajes de cada año y de cada mes 
hasta el año corriente, ya que al término de un mes se agrega un nuevo archivo CSV 
con los viajes registrados en dicho periodo. 

2 Trabajos Relacionados 

En esta sección se revisa la literatura relacionada a los sistemas de bicicletas compar-
tidas, a sus problemas más comunes y las distintas soluciones propuestas para resol-
verlos, principalmente a través de la Ciencia de Datos y el uso o desarrollo de herra-
mientas de visualización de datos. 

Los procesos de planeación y desarrollo de estos sistemas comúnmente involucran 
actividades estratégicas, tácticas y operacionales, una continua toma de decisiones 
que depende de la investigación y evaluación de los datos, además de múltiples he-
rramientas que faciliten los posibles ajustes y mejoras que estos requieran durante su 
gestión y desarrollo. 

Tal como se describe en [5], existen diversos problemas a los que estos sistemas se 
enfrentan desde su diseño hasta su mantenimiento, en los que se incluye el diseño de 
las cicloestaciones, la administración del inventario, el rebalanceo estático y dinámico 
de bicicletas, la administración estática y dinámica de la demanda, entre otros. 

Cada uno de estos representa un área de oportunidad y de mejora ya que requieren 
de un constante análisis de los patrones de movilidad y de las necesidades de los usua-
rios para cubrir con la demanda de forma óptima, es por ello que, es de suma impor-
tancia contar con herramientas que faciliten dicho proceso y permitan generar estadís-
ticas y estrategias basadas en los datos para resolverlos. 
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 Para el problema de la administración de la demanda existen propuestas como la 
mostrada en [6], la cual consiste en una herramienta para la predicción de la demanda 
de bicicletas y sus devoluciones en las estaciones a lo largo del día en un SBC en 
Grecia dirigida a los operadores del sistema. Para cumplir con este propósito se usa-
ron modelos basados en algoritmos de regresión de aprendizaje máquina y se identifi-
có una alta correlación entre el número de viajes y distintos factores de la estación: su 
ubicación y espacio, la temporada del año, el clima y la hora del día. 
 En el caso del rebalanceo de bicicletas, es decir, en la redistribución de las bicicle-
tas para cubrir con la demanda de forma óptima, es posible encontrar soluciones como 
la propuesta en [7] que hace uso de técnicas de Big Data y datos geoespaciales de los 
viajes registrados en un SBC muy usado en China. Se realizó un análisis basado en el 
desarrollo de visualizaciones que ayuden a proporcionar una mayor comprensión 
sobre las zonas o ubicaciones geográficas con una alta demanda de forma gráfica y de 
esta manera concretar un rebalanceo más eficiente, además de la identificación de los 
viajes definidos como la última milla, viajes que usualmente tienen como origen y 
destino un lugar muy cercano en tiempo y distancia entre sí. 
 Por otro lado, existen diversas propuestas que resuelven estos problemas pero que 
dejan a un lado la creación y desarrollo de herramientas visuales y se limitan a reali-
zar análisis numéricos o a la implementación de algoritmos o modelos de aprendizaje 
máquina. Tal es el caso de investigaciones como [8] y [9], trabajos en los que se hace 
uso de algoritmos con el objetivo de predecir la demanda de bicicletas y con ello rea-
lizar un mejor rebalanceo y manejo del inventario a lo largo del sistema y sus cicloes-
taciones en las ciudades en las que se encuentran. 

La gran mayoría de estas soluciones se enfocan en la operatividad del SBC y están 
dirigidas a los tomadores de decisiones u operadores del sistema, sin embargo, dejan 
al usuario final sin la posibilidad de conocer las estadísticas de la movilidad y ayudar-
lo así a tomar mejores decisiones o simplemente informarlo sobre el estatus y progre-
so de los viajes registrados a través de los años, es por ello que, el presente trabajo 
busca cubrir con ambos objetivos. 

2.1 Sistemas Existentes Similares a la Propuesta 

Entre los sistemas de visualización de datos dirigidos a los usuarios de los SBC los 
más populares son The Meddin Bike-sharing World Map [10] y Bike Share Map [11], 
sin embargo, estos se enfocan en mostrar la información y estadísticas generales de 
los SBC de todo el mundo y no ahondan en los patrones o la movilidad de los usua-
rios, por lo que sólo permiten conocer datos básicos como el tipo de SBC, su opera-
dor, el número de cicloestaciones y bicicletas, su disponibilidad en tiempo real, noti-
cias o eventos relevantes. 

En el caso de ECOBICI, existen algunos sistemas de visualización y análisis de da-
tos, entre ellos se encuentran SAHMI [12] y PLANBIKE [13], ambos desarrollados y 
mantenidos por el Laboratorio de Ciencia de Datos y Tecnología de Software 
(LCDyTS) del CIC. Dichos sistemas ponen a disposición pública diversas visualiza-
ciones con el objetivo de difundir los patrones de movilidad en el sistema, un análisis 
histórico en el caso de SAHMI y un análisis de los viajes en el caso de PLANBIKE. 
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3 Sistema de Análisis de la Movilidad Regular en ECOBICI: 
Morebike 

Morebike es un sistema y una página web (https://sites.google.com/view/morebike/) 
con el objetivo de analizar y brindar de forma totalmente pública visualizaciones para 
identificar patrones en la movilidad de los viajes realizados y registrados en el SBC 
ECOBICI de la Ciudad de México (ver Fig. 1) que surge como resultado del análisis 
de la movilidad regular presentado en [18]. 

Pretende ser una fuente de información confiable y dinámica para el análisis de la 
movilidad regular entre colonias de la ciudad y la identificación de patrones en distin-
tos horarios del día, en días entre semana o en fines de semana. 

 
Fig. 1. Morebike: Pantalla de Inicio 

Dentro de sus principales características se encuentra un análisis bidireccional de los 
viajes en las colonias como origen y destino, 8 visualizaciones que describen distintos 
factores de la movilidad regular y un manual dirigido a los usuarios para explotar al 
máximo las capacidades y funciones de cada una de las visualizaciones, tales como: 
filtrado de datos, compartición de visualizaciones y descarga o uso de los datos de 
forma externa con distintos formatos que se ajusten a las necesidades del usuario. 

Para lograr esto se hace uso del software de Tableau, una herramienta de análisis y 
visualización de datos especializada en la inteligencia de negocios [14]. Con esta 
herramienta, es posible desarrollar diversas visualizaciones y ofrecerlas de forma 
totalmente pública, además de permitirles a los usuarios interactuar, filtrar o incluso 
descargar la visualización o los datos completos para su uso particular.  

Dichas visualizaciones son divididas de acuerdo con su objetivo y a la dirección de 
los viajes tomando como referencia a las colonias de la ciudad como origen (lugar del 
inicio de los viajes) o como destino (lugar del fin de los viajes). 

De esta manera, en Morebike se hace uso de los datos abiertos de ECOBICI, sin 
embargo, sólo desde el año 2018, esto por simplicidad y para poder identificar patro-
nes más cercanos a la realidad actual, especialmente durante la pandemia de COVID-
19 y todos los efectos que esta tuvo en la movilidad y las costumbres de las personas 
en la ciudad. 
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3.1 Análisis de la Movilidad 

Tal como se comentó, Morebike tiene el objetivo de analizar la movilidad de las colo-
nias de la Ciudad de México, ya que se consideran zonas de la ciudad lo suficiente-
mente grandes y representativas para identificar patrones en los viajes.  
 Dentro de las visualizaciones desarrolladas es posible conocer cuáles son las colo-
nias con mayor movilidad en determinado mes o año, un comparativo entre los viajes 
entre semana y en fines de semana, la distribución de los viajes en los distintos hora-
rios, meses y años, además de la movilidad entre colonias o la movilidad local en cada 
una de ellas, por mencionar algunos casos de uso. 
 Adicionalmente, cada uno de estos análisis se complementan al definir a las colo-
nias como los orígenes o los destinos de los viajes, respectivamente y, de esta manera, 
estudiar ambos casos: de dónde vienen los ciclistas, cuándo y a qué hora lo hacen o 
hacia dónde se dirigen, cuándo y a qué hora lo hacen regularmente. 

3.2 Visualizaciones  

Las visualizaciones se dividen en dos secciones según la dirección de los viajes, sin 
embargo, son las mismas tanto para el análisis de las colonias como el origen o el 
destino de estos, en la Fig. 2 se muestra la estructura general de estas, además de la 
unidad de medida de cada gráfica y sus filtros activos. A continuación, se describe 
cada una de ellas. 

 
Fig. 2. Morebike: Estructura de las visualizaciones 

Diagramas de Pareto. Se busca identificar si se cumple el principio de Pareto (tam-
bién conocida como la regla del 80/20) el cual describe que el 80% de los efectos de 
un fenómeno estadístico resultan del 20% de todas sus causas [15]. Es de interés co-
nocer cuáles son las colonias que aportan el mayor número de viajes mensuales y que 
conforman ese 80% del total de estos, ya sea en días entre semana como en fines de 
semana, en los distintos años y meses a partir del año 2018 (ver Fig. 3). 
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En el ejemplo de la figura 3 se observa que de las 55 colonias en las que el servicio de 
ECOBICI se encuentra activo son 17 aquellas que conforman el 80% de los viajes 
entre semana en el mes de marzo del año 2021, es decir, un aproximado del 30% de 
las colonias son las que aportan el mayor porcentaje de los viajes mensuales totales.  
 

 
Fig. 3. Diagramas de Pareto: Distribución de los viajes entre semana y fin de semana por colo-
nia y por mes 

Diagramas de Caja. Es una herramienta fundamental para el análisis de datos puesto 
que nos permite conocer la distribución general de los viajes en las distintas colonias 
del sistema, así como también identificar a aquellas que se les cataloga como atípicas 
por tener una proporción de viajes significativamente mayor que el resto (ver Fig. 4). 
Estas colonias son representadas por los puntos que se encuentran por encima del 
bigote superior de cada diagrama u horario y están determinadas por la inecuación:  

 x > Q3 + 1.5 IQR (1) 

Siendo Q3 el tercer cuartil e IQR el rango intercuartílico (el área de la caja). 
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Estas gráficas ofrecen una estadística descriptiva inicial mediante la mediana e infor-
mación sobre la dispersión y asimetría de los datos, la colonia con el mínimo número 
de viajes, la colonia con el máximo y los cuartiles que los delimitan. De esta manera 
se puede realizar una comparación entre los distintos horarios e identificar la propor-
ción de viajes realizados entre semana y en fin de semana en cada uno de estos.  
 Los horarios fueron definidos a partir de la identificación de las modas estadísticas 
en los viajes, siendo estos los distintos horarios en los que se presenta un aumento en 
la demanda y tomando en cuenta las horas en las que el servicio de ECOBICI se en-
cuentra activo: 5 am ± 12 pm, 12 pm ± 4 pm, 4 pm ± 12:30 am. Otra de las visualiza-
ciones que ejemplifica mejor este comportamiento se observa en la figura 7. 
 

 
Fig. 4. Diagramas de Caja: Distribución de los viajes entre semana y en fin de semana por 
horario y por mes 

Movilidad entre Colonias. En esta visualización es posible conocer la movilidad que 
existe entre las colonias con más viajes mensuales registrados en ECOBICI identifi-
cando los lugares a los que suelen ir los ciclistas o aquellos de los que suelen prove-
nir, esto tanto en días entre semana como en fin de semana y en distintos horarios (ver 
Fig. 5). De esta manera, es posible conocer las relaciones entre distintas colonias y 
definir tres tipos de patrones recurrentes:  

x Movilidad local: corresponde a las colonias con el mayor número de viajes realiza-
dos en sí mismas, es decir, el origen y destino de los viajes se ubica en la misma 
colonia. Estos viajes representan el problema de la última milla en la movilidad. 
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ņ Ej. La colonia Polanco cuenta con la mayor movilidad local del sistema (ver 
Fig. 5), registrando un gran porcentaje de viajes locales a lo largo del día y un 
porcentaje reducido de viajes hacia otras colonias. 

x Movilidad unidireccional: colonias que realizan viajes hacia otras colonias pero 
que no necesariamente comparten la misma o similar cantidad de viajes entre sí.  
ņ Ej. De la colonia Juárez viajan constantemente a la colonia Centro, pero de la 

colonia Centro a Juárez no existe la misma proporción de viajes (ver Fig. 5). 
x Movilidad bidireccional: colonias que presentan una fuerte relación por compartir 

viajes entre sí, tanto como origen como destino de los viajes.  
ņ Ej. La Colonia Hipódromo y Roma Norte comparten viajes recurrentemente a lo 

largo del día y con una proporción similar en cada horario (ver Fig. 5). 

 
Fig. 5. Gráfica de Movilidad entre Colonias: Viajes compartidos entre las colonias con más 
viajes mensuales registrados 

Podemos resumir estos patrones en dos: movilidad externa y movilidad local (ver Fig. 
6). La mayoría de las colonias presentan una alta movilidad local dado el fenómeno 
de la última milla, sin embargo, los viajes externos suelen presentarse también en una 
gran proporción, dependiendo de la hora del día y las colonias referenciadas. 
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Fig. 6. Movilidad entre colonias: Externa (izquierda), Local (derecha) 

 
Movilidad Regular Semanal. La última visualización corresponde a la movilidad 
semanal y describe la proporción de los viajes registrados a lo largo del día y en todos 
los días de la semana. Con estas gráficas es posible analizar la actividad de los viajes 
en cada una de las colonias en distintos meses y años, además de identificar los ran-
gos de horas en los que usualmente aumentan los viajes (ver Fig. 7), esto lo definimos 
como las modas de los viajes. 

Las colonias llegan a tener hasta 3 modas entre semana en la demanda a lo largo 
del día en los horarios que se definieron previamente: 5 am ± 12 pm, 12 pm - 4 pm y 
de 4 pm - 12:30 am. La colonia Roma Norte, por ejemplo, cuenta con una demanda 
constante en estos tres horarios (ver Fig. 7), sin embargo, la mayoría de las colonias 
presentan dos modas a lo largo del día y sólo algunas una única moda. 
 

 
Fig. 7. Gráfica de Movilidad Regular Semanal: Viajes a lo largo del día entre semana en la 
colonia Roma Norte 
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Este comportamiento cambia drásticamente cuando se habla de los viajes en fines de 
semana, ya que estos presentan una movilidad más errante y dinámica, sin un marca-
do aumento de la demanda en horarios. Siguiendo con el ejemplo de la colonia Roma 
Norte, podemos comparar estos dos comportamientos y observar la diferencia entre 
los días en fin de semana del mismo mes y año (ver Fig. 8). 
 

 
Fig. 8. Gráfica de Movilidad Regular Semanal: Viajes a lo largo del día en fines de semana en 
la colonia Roma Norte 

4 Resultados 

Cada una de las gráficas nos permite extraer información histórica relevante y cono-
cer patrones recurrentes en los distintos años y aquellos que han representado anoma-
lías, como es el caso de la movilidad durante los años 2020 y 2021, afectados por la 
pandemia. Las aportaciones de este trabajo y el sistema Morebike radican en el análi-
sis de estadísticas y patrones de ECOBICI de forma pública centrándose en el análisis 
de las colonias de la ciudad y los patrones recurrentes que existan entre ellas, brin-
dando así una herramienta fiable de análisis de datos a sus usuarios y operadores, a su 
vez que promueve el uso y la mejora continua de estos sistemas.  

A continuación, se describen patrones de la movilidad regular recabados de los 
análisis preliminares haciendo uso de Morebike y de sus visualizaciones. 
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4.1 Movilidad Regular y Patrones Recurrentes en Distintos Años 

En el caso de los diagramas de Pareto, sin importar el año o si nos referimos a via-
jes entre semana o en fin de semana, son 17 o 18 colonias las que representan el 80% 
de los viajes mensuales, lo que equivale a poco más del 30% de todas las colonias, 
cercano al principio de Pareto, aunque este no se cumple en su totalidad. Además, las 
colonias que conforman este porcentaje suelen ser las mismas, con algunas excepcio-
nes en aquellas que delimitan a ese 80%. 
 De los diagramas de caja se resalta el hecho que, en la mayoría de los años y me-
ses, el tercer horario que va de las 4 pm a las 12:30 am representa el de mayor canti-
dad y distribución de viajes en días entre semana, siendo este también el que tiene a 
las colonias con más viajes registrados históricamente, seguido del primer horario de 
5 am a 12 pm y finalmente del segundo de 12 pm a 4 pm. Esto cambia drásticamente 
en los viajes en fin de semana, ya que en estos los 3 horarios presentan una movilidad 
similar entre sí, por lo que se realizan viajes de forma más dinámica a lo largo del día, 
a diferencia de los días entre semana que cuentan con horarios más definidos y una 
demanda que puede observarse más fácilmente. 
 Por otro lado, en las gráficas de la movilidad entre colonias es posible identificar 
patrones interesantes en algunas de ellas, sin embargo, es un proceso heurístico y de 
observación. De esta manera se puede conocer qué colonias presentan una mayor 
movilidad entre sí o aquellas que presentan altas cantidades de viajes en sí mismas, el 
hecho es que estas colonias suelen presentar los mismos patrones en los distintos 
años, aunque como es de esperarse, en los vividos en pandemia se observa una reduc-
ción significativa en el número de viajes registrados entre cada una de ellas. 
 Finalmente, es posible conocer en qué horarios la demanda de las bicicletas au-
menta o disminuye en las distintas colonias gracias a las gráficas de la movilidad 
regular semanal. Se identifica el número de aumentos en la demanda a lo largo del día 
(de 1 a 3) y de esta manera se determina en qué horarios es posible que la mayoría de 
las bicicletas sean tomadas o, por el contrario, estén disponibles. Facilita el conoci-
miento de la demanda de bicicletas, pero también el de cicloestaciones, ya que para 
dejar una bicicleta debe existir un espacio disponible en la estación. De esta manera, 
un usuario puede determinar en qué lugares debe haber un mayor número de bicicle-
tas disponibles en los horarios que comúnmente usa la bicicleta y en qué otros podrán 
encontrar lugares disponibles o simplemente definir otra estrategia para su transporte 
y hacer uso de otras cicloestaciones que se ajusten a sus necesidades. 

4.2 Movilidad Regular en Años con COVID-19 

Tal como sucedió con la mayoría de los transportes públicos, el uso de ECOBICI se 
vio extremadamente afectado por la pandemia de COVID-19, reduciendo el número 
de registros mensuales de un promedio de 700 mil en 2019 a 335 mil en 2020 y 350 
mil en 2021 de acuerdo con el sistema SAHMI [16]. El año 2019 fue el último año 
con una movilidad y un crecimiento orgánicos con 8 millones 400 mil viajes registra-
dos, sin embargo, estos fueron reducidos en un 50% con tan sólo 4 millones de regis-
tros en el año 2020 (ver Fig. 9). En 2021 y 2022 los registros se han recuperado pro-
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gresivamente, sin embargo, sin la misma proporción que en años anteriores, aunque se 
estima que esto se modifique significativamente tras los planes de expansión a otras 
colonias de la ciudad y en especial, con la apertura de nuevas cicloestaciones, mismas 
que no se han visto en aumento desde el año 2018. 
 

 
Fig. 9. Histórico de los viajes anuales registrados en ECOBICI 

A pesar de la reducción considerable de los viajes, algunos patrones de movilidad se 
mantuvieron incluso en los años de pandemia. Tal es el caso del número de colonias 
que conforman el 80% de los viajes mensuales en los diagramas de Pareto, en los que, 
a pesar de no ser exactamente las mismas colonias en todos los años y meses, se man-
tuvo la proporción de aproximadamente el 30% de colonias que conforman ese 80% 
de los viajes en todos los meses. 

Los horarios de los diagramas de caja también mantuvieron una proporción similar 
durante los años, siendo el horario de 4 pm a 12:30 am el que registró un mayor nú-
mero de viajes, a excepción del año 2021 (ver Fig. 10). Sin embargo, en los meses de 
marzo, abril y mayo de 2021, los datos presentaron inconsistencias ya que cambiaron 
a un formato de 12 horas, omitiendo los tiempos am o pm lo que resultó en un incre-
mento anormal en el horario de 5 am a 12 pm. 

 

 
Fig. 10. Viajes registrados anualmente por horario 
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En la encuesta realizada en el año 2020 sobre el uso de las bicicletas [17], se reportó 
los horarios en que los usuarios regularmente realizan sus viajes (ver Fig. 11) en don-
de puede observarse que los horarios con mayor uso son de las 6 pm a 8 pm seguido 
del de las 6 am a 10 am, lo que reafirma también las observaciones. 
 

 

 
Fig. 11. Horarios con mayor índice de uso de acuerdo con la encuesta del año 2020 de 
ECOBICI 

5 Trabajo a Futuro 

Morebike es una propuesta de una herramienta básica de visualización de datos que 
pretende seguir evolucionando según se identifiquen nuevas necesidades o se explo-
ren los datos con diferentes aproximaciones. A continuación, se describen algunas 
propuestas como trabajo a futuro que representan mejoras significativas a la propuesta 
inicial del sistema. 

Posicionamiento Geográfico. El desarrollo de visualizaciones con coordenadas geo-
gráficas sobre los viajes entre colonias que faciliten la observación de la distancia y la 
densidad de la movilidad en un mapa real de la ciudad. 

Patrones en Tiempo Real. Hacer uso de los datos en tiempo real brindados por 
ECOBICI e implementar visualizaciones capaces de mostrar la movilidad al momento 
con el estándar GBFS (General Bikeshare Feed Specification). 

Rutas Recurrentes. Identificación de los viajes más comunes entre colonias o viajes 
locales, es decir, aquellos viajes que se repiten constantemente a lo largo de los días, 
meses y años. Explorar también la posibilidad de identificar viajes recurrentes a nivel 
cicloestación bajo las mismas condiciones y filtros. 

Modelos de Aprendizaje Máquina. Identificar la correlación con otras variables de 
los datos, como la edad de los usuarios, el clima o la temporada del año y con ello 
generar modelos de regresión que permitan predecir la demanda bajo ciertas condi-
ciones. Con esto se podrá comenzar la exploración de los problemas de rebalanceo de 
bicicletas en ECOBICI y garantizar la satisfacción de sus usuarios.  
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6 Conclusiones 

Morebike potencia la gestión y el uso del SBC de ECOBICI ya que permite tomar 
decisiones basadas en los datos para optimizar su funcionamiento y proporcionar 
información útil para el desarrollo de estrategias que incentiven a los usuarios a rentar 
o devolver bicicletas de acuerdo con la demanda esperada. 

En la actualidad, los SBC representan cada vez más una alternativa ideal para mu-
chas personas en su día a día, contribuyendo así a una vida mucho más saludable y un 
entorno sustentable, además de una reducción significativa de la contaminación y la 
saturación de otros medios de transporte convencionales. Es por ello por lo que, resul-
ta tan importante generar más y mejores estrategias que permitan que estos sistemas 
evolucionen y atraigan a más personas. 

El desarrollo de herramientas como Morebike son de gran ayuda para este propósi-
to, además de que tienen el objetivo de informar y ayudar a los usuarios a conocer el 
sistema que usan para tomar más y mejores decisiones sobre sus métodos de transpor-
te. Contar con más y diversas visualizaciones resulta en la identificación de distintos 
patrones de movilidad y se vuelve un proceso mucho más interactivo y enriquecedor 
para los usuarios finales y para los operadores de estos sistemas. 
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Resumen. Un pilar esencial para el desarrollo de las ciudades inteligentes es la 
conectividad de dispositivos capaces de enviar y recibir datos que permitan tener 
la información necesaria en tiempo real. La tecnología que se emplea en dichos 
dispositivos depende del uso que se le dé a la red de comunicación, es decir, de 
la cantidad de datos que transfiera, del rango de cobertura que ofrezca, y del con-
sumo de energía que tenga, entre otros. En el campo de las energías renovables, 
los sistemas que monitorizan el funcionamiento de las diferentes fuentes genera-
doras de energía están en pleno auge. En el presente trabajo se propone el desa-
rrollo de un data logger autónomo con conectividad LoRaWAN para monitorizar 
y analizar el funcionamiento de aerogeneradores sin palas en tiempo real. Las 
pruebas realizadas demuestran el gran potencial de este tipo de redes en aplica-
ciones de registro de datos de ciudades, gracias a su largo alcance y bajo con-
sumo. 

Keywords: IoT-Devices, LoRaWAN, Smart-cities, Wind-Energy, Bladeless 
Wind Turbine, Vortex-Bladeless 

1 Introducción 

Con la aparición de nuevas tecnologías de comunicación se han desarrollado multitud 
de dispositivos conectados a internet (IoT, del inglés internet of things) capaces de en-
viar y transmitir información en tiempo real. Esto ha permitido el desarrollo de aplica-
ciones inteligentes y, con ello, la aparición del concepto de ciudades inteligentes [1]. 

El prototipo de IoT está definido por la conectividad entre diferentes dispositivos 
capaces de interactuar unos con otros y de realizar acciones autónomas [2] a través de 
una red global. 

La existencia de gran variedad de sensores IoT permite que estos puedan ser em-
pleados para monitorizar distintas actividades y lugares: supervisión de ciclistas, flujo 
de vehículos, aparcamientos públicos, o calidad del aire [3], entre otros. Dichos pro-
yectos se basan en un control y análisis de datos recogidos por distintos sensores en 
tiempo real, por lo que es necesario contar con una red de conexión que permita trans-
mitir dichos datos en todo momento. En función de la cantidad de datos, la frecuencia 
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de envío y la autonomía del dispositivo de medición (en caso de alimentación por ba-
terías), será más o menos conveniente el empleo de un tipo de tecnología de comunica-
ción u otra. 

1.1 Aerogeneradores sin palas 

En el contexto de la transición energética, la monitorización tanto de los elementos de 
generación como de los puntos de consumo se establecen como una aplicación de inte-
rés creciente para los sensores IoT. En el caso de la primera aplicación, los sensores 
IoT facilitan el control de la energía generada por diferentes tecnologías de explotación 
de recursos energéticos renovables, permitiendo por tanto su ajuste para optimizar la 
producción [4].  

De entre las tecnologías emergentes para maximizar el aprovechamiento energético 
renovable, los nuevos diseños de aerogeneradores aparecen como un avance para la 
integrabilidad de la explotación del viento para generación de electricidad, favore-
ciendo el uso de dicho recurso energético para aplicaciones de autoconsumo, y por tanto 
democratizando su utilización de las grandes plantas generadoras a los usuarios finales.  
Considerando los puntos más desfavorables de los aerogeneradores convencionales, el 
diseño de aerogeneradores sin palas reduce la influencia en la fauna avícola, los efectos 
de interferencia en las bandas electromagnéticas de comunicación, mientras que el im-
pacto visual y acústico es prácticamente nulo. Un ejemplo de este tipo de dispositivos 
es el modelR�³9RUWH[�1DQR´�GH�OD�HPSUHVD�9RUWH[�%ODGHOHVV�>�@��Por su menor tamaño 
en comparación con los aerogeneradores convencionales, que permite su instalación en 
cubiertas de edificios o en jardines de viviendas, y por su mantenimiento (prácticamente 
nulo), estos modelos pueden equipararse a los paneles fotovoltaicos [6]. Además de ser 
tecnologías de aprovechamiento de recurso energético de características similares, la 
propuesta de hibridación de ambas (eólica sin palas y solar fotovoltaica) surge como 
una opción óptima para maximizar la disponibilidad de energía, compensando los ae-
rogeneradores la falta de producción de los paneles fotovoltaicos durante periodos noc-
turnos o meses de menor radiación solar. 

El funcionamiento de estos aerogeneradores se basa en el fenómeno conocido como 
vibración inducida por vórtices (VIV), recogiendo la energía producida en la parte su-
perior de los mismos (que oscila) gracias a su diseño circular. Esta energía se transforma 
en electricidad gracias a un alternador alojado en su parte central.  

Este trabajo presenta el desarrollo de un dispositivo para monitorizar aerogenerado-
res sin aspas GH�PD\RUHV�GLPHQVLRQHV��PRGHOR�³9RUWH[�$WODQWLV´�GH��-10 m de altura), 
ubicados en zonas periféricas y próximas a entornos urbanos o puntos de consumo. Por 
lo tanto, la necesidad de comunicación de largo alcance (5-10 Km) hace necesario el 
empleo de una red Low Power Wide Area Network (LPWAN) con alimentación inde-
pendiente y autónoma que permita minimizar los costes asociados al despliegue de in-
fraestructuras de red o de energía. La Fig. 1 muestra diferentes tamaños y modelos de 
aerogeneradores sin palas. 
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Fig. 1. Modelos de aerogeneradores desarrollados por la empresa Vortex Bladeless [7]. 

2 Necesidades y planteamiento 

La monitorización del funcionamiento de aerogeneradores sin palas se planteó para 
XQ�FDVR�SLORWR�FRQ�HO�PRGHOR�³9RUWH[�$WODQWLV´ de Vortex Bladeless. El sensor fue ubi-
cado en el interior de la base del aerogenerador (Fig. 2), escogiendo una red LPWAN 
para la transmisión de datos. Este tipo de red se caracteriza por ser de bajo consumo y 
largo alcance. Concretamente, se seleccionó la tecnología Long Range (LoRa) y el pro-
tocolo de comunicación Long Range Wide Area Network (LoRaWAN) a través de la 
plataforma The Things Network (TTN) [8] configurada como servidor y aplicación de 
red. Los datos fueron enviados a una base de datos para su registro y posterior visuali-
zación y análisis telemáticos. 

 
Fig. 2. Ubicación del dispositivo para la monitorización de datos de un aerogenerador sin palas. 
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2.1 Estado del arte 

El avance de las tecnologías de comunicación y la aparición de nuevos sensores inter-
conectados, han impulsado el desarrollo de las redes de sensores inalámbricas WSNs 
(del inglés Wireless Sensor Networks). El uso de WSNs tiene infinidad de aplicaciones 
en diferentes sectores como el industrial [9], el de las ciudades inteligentes [10], el 
transporte [11], el del ámbito sanitario [12], el de la agricultura [13] o el del control 
medioambiental [14]. 
El elevado coste que tienen los dispositivos convencionales condiciona la adopción de 
este tipo de soluciones por parte de los diferentes sectores productivos. Como resultado, 
han aparecido soluciones de bajo coste que permiten abaratar costes y elevar el grado 
de adaptación de este tipo de sensores a diferentes casos de uso [15]. 
La mejora tecnológica ofrecida por los sensores de bajo coste permite realizar una ins-
trumentación más escalable y manejable, además de mejorar en aspectos como la adap-
tación a entornos y aplicaciones específicas reduciendo costes de componentes innece-
sarios [16]. 
Las redes LPWAN se caracterizan por alcanzar grandes distancias de comunicación 
con un bajo consumo de energía y una velocidad de trasferencia de datos baja. Por lo 
tanto, no es una tecnología pensada para transmitir señales de audio o vídeo, pero sí es 
ideal para dar conectividad a dispositivos en lugares remotos alimentados por baterías 
y con transmisiones de bajo volumen de datos [17]. 
LoRa es una tecnología de radio inalámbrica que permite la comunicación de un punto 
a otro alcanzando distancias kilométricas (en torno a 10-15 km en entornos rurales).  
Las redes LoRaWAN son un tipo de redes LPWAN que utilizan la tecnología de co-
municación LoRa. El protocolo de comunicación LoRaWAN especifica los parámetros 
requeridos en la arquitectura de red para gestionar el acceso y control de dispositivos 
dentro de la red, empleando para ello la tecnología de comunicación LoRa, que habilita 
la comunicación de largo alcance [18]. La Fig. 3 muestra la infraestructura de este tipo 
de redes. 

 
Fig. 3. Infraestructura de LoRaWAN [18]. 

Si bien es cierto que ya existen soluciones comerciales de dispositivos con conectividad 
LoRaWAN, estos dispositivos están diseñados para realizar registros con una cadencia 
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de tiempo grande para reducir el consumo y preservar la autonomía de las baterías. Por 
ello, se descartó hacer uso de este tipo de soluciones comerciales y desarrollar una pro-
pia que cumpliera con los requisitos que se precisan para monitorizar en tiempo real el 
funcionamiento de aerogeneradores sin palas.  El dispositivo de medición diseñado, 
aparte de ofrecer la transferencia de datos en tiempo real, garantiza la alimentación al 
contar con un pequeño panel fotovoltaico como fuente de alimentación alternativa a la 
batería (finita). Además, cabe destacar que la apuesta por un diseño propio permite 
integrar los componentes periféricos y los sensores a medida de las necesidades o va-
riables que se pretendan medir, reduciendo así los costes en componentes periféricos y 
otros requeridos en caso de haber hecho uso de una solución comercial. 

2.2 Características del dispositivo 

El dispositivo ha de cumplir dos principios básicos de diseño: autonomía energética y 
conectividad de largo alcance. 

Para lograr autonomía energética, este dispositivo se alimenta de una batería que se 
recarga a través de paneles solares fotovoltaicos. Además, para prolongar la autonomía 
del dispositivo se redujo su consumo en la medida de lo posible reduciendo la cantidad 
de datos transmitidos. Esta solución fue adoptada para garantizar que la energía gene-
rada por los paneles fotovoltaicos fuera suficiente para recargar la batería, y que la ca-
pacidad de la batería fuera suficiente para alimentar el dispositivo ante periodos noc-
turnos, de días nublados o días lluviosos.  

Las medidas realizadas con el dispositivo fueron: producción de energía, aceleracio-
nes y geolocalización del dispositivo. Concretamente, el diseño supone la hibridación 
de los siguientes componentes: 

x Microcontrolador Adafruit Feather M0 con señal RFM95 de LoRa [19]. 
x Módulo GPS Adafruit Ultimate GPS FeatherWing MTK3339 [20]. 
x Acelerómetro de 3 ejes ADXL343 [21]. 
x Batería LiPo 6000mAh / 3.7V [22]. 
x Cargador de batería solar para baterías LiPo de 3.7V [23]. 
x Placa solar de 5V y 500mAh [24]. 

2.3 Configuración de la red de comunicación 

Red de largo alcance y bajo consumo - Low Power Wide Area Network (LPWAN) 
Las redes LPWAN se caracterizan por alcanzar grandes distancias de comunicación 
con un bajo consumo de energía y una velocidad de trasferencia de datos baja. Por lo 
tanto, no es una tecnología pensada para transmitir señales de audio o vídeo, pero sí es 
ideal para dar conectividad a dispositivos en lugares remotos, alimentados por batería 
y con transmisiones de bajo volumen de datos. [25] 

Este tipo de redes se configuran con una topología en estrella, donde un gateway 
recibe mensajes de los diferentes dispositivos o nodos. Las tasas de transferencia van 
de 10 Kbps hasta 100 Kbps, las tramas de datos transmitidas son de decenas de bytes y 
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el ciclo de envío está limitado para no saturar las bandas de frecuencia ISM (del inglés 
Industrial, Scientific and Medical) que usan este tipo de redes. Este rango de frecuen-
cias ISM sin licencia se destinan a uso industrial, científico y médico y tienen una le-
gislación dependiente de cada territorio. El uso de estas bandas de frecuencia y la po-
tencia de transmisión dentro de ellas están reguladas por las legislaciones de radiofre-
cuencias correspondientes, y varían en función del territorio. [26] 

Tecnología LoRa (Long Range). 

LoRa es una tecnología de comunicación que utiliza una modulación de amplio espec-
tro. Esto le permite tolerar ruido, múltiples caminos de señal y el efecto Doppler, man-
teniendo un muy bajo el consumo de energía. Como aspecto negativo, el ancho de 
banda es muy bajo comparado con otras tecnologías. 
Las frecuencias de trabajo de LoRa emplean las bandas de radio ISM, que están por 
debajo de 1GHz y dependen de la legislación del territorio correspondiente [27], por 
ejemplo 433 MHz, 868 MHz, o 915 MHz. 

The Thing Network - TTN. 

Dentro de las redes LoRaWAN los nodos no están asociados con una puerta de enlace 
determinada, sino que los nodos emiten los datos y son las puertas de enlace las encar-
gadas de transmitir los paquetes recibidos hasta el servidor de red. 

La inteligencia y la administración de la red recaen en el servidor de red, que admi-
nistra y filtra paquetes redundantes, comprueba la seguridad, y realiza ajustes en la 
transmisión de datos (ADR ± del inglés Adaptative Data Rate) entre otros. 

Por lo tanto, el servidor de red es uno de los pilares básicos dentro de la configura-
ción de la comunicación del dispositivo de registro de mediciones o data logger a desa-
rrollar. 

Existen diferentes opciones a la hora de elegir un servidor de red, pudiendo ser de 
gestión propia o externa, y dentro de las gestiones externas, públicos o privados. La 
gestión propia del servidor de red supondría aumentar la complejidad del desarrollo del 
proyecto debido a la configuración del mismo, por lo que se optó por una gestión de 
terceros. Dentro de esta opción, se escogió el servidor público de redes de las cosas 
(TTN, del inglés The Thing Networks) debido a las ventajas que supone el empleo de 
su infraestructura de red ya existente de manera gratuita [8]. La Fig. 4 muestra el des-
pliegue actual de la red TTN. 
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Fig. 4. Despliegue actual de la red TTN [28]. 

 
TTN es una iniciativa para establecer una red mundial de IoT-LPWAN, de código 

abierto, donde se permite construir e integrar una red de datos de IoT descentralizada, 
operada y mantenida por los propios usuarios. Las puertas de enlace TTN son de uso 
público, con lo cual se opta por aprovechar esta infraestructura ya existente y, dado el 
caso, colaborar en el despliegue de la red aumentando la cobertura de la misma e im-
pulsando el uso de dispositivos IoT en una zona determinada [28]. 

Dentro de TTN también está la aplicación de red que gestiona los datos desde el 
nodo hasta la aplicación final del usuario y permite realizar integraciones con servicios. 
Dichos datos tienen una doble encriptación (AES-128), una de servidor y otra de apli-
cación, puesto que los datos son privados y sólo el usuario final tiene acceso a ellos 
[29]. La Fig. 5 se muestra los cifrados de la red a modo de esquema. 
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Fig. 5. Seguridad en las redes LoRaWAN [29]. 

3 Desarrollo y configuraciones 

El data logger, tiene como objetivo principal analizar el comportamiento de los aero-
generadores que generan energía por la VIV. Por ello, además de monitorizar la energía 
producida, se analizaron las aceleraciones producidas en las oscilaciones del eje del 
aerogenerador. 
La frecuencia de envío de datos se configuró respetando el uso de la red que establece 
TTN [30]. Las mediciones del estado del aerogenerador se establecieron cada 10 se-
gundos, registrando el valor medio de producción energética durante este periodo y los 
valores de aceleración del mástil para analizar su actividad y los tiempos de reacción 
del aerogenerador. Adicionalmente, se envió la geolocalización del dispositivo, con la 
intención de evitar posibles robos de los equipos. 
Otro pilar del diseño fue la autonomía del dispositivo. Por ello, se optó por una alimen-
tación con baterías con capacidad para recargarse con la energía generada por paneles 
fotovoltaicos. 
La autonomía del dispositivo se evaluó una vez desarrollado y con medidas de consumo 
reales ya que, en función de las potencias de transmisión (distancia al gateway), el con-
sumo y el tiempo de envío varían significativamente. 

3.1 Transmisión y registro de datos 

Una vez que los datos se han transmitido a través de la red LoRaWAN, el servidor 
de red gestiona los paquetes de datos hasta las aplicaciones correspondientes, donde los 
datos son decodificados y recibidos por el usuario. Dentro de la consola de configura-
ción de TTN se pueden configurar integraciones para transmitir los datos recibidos en 
otras aplicaciones, a modo de base de datos. En el caso que se plantea, se hizo uso de 
los siguientes softwares open source: NodeRed [31] para realizar una conexión a través 
del protocolo Mqtt [32] y transmitir los datos desde TTN a una base de datos Influxdb 
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[33]. Una vez registrados los datos en la base de datos, estos se visualizan a través de 
la plataforma Grafana [34]. 

La Fig. 6 muestra el flujo de datos seguido de forma general y la Fig. 7 la configu-
ración del flujo de datos dentro del programa NodeRed. 

 

 
Fig. 6. Esquema general de transmisión y registro de datos. 

 
Fig. 7. Configuración de flujo en Node Red. 

3.2 Pruebas de comunicación 

Debido a que el propósito del uso de una red LoRaWAN es alcanzar grandes distancias 
de comunicación, se realizaron pruebas de cobertura a través de la plataforma TTN 
Maper [28], integrada dentro de TTN, para geolocalizar las señales recibidas por los 
diferentes gateways de la red y analizar la calidad de los paquetes de datos recibidos. 
Adicionalmente, dicha plataforma permite dejar registro de estos datos para que se pue-
dan comprobar las zonas que ya cuentan con cobertura de la red TTN y la calidad de la 
misma. Tras comprobar dichas zonas, se estableció la zona de pruebas en la ciudad de 
Ávila (España) y más concretamente en la zona del Valle Amblés, por tratarse de un 
caso de uso de la red TTN favorable, pues su orografía permite la transmisión de datos 
en línea de visión directa (VLOS, del inglés Visual Line of Sight) prácticamente para 
toda su extensión (Fig. 8), condición necesaria para alcanzar grandes distancias de co-
municación (10-15Km.) 
.  
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Fig. 8. Perfil orográfico de la zona de pruebas ubicada en el Valle Amblés (Ávila, España) [33]. 

Además, esta zona contaba con una infraestructura de la red TTN (5 gateways) y bastó 
con emitir mensajes desde el dispositivo para comprobar la calidad de la señal recibida 
a través de los diferentes gateways. La Fig. 9 muestra las diferentes señales recibidas 
en la zona de pruebas. 

 
Fig. 9. Cobertura de Red TTN en la ciudad de Ávila y el Valle Amblés [26]. 
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3.3 Pruebas de autonomía 

Con el objetivo de verificar el funcionamiento del dispositivo, la capacidad de recarga, 
y el consumo del mismo, se realizó una prueba de laboratorio disponiendo un panel 
solar [24] en posición horizontal en el poyete de una ventana orientada al este. Esta 
ubicación fue seleccionada de manera aleatoria, para testear la capacidad de generación 
del panel en cualquier condición posible, fuera de las condiciones más favorables 
(como sería la orientación sur, para el hemisferio norte) y así obtener resultados de 
autonomía más ajustados al uso del sistema por un usuario real. El panel fotovoltaico 
recibió radiación solar desde las 8:30h hasta las 13:00h durante dos días consecutivos 
en los que las condiciones meteorológicas fueron favorables (sin nubosidad). La Fig. 
10 muestra la disposición del dispositivo próximo a la ventana donde se realizaron las 
pruebas. 

 
Fig. 10. Pruebas de laboratorio para analizar la autonomía del dispositivo de recogida y envío 

de datos. 

4 Resultados 

4.1 Resultados de comunicación 

Se comprobó la recepción de datos en la zona de estudio establecida, cubriendo distan-
cias de 17 Km en términos de máxima comprobada, considerándose suficiente. La Fig. 
11 muestra el nivel de señal recibido por cada gateway durante las pruebas de cobertura. 
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Fig. 11. Pruebas de cobertura del dispositivo desarrollado. 

4.2 Resultados de consumo 

Los datos de consumo energético y de autonomía se extrajeron de las pruebas efectua-
das en el laboratorio durante dos días de funcionamiento continuo.  

Como se ha mencionado, el dispositivo se ubicó en ventana con orientación este con 
incidencia solar directa sobre el panel fotovoltaico de 8:30h a 13:00h. Con esta energía 
solar disponible, el dispositivo fue capaz de recargar la batería para el resto del día, 
compensando la energía necesaria durante las horas sin radiación solar. 

El gráfico de la Fig.12, creado a través de la aplicación de Grafana [32], muestra los 
niveles de tensión de la batería registrados en un intervalo de tiempo de dos días. Las 
pendientes ascendentes muestran la recarga de la batería cuando el sol incide de forma 
directa sobre el panel fotovoltaico, y las pendientes descendentes, relativas al consumo 
de la batería, al ser menos pronunciadas permiten compensar la energía generada y 
consumida y por tanto se consigue el balance energético neto. 

 
Fig. 12. Datos de recarga de la batería 
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5 Conclusiones 

Los resultados obtenidos tras las pruebas de cobertura y autonomía permiten pronos-
ticar que las necesidades iniciales de diseño serán cubiertas de manera satisfactoria una 
vez que el dispositivo sea instalado de forma definitiva en el aerogenerador. 

Los resultados de cobertura, cuya distancia de comunicación máxima a sido de 17 
Km, demuestra la efectividad de las redes LoRaWAN para realizar comunicaciones a 
largas distancias. Aunque el alcance de cobertura de las redes depende de la orografía 
y de la ubicación de los gateways (zonas elevadas y con VLOS alcanzan mayores dis-
tancias), el uso de la red TTN permite la configuración y la integración de nuevos ga-
teways para crear o reforzar la cobertura en una zona geográfica determinada. 

Respecto de la autonomía del dispositivo, se ha verificado la capacidad de recarga 
de la batería con un panel fotovoltaico [24] a lo largo de un diferentes días soleados con 
inclinación horizontal y orientación este, por lo que la óptima colocación del panel 
(orientación sur) hará posible el aumento de horas de producción solar con respecto a 
las disponibles durante las pruebas de laboratorio. Así, la producción diaria de energía 
será mayor que el consumo, lo que permitirá dotar de mayor autonomía a la batería para 
compensar los días en los que la radiación solar sea menor (días nublados o con preci-
pitaciones). 

Cabe destacar que, aunque las pruebas iniciales han sido satisfactorias, hay capaci-
dad de mejora en el consumo energético del dispositivo. Una de ellas, sería analizando 
las aceleraciones del aerogenerador y mediante detección de eventos (sacudidas), re-
gistrar datos de funcionamiento solo en los intervalos en los que el generador esté en 
movimiento, reduciendo el consumo de energía durante los periodos de inactividad. 
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Abstract. The implementation of a cyber-physical system is presented through a network 
of sensors that monitor meteorological variables such as wind direction and speed, temperature, 
humidity, atmospheric pressure, rainfall, making use of the Internet of Things (IoT) through 
real-time measurements. The variation of the climatic conditions in the same region are chang-
ing due to the pollutants that are emitted to the environment, the climate can vary in metropoli-
tan areas depending on the intensity of pollutants causing microclimates, that is, particular 
climatic conditions as a result of a modification of the climate due to ecological and environ-
mental factors. The objective of the cyber-physical system is to monitor the meteorological 
variables in real time, flexible to be adapted in different areas and whose information is sent 
using the IoT, making a proposal on the subject of smart cities. The proposal is based on the 
steps of an iterative methodology for the design of a Cyber-Physical System (CPS). The results 
achieved so far is the development of the CPS in its experimental phase with the acquisition of 
environmental data using different kinds of sensors, sending the measurements to the IoT 
cloud, presenting results in a friendly graphical user interface and obtaining graphics of signifi-
cant information on the behavior of the variables. The information represented in the graphs of 
the user interface shows the behavior of the meteorological variables in different zones, visual-
izing the variation of the climate due to environmental conditions. 

. 
Keywords: Internet of things, meteorological variables, cyber-physical systems, smart cit-

ies, microclimates, environmental pollution, sensors. 
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1 Introduction 

Climate change is a global problem that is threatening the environment and humanity.  
One of the main causes of this climate change is global warming which we identify as 
the increase in the temperature of the planet caused by emissions into the atmosphere 
of greenhouse gases, gases derived from human activity cause variations in climate 
that would not occur naturally. The gases deteriorate the particles of the ozone layer 
of the plane-ta, this layer is responsible for protecting us from solar radiation. 

The greenhouse effect is a natural process that allows the Earth to maintain the 
conditions necessary to harbor life. The atmosphere retains some of the heat of the 
Sun, without the greenhouse effect, the average temperature of the planet would be 18 
º C below zero, the current average is 15 ° C.  

The greenhouse effect is produced by the action of several components of the plan-
etary atmosphere: carbon dioxide, methane, water vapor, nitrogene oxide and ozone 
are some of them.  The problem occurs when human activities increase the emission 
of greenhouse gases into the atmosphere and the atmosphere retains more heat than 
necessary, causing the average temperature of the plane-ta to increase and global 
warming to occur. 

The global temperature increase has consequences that endanger the survival of the 
Earth's flora and fauna, including human beings. Among the impacts of climate 
change, the melting of the ice mass at the poles, which in turn causes the rise in sea 
level, which produces flooding and threatens the coastal coasts, even small island 
states are at risk of disappearing. 

Climate change also increases the occurrence of more violent weather events, 
droughts, fires, the death of animal and plant species, the overflowing of rivers and 
lakes, the destruction of livelihoods and economic resources, especially in developing 
countries. 

Another consequence is climate changes in regions, the so called microclimates are 
identified as a set of atmospheric patterns and processes that characterize a reduced 
environment and is influenced by ecological and environmental factors. A microcli-
mate is not a specific size, but can vary from a few square meters to several hundred 
kilometers. Microclimates can be found in different parts of the world and there are 
two main parameters to define them within a given area: temperature and humidity.  

There are microclimates in urban areas where the material of the buildings, such as 
concrete, absorbs heat, creating cold zones. On the other hand, the elevations of a 
region play a key role in the formation of microclimates. 

Microclimates are also being affected by human activity due to the emission of 
pollutants, in urban areas there can be a temperature variation of 2-3 °C [1]. Strategies 
are sought for spaces in urban areas in order to improve the quality of current cities 
[2], research oriented to the effects of microclimates caused by environmental pollu-
tion is of great importance at present [3], finding solutions to solve these problems is 
the subject of this article.  

The monitoring of meteorological variations in the same region is not currently be-
ing monitored in a timely manner, there are meteorological stations distributed by 
zones in large cities, but there are no portable monitoring stations that send infor-
mation in real time to various sectors of society, monitoring of meteorological varia-
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bles such as wind direction and speed, temperature, humidity, atmospheric pressure, 
rainfall in a specific area is a point of analysis of the effects of environmental pollu-
tion in specific areas. 

The implementation of a cyber-physical system by means of a sensor network that 
monitors meteorological variables using the Internet of Things (IoT) by means of real 
time measurements, would establish the weather conditions of those areas. The sys-
tem must be flexible as it can be adapted to different areas and the information would 
be sent to society using the IoT, making a proposal to the topic of intelligent cities in 
the approach of monitoring weather conditions and environmental pollution.  

The article is organized as follows. First, in Section 2, we present the main con-
cepts used in the project framework, in order to give a conceptual framework to the 
reader of the taxonomy used in the article. Secondly, in Section 3, we present the 
results of the main research works found in the context of portable weather stations. 
Thirdly, in Section 4, we present the approach to the problem and our model of solu-
tion of the cyber-physical system proposed by the authors using IOT technology. 
Fourthly, the integration model of the weather monitoring station is presented in Sec-
tion 5. Fifth, the methodology used for the project is presented in Section 6. Sixth, 
Section 7 presents the main results achieved by the project to date, Section 8 presents 
the conclusions, and Section 9 presents future work to be developed. 

2 Concepts 

In order to know the taxonomy of the concepts used in this article, this section pre-
sents the main concepts involved. The industry 4.0 is impacting in the diverse activi-
ties of the human being. The IoT is part of these emerging technologies, the IoT com-
bined with cyber-physical systems contribute to the development of techno-logical 
applications for Smart Cities. 

2.1 Cyber-physical system. 

A Cyber-Physical System, or CPS, is a system that integrates computing with the 
physical processes to form an Internet of Things, Data and Services, enabling agreater 
efficiency and intelligence in the system or environment where it is incorporated 
(transport, manufacturing, health, energy,city, home, etc.: Smart Everything Every-
where) [4]. 

The objective of the CPS is to improve the quality of life of citizens by monitoring 
and controlling the physical world in which they live using the capabilities of the 
cyber world. The CPS are systems that are used to monitor and control physical pro-
cesses. They are perceived as the new generation of integrated control systems, so that 
CPSs are networked integrated systems [5]. The integration of the CPS are the result 
of the advances in information and communication technologies (ICT) in improving 
the interactions with physical processes, the aim is to integrate the cybernetic and 
physical worlds. 

The components of a CPS are: communication, computation and control, monitor-
ing and manipulation. The communication could be wireless or wired and could con-
nect CPS with higher level systems, such as control centers, also the communication 
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could be with lower level components in the physical world. The computer and con-
trol part is where intelligence is integrated, control commands are received and de-
tected measurements are received. The mo-monitoring and manipulation components 
connect CPS to the physical world through sensors to mo-monitor physical compo-
nents and actuators to manipulate them [5]. The applications of CPS are varied, in-
cluding: highly reliable medical devices, assisted systems, advanced traffic control 
systems, process control, energy conservation, environmental control, aeronautics, 
instrumentation, critical infrastructure control (electricity, water resources and com-
munications systems), distributed robotics (telepresence, telemedicine), defense sys-
tems, manufacturing, intelligent structures [6].  

Within the areas of research and challenges of CPS we can mention the following: 
the computer systems are procedural systems, sequential. However, the physical pro-
cesses are concurrent and parallel, composed of multiple sub-processes with hardly 
sequential interrelationships. Designing robust and reliable cyber-physical systems, 
where there is a close interrelationship of the computational aspects of embedded 
systems with the physical processes that govern them requires a simultaneous mastery 
of both disciplines, development of embedded systems and development of general 
purpose applications. The integration of both aspects is a challenge: integration of 
procedural dynamics with concurrent dynamics, management of critical processes 
where response time is of utmost importance. 

 Among other challenges for CPS development, we mention: CPS engineering 
through new methods and tools to simplify its design, simulation, development, vali-
dation and verification. Data analysis for prediction and prescription based on mined 
data. Cybersecurity of PSCs in both internal and external environments. The robust-
ness for the creation of dependencies in processes, multiplication of points of error, 
complexity. Training of professionals capable of addressing the solutions, integrated 
into collaborative and multidisciplinary teams, the legislation affecting the implemen-
tation of CPS and changes in societies (generational, behavioral, consumer).  

2.2 Internet of Things (IoT) 

The Internet of Things describes the network of physical objects (things) that carry 
integrated sensors, software and other technologies in order to connect and exchange 
data with other devices and systems through the Internet [7]. These devices range 
from everyday household objects to sophisticated industrial tools. 

To be more specific, the term IoT refers to physical device systems that receive 
and transfer data through wireless networks without human intervention. What makes 
it possible is the integration of simple computer devices with sensors in all types of 
objects. 

The technologies that make the Iot possible are: low-cost sensors, connectivity 
through a set of network protocols for the Internet has made it easy to connect sensors 
to the cloud and other things for efficient data transmission [8]. Cloud Computing 
Platforms, which allows both businesses and consumers to access the infrastructure 
they need to expand ca-pacity without having to manage it all. Machine Learning and 
Analytics, with access to huge amounts of data of a wide variety stored in the cloud, 
companies can gather information faster and more easily. Artificial Intelligence (AI) 
has brought natural language processing (NLP) to home IoT devices. 
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The future of the Internet will consist of heterogeneously connected devices that 
will further expand the boundaries of the world with physical entities and virtual 
components. The Internet of Things (IoT) will empower connected things with new 
capabilities [9]. 

 
2.3 Weather monitoring stations 

A weather station is a device that takes data from different atmospheric variables of 
interest for meteorology, they are installed in any terrain and part of the world. An 
automatic weather station (AMS) is defined as a weather station where observations 
are made and transmitted automatically [10].  

In an AMS, measurements made with instruments are read or received by a central 
data acquisition unit. Data obtained from the autonomous measuring devices can be 
processed locally at the AMS or elsewhere, for example, at the central processor of a 
network of weather stations.  Automatic weather stations can be designed as an inte-
grated concept of various measuring devices in combination with data acquisition and 
processing units. Such a combined system of instruments, interfaces and processing 
and transmission units is usually called an automated weather observation system or 
an automated surface observation system [10]. 

The main utility of a weather station is to collect and record meteorological data, 
with these data is created valuable information that can have the following features: 
Knowing exactly the weather conditions in that place, comparing that information 
with other weather stations in nearby locations, providing information for making 
weather forecasts from numerical models, creating climate information representative 
of the place where the data are taken, creating specific alerts for weather phenomena 
that could be of interest, correlating weather phenomena with risk situations, acci-
dents, destruction of infrastructure, etc., in addition to providing information for agri-
culture in weather conditions.  

The variables that a weather station could record are: air temperature, humidity, 
barometric pressure, wind speed, wind direction, precipitation, UV level, thickness of 
snow, soil temperature, soil humidity, solar radiation, visibility, pollution analysis, 
measurement of light hours, measurement of cloud height 

There are different types of weather stations among which we can name: domestic 
weather stations, weather stations with PC connection, portable weather stations, pro-
fessional weather stations, wireless or Wifi weather stations. The latter are stations 
capable of transmitting data to the Internet and broadcast them online, the proposal of 
this research work is oriented towards an automatic wireless weather station. 

3 Related works 

The advances in the management of meteorological stations with IoT and their rela-
tion with the problem of microclimates in urban areas are mentioned below: 
In the literature review we found a prototype weather station applying IoT and Google 
tools, making use of a Spark Core card with IoT management capability. The varia-
bles to be measured in the prototype weather station were adjusted according to the 
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measurement variables that commercial stations have, such as ambient temperature, 
relative humidity, UV index, sunshine, rain sensor and solar energy capture.  The 
variables are captured with analog and digital sensors connected to the card, which is 
in charge of processing the information of each one of them and publishing them in 
the cloud, to later capture them by means of a script that allows the reading of the 
variables and the publication in a spreadsheet and that will serve as data base of the 
collected information [11]. The disadvantage of this card is that it does not handle 
wind speed and direction.  

     Another work found is the design of the system with the use of Node MCU to 
make a low cost solution. This weather station is a product equipped with instruments 
and sensors to measure atmospheric conditions such as temperature, humidity, wind 
speed and direction, in order to make weather forecasts. By enabling IoT from the 
cloud, the user can access all atmospheric parameters measured by the weather station 
from anywhere in the world from any connected device [12]. This station is not avail-
able in an accessible way to users.  

     Another development is a model of a weather station to measure meteorological 
data: temperature, relative humidity, atmospheric pressure, direction of the wind, 
speed and rainfall. The measured data are transmitted wirelessly to the remote station 
for recording and displaying the information to different intelligent devices. This 
wireless connectivity has been planned through Wi-Fi connections that establish a 
mesh network for reliable data communication. The information from the station is 
used to help the inhabitants to take the necessary precautions in climatic changes [13]. 
Its application is oriented to urban use, in the related work was not found application 
in network mode of the stations.  

     A work is found through the solution of portable weather stations, proposes a 
wireless network of weather monitoring stations using GSM for an IoT middleware, 
responsible for retaining data and providing weather information to various applica-
tions focused on helping users in planning their daily routine [14]. The solution pro-
posed by GSM limits the capacity of the graphical interface to present the information 
flexibly and graphically to the end user. 

     Another proposal is a system to monitor environmental parameters using multi-
level IoT architecture. The proposed system will monitor changes in environmental 
parameters in the Hyderabad region. The proposed instrumentation operates on level 
II architecture on IoT. The proposed system consists of different sensors grouped in 5 
sensor nodes that are invoked by switches in the gateway or from the web page. The 
sensors acquire the data and send it to a slave controller (PIC). In turn, the slave con-
troller sends the acquired data to the master controller (Raspberry pi). The master acts 
as a gateway between the sensor nodes and the cloud. Master sends the data to the 
cloud and displays it as a web page via HTTP. Data is also received as SMS via GSM.   
Using the system, changes in the climatic conditions of the Hyderabad region were 
studied and information was provided to local farmers in terms of indicators that can 
be used to help them decide which crop (cotton, jowar, redgram) needs to be grown / 
harvested [15]. The disadvantage of this proposal is that it was not applied to weather 
parameters in urban areas caused by microclimates 
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4 Problem statement 

The cost and benefits of global warming will vary greatly from area to area. For mod-
erate climate change, the balance can be difficult to assess. But the larger the change 
in climate, the more negative the consequences will become. Global warming will 
probably make life harder, not easier, for most people. 

The problems seem especially obvious in cases where current societal trends ap-
SHDU�WR�EH�RQ�D�FROOLVLRQ�FRXUVH�ZLWK�SUHGLFWLRQV�RI�JOREDO�ZDUPLQJ¶V�LPSDFWV��DW�WKH�
same time that sea levels are rising, human population continues to grow most rapidly 
in flood-vulnerable, low-lying coastal zones. Places where famine and food insecurity 
DUH�JUHDWHVW� LQ� WRGD\¶V�ZRUOG�DUH�QRW�SODFHV�ZKHUH�PLOGHU�ZLQWHUV�ZLOO�ERRVW�FURS�RU�
vegetation productivity, but instead, are places where rainfall will probably become 
less reliable, and crop productivity is expected to fall. The countries most vulnerable 
WR�JOREDO�ZDUPLQJ¶V�PRVW�VHULRXV�VLGH�HIIHFWV�DUH�DPRQJ�WKH�SRRUHVW�DQG�OHDVW�DEOH�WR�
pay for the medical and social services and technological solutions that will be needed 
to adapt to climate change[16]. 

5 Modeling 

In this model we can observe the operation of the project, we have our Particle Boron 
(master) that is a powerful cellular enabled development kit and it is connected direct-
ly to the IoT Node that is a waterproof enclosure with a stackable adapter board for 
connecting the Particle Boron and the sensors. The temperature, humidity, pressure 
barometric and battery voltage ADC (Analog to Digital Converter) sensors are con-
nected to the Particle Boron through the I2C communications bus. The meter kit sen-
sors: rain gauge, anemometer and wind vane are connected through the analog and 
digital inputs. The Particle device needs an antenna to better capture of the network 
signal, also a lithium ion battery, and a solar panel to power the IoT Node; and all 
information of the sensors will be send to the Particle Cloud and at the same time the 
data is saved in Firebase DataBase in real time. Figure 1 shows a diagram of all sen-
sors connected. 

 
 
 
 
 
 
 
 
 
 

Fig. 1. Connection block diagram, Elaborated by the authors. 
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6 Methodology 

6.1 Materials 

For the development of the IoT Node for meteorological monitoring, the following 
components were necessary: IoT Particle Boron, IoT Node case integrated with Bat-
tery ADC Monitor and Barometric Pressure sensor, Anntena, Lithium Ion Battery, 
Temperature and Humidity sensor (AM2315), Solar Radiation Shield, Micro Sd Card, 
Solar Panel, Weather Meter Kit (containing rain gauge, anemometer and wind vane 
sensor).  The Particle IDE software was used for programing the code and the Ubidots 
visualization plataform was used to graph all the information sensors. Sensor data is 
stored in a real-time database in Firebase. 

 
6.2 Particle IDE and Particle Cloud 

Every Particle device connects to the Particle Cloud ± a secure, scalable, and reliable 
gateway between the devices and the web. Programming the device is over-the-air 
through the easy-to-use Web IDE, in which the programming code is written for the 
readings of the sensors, to activate relays and to send information to other platforms 
for viewing data as Ubidots. The programming language used in the Web IDE is 
C/C++ [21]. 

 
6.3 Ubidots 

Ubidots is an Internet of Things (IoT) data analytics and visualization platform, it 
turns real-time sensor data into information that matters for business-decisions. 
Ubidots exists as an easy and affordable means to integrate the power of the IoT into 
your business or research [22]. 

6.4 Firebase Realtime Database 

Firebase provides a real-time, back-end, tree-organized JSON database. The service 
provides application developers with an API that allows application information to be 
synchronized and stored in the Firebase cloud. The company enables integration with 
Android, iOS, JavaScript, Java, Objective-C, Swift and Node.js applications.  

Real-time synchronization of this database allows users to access their data 
information from any device in real time, sharing one Realtime Database instance, 
and every time a user makes a modification to this, this information is stored in the 
cloud and simultaneously notified to the rest of the devices [23]. 

 
6.5 System Integration 

The device is programmed to obtain the information from the sensors, this infor-
mation is sent via webhooks or "user's HTTP callbacks" to the display platform 
(Ubidots). 
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The sensors are polled every ten minutes and send the data to the cloud detecting 
any change in the weather. Data collection is at least ten minutes to avoid network 
congestion, and this time can be programmed.  Figure 2 shows the webhook 
integration to the dashboard. 

 
 
 
 
 
 
 

Fig. 2.   WebHook. 
6.6 Connections 

I2C Bus is a synchronous protocol. I2C uses only 2 cables, one for the clock (SCL) 
and one for the data (SDA). This means that the master and the slave send data over 
the same cable, which is controlled by the master. I2C does not use slave selection, 
but addressing. Figure 3 shows an I2C diagram where all sensors are connected. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. Connections. 

6.7 Algorithm 

Algorithm is as follow: 
a) Start. 
b) Temperature and Humidity sensors sends data. 
c) The Rain Gauge, Anemometer and Wind Vane sensors sends data. 
d) The Pressure Barometric sensors sends data. 
e) The Battery Voltage ADC sends data. 
f) Data is collected. 
g) Data is sent to the Particle console and to Ubidots visualization platform. 
h) End 

 
Figure 4 shows the flowchart. 
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Fig. 4. Flowchart 

7 Results 

This section describes the Solar Powered Cellular Weather Station, measuring wind 
speed, wind direction,  rain, temperature, humidity, barometric pressure, and battery 
voltage in remote locations using Particle, Web IDE,  Ubidots and Firebase. 

The cost of professional weather stations is high and they only measure a few 
variables. In this proposal, there is a semi-professional weather station with very 
precise values that involves the measurement of seven variables: wind speed, wind 
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direction, rain precipitation, humidity, temperature, battery voltage and barometric 
pressure. In addition, one of the advantages of this station allows us to connect up to 
127 sensors that use I2C communication, and the assembly of this station is 1/3 of the 
value of a professional one. 

7.1 Weather Station 

The monitoring station is a CPS which allows real-time monitoring of the variables: 
wind speed, wind direction, rain precipitation, humidity, temperature, battery voltage 
and barometric pressure, and remote monitoring from anywhere in the world due to 
the CPS has an embedded system that connects to the Internet through cellular tech-
nology and, being on the Internet or in the cloud, requests can be made to this device 
programmatically from any IoT platform or from any web page programmed for this 
purpose. 

The IoT Node board is designed to fit a hinged waterproof enclosure in which  the 
temperature, humidity, atmospheric pressure and battery voltage monitor sensors are 
connected through the I2C communication protocol to the Particle Boron and the 
wind speed, rain precipitation sensors are connected through two digital inputs and 
the wind direction with an analog input on the same devices. Figure 5 shows inside of 
CPS. 

 
 
 
 
 
 

Fig. 5. IoT Node 
 
Figure 6 shows  the weather station with each of its components to achieve the in-

teraction of all measurements. 
 
 
 
 
 
 
 
 

Fig. 6. Weather  Station 

7.2 Graphical Interface 

Subsequently, a platform was integrated for the visualization of data in a graphic way, 
so the information can be represented as the final result of the project in the Ubidots 
Platform , the data are sent in real time every minute. Figure 7 shows the dashboard. 
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Fig. 7.  Dashboard of the Sensors in Ubidots. 

7.3 Wind Speed 

Real-time wind speed monitoring is displayed at 1.39 km/h. The wind speed is the 
average of the measurements and polled every one minute, its unit of measurement is 
in kilometers per hour (km/h). Figure 8 shows the wind speed widget of the dash-
board. 

 
 
 
 
 

 
Fig. 8. Wind Speed Monitoring in Ubidots. 

7.4 Wind Direction 

Real-time wind direction monitoring is shown at 223.00 degrees and polled every one 
minute,  the direction indicates where the wind is coming from, its unit of measure-
ment is in degrees (clockwise rotation) where 0° is North, 90° is East, 180° is South, 
270° is West, therefore, it is in Southwest(SW) direction. Figure 9 shows the wind 
direction widget of the dashboard. 
. 

 
 
 

Fig. 9. Monitoring of Wind Direction in Ubidots. 

7.5 Rain Precipitation 

Real time monitoring of rainfall level is shown which is at 14.81mm. It is the 
precipitation accumulated and polled every one minute, its unit of measurement is the 
millimeter (mm). Figure 10 shows the rain precipitation widget of the dashboard. 

 
. 

 
 
 

Fig. 10. Rain Precipitation Monitoring in Ubidots. 
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7.6 Humidity 

Real time monitoring of humidity is shown which is at 38.00 %. The relative humidi-
ty is the average of the measurements and polled every one minute, its unit of meas-
urement is in percentage (%). Figure 11 shows the humidity widget of the dashboard. 
. 

 
 
 
 
 

Fig. 11. Humidity Monitoring in Ubidots. 

7.7 Temperature 

Real-time monitoring of the temperature is displayed and is at 19.55 °C. It is the aver-
age outside temperature of the measurements  and polled every one minute, its unit of 
measurement is in degrees Celsius (°C). Figure 12 shows the temperature  widget of 
the dashboard. 
. 

 
 
 

 
Fig. 12. Temperature Monitoring in Ubidots. 

7.8 Battery Voltage Monitoring  

Real-time battery voltage monitoring is displayed with a value of 3,514.00 mV. The 
voltage is polled every one minute, its unit of measurement is in millivolts (mV). 
Figure 13 shows the battery widget of the dashboard. 
 
 
 
 
 

Fig. 13. Battery Monitoring in Ubidots. 

8 Conclusions 

An autonomous monitoring station is developed since its power supply is through a 
battery connected to a 9 watt solar panel lightweight, waterproof, and designed for 
long term outdoor use in any environment. And this monitoring station is a CPS 
(Cyber Physical System) where the following variables are monitored in real time: 
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wind speed, wind direction, rain precipitation, humidity, temperature, battery voltage 
and barometric pressure. In addition, these variables can be monitored from anywhere 
in the world, since the CPS contains an embedded system connected to the Internet 
through cellular technology since it has a cell phone SIM. Once the embedded system 
is connected to the Internet or the cloud, from any IoT platform or any web page pro-
grammed for this purpose, data can be extracted from all the variables every certain 
programmed time, in this case, due to the number of sensors, it is recommended to 
take of readings at least every 10 minutes and avoid network congestion. This moni-
toring station is 1/3 of the total cost of a professional station, and one of the advantage 
of this station is precise values of environmental variables and with the ability to be 
autonomous and have the possibility of attaching up to 127 sensors through the I2C 
communication protocol. 

Finally one of the advantages of this monitoring station, unlike LoRaWAN 
technology, is that this monitoring station does not need to be near a Gateway to 
connect to the Internet, since this station has an embedded system that connects to the 
Internet through a SIM cell phone, without the need for an intermediary such as a 
gateway to connect to the Internet. 

9 Future Works 

For future work we intend to add the measurements of environmental pollutants such 
as ozone, carbon monoxide, carbon dioxide, nitrogen dioxide, sulfur dioxide, particu-
late matter (PM10) and particulate matter (PM2.5), as well as generate our own web 
and mobile visualization platform with the data generated in the Firebase. 
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Abstract: This article presents the demonstrative development of the European 
project Towards Intelligent DC-based hybrid Grids Optimizing the Network 
performance (TIGON) at the facilities of the Centre for the Development of 
Renewable Energies - Centre for Energy, Environmental and Technological 
Research (CE.D.E.R.-CIEMAT). This project proposes the development of a 
microgrid with smart grid architecture based on direct current (DC) and 
integrated into the current energy system. It is proposed as a future solution to 
reduce energy losses caused by DC/alternative current (AC) conversions, 
increasing the performance and profitability of hybrid grids. To achieve the 
objectives set in TIGON, during the second year of the project, different power 
electronics equipment and exclusive protections are being developed. Their 
installation will allow the operation of a variety of generation systems (mini-wind 
and photovoltaic), storage (lithium batteries and lead acid batteries) and 
consumption (AC and DC) in both AC and DC at medium (MVDC) and low 
voltage (LVDC). 

Keywords: AC/DC hybrid microgrid, DC microgrid, direct current (DC), 
AC/DC converters, DC/DC converters. 

1 Introduction 

Microgrids are energetic systems characterised by clearly defined limits and 
managed as one system. We can find them as; isolated microgrids in which they have 
no connection to the general energy distribution system and are 100% self-sufficient. 
Or, connected to the general distribution system via a point of common coupling 
(PCC) in which they have the possibility of consuming/pouring energy from/to the 
general system depending on the energy balance of the microgrid. Within any 
microgrid there are different sources of power generation systems, consumptions and, 
for the most part, storage systems, which help to manage the system´s energy. One of 
the benefits of microgrids is the possibility of using local resources such as wind, solar 
radiation, waterfalls or biomass to produce energy. All these resources should be near 
the generation and consumption points, reducing the distance and losses during 
transportation and, thus, improving the performance of generation-consumption ratio. 
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The sources for distributed generation are often renewable, being wind and 
photovoltaic systems the most used. These technologies generate energy in DC, be it 
directly or through a power converter. Storage systems are other elements operating in 
DC. They are an important part of the DC microgrid due to the intermediate energy 
production of renewable sources. Energy storage systems play an important role in the 
loads and power balance in the DC microgrid [1]. Taking into account what kind of 
current is used by the equipment conforming microgrids, we can see that DC prevails 
over AC. 

In addition, modern electric equipment, computers, mobile phones, ventilation 
systems, electric vehicles, etc. also operate in DC [2]. On the contrary, most part of 
the infrastructure is centralized and the network works in AC. The reason behind this 
is that, comparing it to DC, AC at high voltages reduces the energy loss during 
transportation. Due to this difference in the type of current, and the generation and 
consumption modes, it is necessary to convert DC into AC using a DC/AC converter 
in order to use the devices connected to the grid. This conversion produces energy 
losses in the converter, with an approximate total energy loss of 10-25% [1], [3], [4], 
[2], and in transportation from the generation to the consumption points. At the same 
time, the efficiency of the electric systems is reduced. 

All these disadvantages related to the consumption in AC, make DC grids attractive 
to the energetic sector [5], [6], due to the increasing DC loads such as LED lighting, 
charging stations for electric vehicles, energy storage, etc. and to recent expansion of 
distributed generation sources, thanks to which energy transportation is greatly 
reduced.  

The main factors that fuel this change relate to the improvement of energy 
efficiency, flexibility, security and reliability that DC grids provide [2], [7], [8], 
increasing the sustainability of the energy distribution system. 

7KH�(XURSHDQ�8QLRQ¶V�+RUL]RQ� ����� UHVHDUFK� DQG� LQQRYation program funds the 
TIGON (Towards Intelligent DC-based hybrid Grids Optimizing the Network 
performance) Project. Fifteen entities from eight European Union countries with 
different profiles of companies, associations and research organisations are 
participating in this project. All of them are involved in the design, management, 
production and demonstration needs of the project. The latter field includes Spain with 
CE.D.E.R.-CIEMAT and France with CEA, together with pilot use cases in a Finnish 
residential area and the Sofia metro system (Bulgaria) to analyse and solidify the 
replication beyond the development of the project. 

TIGON aims to demonstrate the deployment and integration possibilities offered by 
DC architecture microgrids within current energy system. It proposes a four level 
approach to improve reliability, resilience, performance and cost efficiency through 
solution development in power electronics, monitoring systems and software tools and 
efficient DC grid control and management. 

This document follows the next structure: section 2 will present CE.D.E.R., where 
the hybrid microgrid is located. Section 3 explains the monitoring systems installed at 
CE.D.E.R. to track the different equipment. Finally, section 4 describes the future 
work planned for this project. 
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2 Location: CE.D.E.R.-CIEMAT 

The Centre for the Development of Renewable Energies (CE.D.E.R.) in Lubia 
(Soria, Spain) is one the demonstrator centres in the TIGON project. The centre is 
dependant of the Energy Department of the Centre for Energy, Environment and 
Technology Research (CIEMAT). CE.D.E.R. is specialized in applied research, 
development and promotion of renewable energies. It has large facilities for scientific 
and technological demonstrations, making it an ideal location for the installation and 
VWXG\�RI�WKLV�SURMHFW¶V�K\EULG�PLFURJULGV� 

The role adopted by the CE.D.E.R within the project is that of a demonstration 
centre. As will be explained below, a DC-based microgrid is being installed within the 
facilities, in which different generation systems, storage systems and consumption 
systems will be connected with all the necessary equipment for both DC and AC 
operation. Given that the use of DC microgrids is not a reality, all the equipment that 
enables operation in this mode is designed and manufactured exclusively for this 
project. One of the objectives we have as a demonstration centre is the operation of 
this microgrid and the creation of software for data collection and real-time action on 
the equipment. Subsequently, a study and analysis will be carried out at the equipment 
and global level, to extrapolate and replicate this case to the pilot cases and in the 
future implement it in more locations at an international level. 

The centre can be considered as a microgrid itself. It has different generation 
systems like photovoltaic panels, wind turbines, biomass boilers, gasification systems 
and a small hydraulic turbine. In addition, there are different types of energy storage 
systems such as lead-acid, LFP and NMC batteries and diverse types of loads related 
to different consumption profiles (industrial, commercial and domestic). All of the 
above is operated and managed in real-time by a software. This software allows the 
remote switching on and off and the power variations of all the equipment 
instantaneously. Some of these controls are manual and other are automatic, as they 
have been programmed previously. 

&(�'�(�5�¶V�JHQHUDO�PLFURJULG�LV�FRQQHFWHG�WR�D����N9�MVDC line. It is possible 
to identify 8 transformation centres that transforms this line to a 400 V three-phase 
low-voltage line. The demonstration of TIGON project will be done in an area inside 
the centre known as Pepa II (Fig. 1). Here, the microgrid with DC-based architecture 
will be located. This microgrid is going to be connected to the main AC grid through a 
Solid State Transformer (SST), making it possible to connect both the AC general grid 
and the DC microgrid. The Solid State Transformer is being developed exclusively for 
this project by one of its members. Thanks to this point of common coupling, whereby 
the connection between the LVAC and the MVDC is stablished, it is possible to 
operate either as an isolated microgrid or as a microgrid connected to the grid. 
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Fig. 1. Pepa II demonstration facilities. 

At present, this is the second year of the project. All the equipment is being 
developed at the same time: the Solid State Transformer, the SiC medium-voltage 
DC/DC power converters and the WAMPAC and energy management system 
supported by a cybersecurity system. 

Simultaneously, as a demonstrator centre, CE.D.E.R. is adapting its facilities to 
install to equipment. 

In Figure 2, there is a diagram showing how the elements conforming the hybrid 
AC/DC microgrid are organized at Pepa II and its composition. 

Excluding the equipment still in development, CE.D.E.R. has already installed the 
generation and storage systems at the AC side of the microgrid. They are working, 
enabling us to gather data for analysing in order to compare the production and 
consumption of an AC grid to those of a DC grid. Using the same equipment in 
different scenarios (meaning AC/DC) allows us to study production performance, 
costs, etc., while excluding factors such as the difference in the equipment or locations 
with different production levels, influenced by local resources. All the components of 
this project are detailed below. 
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Fig. 2. Hybrid AC/DC microgrid architecture scheme at Pepa II. 

Observing the DC part of the microgrid (red line), we can see a MVDC line where 
the lead-acid batteries are installed. In addition, in the photovoltaic system, wind 
turbine, LFP batteries and loads, there is a low-voltage line. 

In the AC part (blue line), there are the AC loads from the centre such as offices, 
laboratories, computers, etc. 

2.1  Generation systems 

There are 2 generation technologies installed in the LVDC area for this project: 
x The wind energy system is composed of a Ryse Energy E5 three-blade wind 

turbine with a nameplate power of 3.5 kW, horizontal axis while windward, 
and two power electronics equipment so it can operate in AC and another one 
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to operate in DC (see Fig. 3). All the components have been made by the 
company who manufactured the wind turbine. It is of interest to mention that 
the DC/DC equipment has been developed exclusively for this project due to 
the microgrid and technical requirements. 

 

 

 

 
       Fig. 1. Wind energy system composed of a Ryse Energy E5, a DC/AC inverter and a 

DC/DC converter. 

x Photovoltaic system made of monocrystalline silicon. It is composed of 52 
modules of 410 W connected in series-parallel. They are connected to an 
Ingecon Sun 3 Play inverter with a nameplate power of 20 kW to operate in 
AC (see Fig. 4). 
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       Fig. 2. Photovoltaic system (photovoltaic modules and DC/AC inverter). 

As seen before, this equipment must be able to work in DC in the low-voltage area. 
To achieve this, it is essential to install a device to adjust the operating photovoltaic 
system voltage to the low-voltage DC grid. This device is the DC/DC converter. The 
University of Valladolid is developing this device (Fig. 5), as they are not available 
for purchase. 
 

 
       Fig. 5. DC/DC photovoltaic converter in development. 

2.2  Storage systems 

The centre have two electrochemical storage systems available. One of them is a 
group of lead-acid batteries placed in the MVDC grid. The other is a group of LFP 
batteries in the LVDC grid. 

x Lead-acid batteries: a group of batteries composed of 120 sets of 2 V each, a 
capacity of 1080 Ah (C120) and a total power of 2240 Vdc. This system is 
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able to work in AC, as it is doing now due to a connection to a 20 kW 
DC/AC inverter, or in MVDC (Fig. 6). This is the only device installed in the 
MVDC grid of the hybrid microgrid. To operate in the latter mode, some 
members of the project are developing a 20 kW medium-voltage DC/DC 
converter. 

 

  
Fig. 3. Lead-acid batteries and DC/AC inverter. 

x LFP batteries: composed of 2 racks, each of them have 14 modules with 14 
cells of 3.2 V each module. The total voltage is 627.2 Vdc per rack and a 
nominal capacity of 50 Ah. All the system is controlled by a BMS, which is 
the one to internally manage the system loads and discharges to send the 
desired power to the Ingecom Sun 30 inverter (Fig. 7). The Ingecom Sun 30 
inverter has been adapted to this system. 

 

  
Fig. 4. LFP battery rack and inverter. 
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2.3 Loads 

,W� LV�SRVVLEOH� WR�GLIIHUHQWLDWH� WKUHH� ORDGV��7KH�ILUVW�RQH� LV�&(�'�(�5�¶V�$&�PLFURJULG�
(computers, lighting, equipment, etc.). It is located upstream the transformation centre 
and is the one that contributes the most loads in terms of power. 

The other two loading systems are already inside de microgrid itself, downstream 
from the SST. One of the systems is located in the AC grid and the other in the LVDC 
grid.  

Regarding the AC loads, there are three AC2928 programmable loads (see Fig. 8). 
They have a power of 8.7 kW (2.9 kW each) and work as a master-slave scheme. 
There is one master and two slaves. Thanks to their daily and timely programmability, 
they allow us to set operational periods fitting the different desired consumption 
patterns. 

In order to implement them into the hybrid microgrid, it is essential to install a 
device that let us transform the LVDC grid into AC, as it is how this system works. A 
Spanish company dedicated to manufacture power electronics devices is developing 
an 8.7 kW inverter. 
 

 
Fig. 5. AC programmable loads.  

Now, regarding DC loads, there are three resistive Enelec loads installed (see Fig. 
9). They have different working modalities; three-phased, one-phased or direct, 
depending on the necessary requirements. Here, we decided on direct working mode, 
as it is possible to apply manually different percentages of the total power variation of 
the loads. This way, it is possible to achieve different consumptions and see how the 
microgrid reacts. As they are DC loads, there is no need to install equipment to adapt 
the voltage from the grid. 
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  Fig. 6. DC loads. 

2.4 Power converters and Solid State Transformer 

It is possible to identify six converters in the proposed hybrid microgrid. Five of them 
are connected to the generation, storage and loads systems. The remaining transformer 
is the one in charge on transforming the MVDC line into a LVDC line. 

The DC/DC converter enables us to convert 3 kV DC to 0.8 kV DC. Two members 
of the TIGON project are developing it under various premises. The material used for 
this is medium-voltage SiC with the objective of developing several power electronics 
building blocks (PEBB), which can be connected in series/parallel in order to achieve 
the desired final power and nominal voltage. All of this assures that settings are 
flexible and as easy to replicate as possible. 

$W�SUHVHQW��WKH�GHYHORSPHQW�LV�VHW�WR�EH�ILQLVKHG�E\�QH[W�\HDU¶V�VXPPHU��ZKHQ�WKH�
equipment will be installed at Pepa II. In addition, thanks to the delivery of the most 
important part of the microgrid, the solid state transformer, it will be possible to 
switch on the microgrid and to perform the planned tests. 

Specifically, the solid state transformer is a device whose function is to transform 
the 400 V AC grid received directly from the transformation centre at Pepa II, into a 3 
kV DC grid with 100 kW power. Given this function, the solid state transformer is a 
fundamental part of the project and the microgrid, as it is the device that creates the 
MVDC grid and to which all the other equipment is connected. The development of 
the SST is complex due to the functioning and protection requirements. Two members 
of the TIGON project are developing it. 

3 Microgrid monitoring 

In order for all the equipment that conforms the microgrid to work correctly, it is 
essential to manage said microgrid as efficiently as possible. This is the reason why it 
is necessary to know the actual value of certain parameters of the generation and 
consumption systems. Thus, developing a management system is indispensable. This 
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system should allow us to monitor in real-time the power consumed by loads, the 
power produced from renewable energy generation and the power consumed or 
delivered by the storage systems. 

In most cases, the management systems communicates directly to each of the 
HTXLSPHQW¶V� FRQYHUWHUV� E\� XVLQJ� D� 0RG%XV� FRPPXQLFDWLRQ� SURWRFRO�� ,I� GLUHFW�
communication with a converter is not possible, it is necessary to install a smart 
metering system (grid analyser). This would allow us to measure the required 
parameters and for the converter to communicate with the management system by 
using a communication protocol. 

Monitoring the grid let us see what happens in the microgrid in real-time and make 
immediate decisions to improve the performance, such as starting batteries, stopping 
loads, regulating power generation from the photovoltaic system by programming 
some protocols for the inverter, etc. This is the main objective of the WAMPAC 
system: to detect, prevent and mitigate all possible problems that may occur in the 
microgrid as fast as possible so big-impact effects like blackouts or the no supply of 
critical loads do not happen. 

The monitoring and management system of CE.D.E.R.¶V� PLFURJULG� LV� EDVHG� RQ�
three elements: 

x Communications block: based on NodRed (see Fig. 10). It integrates the 
different communication protocols of the generation, storage and 
consumption systems at CE.D.E.R. (Modbus, MQTT, HTTP, etc.). 

 

 
Fig. 10. Example from Nodered software 

x Database: it is based on a database management system called MariaDB. The 
latter is a relational database that allows us to storage data per second in real-
time thanks to programmed events and calculations (minute average or 15-
minute average, as the ones used by the energy distribution company that 
supplies CE.D.E.R.) through the corresponding queries. 

 
This is important because, in addition to monitoring in real-time to make 
immediate decisions, it is of great interest to storage and analyse the data in 
order to stablish management strategies in the medium and long-term. 
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x Energy Management System (EMS) with a human-machine interface based 

on the Home Assistant software (see Fig. 11). This software allows 
monitoring all the necessary data from the equipment connected to the 
microgrid in real-time and giving instructions to each one. Furthermore, it is 
accessible from every point of the CE.D.E.R. communication network 
(meaning it is decentralized) and it can be accessed remotely with a 
smartphone application. 

 

 
Fig. 7. Example from Home Asisstant Software 

To achieve this, it is essential to connect all the elements of the microgrid as well as 
the management system to CE.D.E.R.¶V�GDWD�QHWZRUN (see Fig. 12). In this case, the 
equipment is connected to an Ethernet data network. 
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Fig. 8. Microgrid communication network 

&\EHUVHFXULW\� LV� FORVHO\� OLQNHG� WR� WKH� PLFURJULG¶V� PDQDJHPHQW� DQG� FRQWURO�
software. Due to the number of devices, entry points and protocols used, there is a 
bigger area susceptible to cyberattacks.  

The modern cybersecurity market does not have the capacity to manage accurately 
such display for the entire power grid yet. Because of the latter, a member of the 
project is developing a security framework to provide a set of defensive measures in 
network attacking scenarios. 

All of the above means that the operating mode and the cybersecurity system 
preparation is based on vulnerability evaluation and attack scenarios. The aim is to 
design a smart network architecture against malware. At the same time, the security 
performance will be analysed to reduce the impact of human errors and spear phishing 
campaigns. 

4 Conclusions and Future work 

As one of the demonstrator centres, CE.D.E.R. has, within its facilities, a hybrid 
AC/DC architecture microgrid. Here, we can find unique equipment designed 
specifically for this purpose and where different test will be held to answer the 
different viability and improvement questions raised by a hybrid microgrid when 
compared to an AC microgrid. 

TIGON started in 2020, making this the second year of the project. Currently, we 
have all the generation, storage and consumption systems installed at Pepa II facilities, 
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as well as the necessary power electronics equipment; all of them ready to start 
working in AC. In addition, a DC/DC power electronics device for the small wind 
turbine and the rest of the equipment, that will make globally working in DC possible, 
are expected to be available at the end of 2023. 

The microgrid working in DC supported by the developed management system, 
allows us to register all the data from the parameters that are being monitored, and to 
act instantly on the equipment. This enables us to do studies, comparisons and 
analysis about variation of performance, cost, benefits, and energy losses of the 
equipment or the grid. All of this, compared to the registers of a hybrid microgrid. 

Doing these studies and analysis is part of the future work of this project. To reach 
this stage, as it has been described in this document, it is necessary to develop and 
research about SST, power converters and cybersecurity. 

TIGON project conclusions have the objective of supporting in the decision-
making process of electrical grid operators and directing interventions towards 
decentralized hybrid microgrids. Nowadays, the lack of DC microgrids prevents them 
from transforming from a promising solution for distribution networks to a commonly 
used technology. 

$OO� RI� WKH� DERYH� LV� PHDQW� WR� DFKLHYH� D� SRVLWLYH� LPSDFW� WKDQNV� WR� WKH� SURMHFW¶V�
demonstration in our replicability facilities with the developed technology, and 
management and cybersecurity system, implemented by network operators and 
consumers. In addition, another goal is to become the foundation to stablish DC-based 
microgrids as an optimal solution and future perspectives to improve efficiency during 
energy generation and make the energy transition easier as stablished by the European 
8QLRQ¶V�GHFDUERQLVDWLRQ�REMHFWLYHV� 
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Abstract. A smart city has a complex hierarchical communication system with 
various components. It must meet the requirements of fast communication, reli-
ability, and security without compromising data. In the paper, we discuss meth-
ods and techniques for increasing the speed and reliability of the mobile ad hoc 
networks with a sufficient level of security. We consider combining the secret 
sharing schemes and residual number systems (RNS) as an efficient security 
mechanism for a smart city dynamic heterogeneous network. We analyze the 
concept of data transmission based on RNS that divides data into smaller parts 
and transmits them in parallel, protecting them from attacks on routes by adadap-
tive multipath secured transmission. Proposed networks have the self-correcting 
properties that improve the reliability and fault tolerance of the entire system. 

Keywords: Smart City, Residue Number System, Secret Sharing Schemes, Dis-
tributed Storage System, Reliability, mobile ad hoc network, Communication. 

1 Introduction 

A smart city is a set of interconnected solutions of Information and Communication 
Technologies (ICT) and the Internet of Things (IoT) integrated into the management 
environment of city property and services. As the main assets, various city systems and 
objects can act as distributed information systems, i.e., power plants, schools, transport, 
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law enforcement agencies, hospitals, and other public services. The main objective is 
to improve the living standard and urban service quality. ICT allows to analyze and 
manage the urban environment in real-time with a quick response. There are many sci-
entific, commercial, and governmental solutions for implementing a smart city concept.  

According to Deakin generalized definition [1], a smart city is a city that uses ICT 
to meet the needs of city residents. It is not only a set of technological solutions but the 
application of these technologies by local communities. 

Let us consider the main hardware components of the smart city network. It consists 
of many elements, including video surveillance, emergency call systems, biometric sys-
tems, city and banking services, intelligent transport, and IoT solutions (Radio Fre-
quency Identification [2], sensors for measuring temperature, illumination, pressure, 
etc.). The large-scale data sharing in a distributed environment is fraught with data se-
curity and privacy issues since data compromise can harm people and the entire system. 
Another important aspect is reliability. Failures can delay the response of emergency 
systems, medical, and rescue services. Thus, when building a smart city communication 
infrastructure, design methods that provide data security at the required level while 
having high reliability and speed are very important. 

To solve this multi-objective problem, we consider the network as a distributed 
(DCS) rather than a centralized (CCS) computing system. It is well known that for large 
networks, centralized data processing imposes a large load on the central computing 
bottleneck slowing down the entire system. More detailed arguments about the positive 
and negative properties of a decentralized network can be seen in [3±5]. 

To ensure the security of such a network, we discuss a combination of the Secret 
Sharing Scheme (SSS) [6] and the Residue Number System (RNS). SSS is crypto-
graphic technique that splits a secret into several shares and distributes them among 
participants, i.e., ܵ ൌ ሼݏଵǡ ଶǡݏ ǥ ǡ  ݊ ሽ. In the original SSS, to restore the secret, allݏ
shares are required. In the most used threshold SSS, ݇ shares from ݊ are needed to 
restore the secret, where ݇ ൏ ݊. RNS is one of the most common non-positional number 
systems that represents the number in a positional system as a tuple of ݊ numbers 
ሺݔଵǡ ଶǡǥݔ ǡ -ሻ, obtained by dividing numbers into residuals. Among many applicaݔ
tions, we could mention the acceleration of operations due to the parallel implementa-
tion of basic arithmetic, information integrity control, digital signal processing, etc. 

This paper is structured as follows: Section 2 considers data transmission in smart 
city networks. Section 3 discusses existing approaches to ensure security, as well as the 
advantages of SSS schemes based on RNS. Section 4 presents the RNS and SSS, as 
well as the proposed SSS-RNS. Section 5 discusses the SSS-RNS persistent. Section 6 
is devoted to the presentation and analysis of the obtained experimental results. Section 
7 presents the main conclusions and future work. 

2 Data transmission in smart city networks 

A wireless ad hoc network (WANET) and MANET are important concepts of smart 
city communication widely used for ensuring self-configuring and dynamic connectiv-
ity between sensors, humans, and devices that send and receive information. 
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Lobo et al. [7] study the Quality of Service (QoS) of MANET in smart city networks 
with an emphasis on healthcare. Several frameworks were considered that improve the 
quality of transmission in MANET, as well as individual elements, such as video signal 
transmission. Cardone et al. [8] discuss the MANET and Wireless Sensor Network 
(WSN) hybrid network for fast data collection in the smart city. The authors provide a 
transmission protocol based on modern data transmission standards considering IPv6. 
Pandey et al. [9] study methods to improve the reliability of MANET networks and 
propose a method of self-healing knots.  

In this work, our goal is to increase the speed and reliability of the MANET commu-
nication with a sufficient level of security. To achieve this goal, we propose the use of 
RNS in MANET. In the original version, MANET solves the minimax optimization 
problem of finding the shortest path in the network. The smart city network can be 
represented as a directed graph, where the vertices are the communication nodes (de-
vices in the network), and the arcs are the data transmission between the nodes. Let's 
establish that ܩሺܸǡ ݒ ሻ ± smart city network graph, with flowܧ א ܸ. With path cost 
function ܿǣ ܧ ՜ ܴ. We assume that the set of vertices ܸ split into two non-overlapping 
subsets ܸ and ܸ ሺ ܸ  ܸ ൌ ܸǡ ܸ ת ܸ ൌ  :ሻ. Now we fix a pair of mappings

ǣݏ ݒ ՜ ܸீ ሺݒሻ�݂ݒ�ݎ א ܸ̳ሼݒሽǢ ݏǣ ݒ ՜ ܸீ ሺݒሻ�݂ݒ�ݎ א ܸ̳ሼݒሽǢ 

where ܸீ ሺݒሻ ± the set of ends of all arcs outgoing from a vertex ݒ. We define the fol-
lowing subgraph ௦ܶ ൌ ሺܸǡ ǡݒ௦ሻ, generated by a set of arcs of the form ൫ܧ  ሻ൯ andݒሺݏ
൫ݒǡ ݓ ሺܸሻ൯. This subgraph has the property that for some given vertexݏ א ܸ, or there 
is a way ்ܲǡ ሺݓǡ   or there is no such path. In the latter case, movingݒ to ݓ ሻ fromݒ
from ݓ along the outgoing arcs of the digraph ௦ܶ, uniquely get to some oriented cycle 
ݓ ௪. For an arbitrary vertexܥ א ܸ define the value ܿǁሺݏǡ  ሻ as the sum of the costsݓǡݏ
of the arcs of the path ்ܲǡ ሺݓǡ  ሻ, if such a path exists ௦ܶ; if the path does not existݒ
்ܲǡ ሺݓǡ ǡݏሻ in ௦ܶ value ܿǁሺݒ  ሻ we will assume equal λ or െλ depending on theݓǡݏ
positivity and negativity of the sum of the costs of the arcs of the oriented cycle ܥ௪; if 
the sum of the costs of the arcs of an oriented cycle ܥ௪ equals zero, then the value 
ܿǁሺݏǡ  ݓ ሻ equals the sum of the costs of the arcs of the path connecting the vertexݓǡݏ
with cycle ܥ௪. That is, a problem of the form ܨሺݓሻ ൌ ���

௦ಲ
���
௦ಳ

ܿǁሺݏǡ ǡݏ  .ሻݓ

RNS allows us to approach the solution of this problem with less iteration. If, when 
solving the Minimak problem for one path, it is necessary to refine the optimal solutions 
up to one at each iteration, then in the case of RNS it is necessary and sufficient to 
refine such solutions to equal the number of modules in the RNS system. Thus, the use 
of RNS makes it possible to solve an optimization problem for a multiobjective prob-
lem. Consider the data transfer model (Fig. 1-2). It is known that MANET transmits 
using devices located on the infrastructure-less, distributed wireless networks without 
static located transmission stations.  

It is an interesting and promising solution providing communication of a big variety 
of devices, from mobile devices to personal cars, from smart devices to public transport, 
etc. In addition, a smart city infrastructure also contains static nodes, such as data cen-
ters, storage, decision centers, etc. For such a dynamic heterogeneous network, we pro-
pose the concept of parallel data transmission based on RNS that divides data into 
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Fig. 1. General model of data transmis-
sion 

 

Fig. 2. Data transfer model 

smaller parts and transmit them in parallel. The self-correcting properties of RNS can 
improve the reliability and fault tolerance of the entire system [10±13]. 

Let us consider a conceptual model described above (Fig. 1). Here, we group the 
elements of a smart city according to common features. They can be separated from 
each other by large distances and distributed like data management modules.  

However, this model gives a general idea of the transmission network complexity. 
Each group of components is connected to other groups, and control personnel can 
communicate to any device on the network. In such a data transfer model, MANET 
provides a definite advantage. Any device, such as a sensor, can send data to a destina-
tion, transmitting it through other devices within the network. Let us take a closer look 
at how the smart sensor transmits data over the network to the intended destination. 

Fig. 2 shows the data transfer model from the sensor to the recipient. The recipient 
can be a data warehouse, decision center, data processing center, cloud data analysis, 
etc. RNS allows you to transfer data in the MANET network in parallel breaking the 
message into several parts. It improves the system's speed since such parts are smaller 
than the message itself. The model of the data transmission packet is shown in Fig. 3. 

Thus, the receiver collects pieces of information and combines them. The application 
knows how many parts have arrived and how many parts should arrive. If ݇ ൏ ݊ parts 
have arrived, the receiver recovers the entire message. Otherwise, it waits a certain 
time, and the packet is requested again or ignored. RNS is known to have self-correcting 
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properties. This allows to recover the message if one or several parts are lost or inten-
tionally changed. As a result, we can get a network with increasing speed and reliability. 

 

 
 

Fig. 3. Data packet model 

3 DCS security: challenges and solutions 

Our main approach is to use SSS to ensure the security of data transmission. Let us 
discuss and compare well-known solutions for providing reliability and security of dis-
tributed data storage and transmission. Four main methods are used to ensure reliability 
[14]: Replication, Erasure code, Erasure code modifications, and Error correction code. 

Chang et al. [15] presented a modified data replication method, providing a high 
encoding and decoding speed. But it requires additional cryptographic primitives to 
ensure security and has a high redundancy compared to erasure codes. 

Many different modifications of erasure codes have been proposed to create reliable 
methods for distributed data storage. The joint use of error correction and erasure codes 
maintains system performance and minimizes the load on the data transmission network 
when recovering lost fragments [16,17].  

Erasure codes based on the Redundant Residue Number System (RRNS) [18] allow 
data to be processed in the encoded form [11]. So, it can be used both in the design of 
low-power wireless data transmission devices and distributed storage systems. 

Secure distributed data storage and transmission systems are based on the use of 
cryptographic primitives - symmetric encryption algorithms (AES) and digital signa-
tures based on RSA (Rivest, Shamir, Adleman) [19]. The advantages of these ap-
proaches are high speed of encryption and decryption and low data redundancy. The 
disadvantage is that an error in the encrypted data leads to its loss. To eliminate this 
shortcoming, the use of additional mechanisms for accessing data for a long time is 
required [20]. 

When building secure and reliable cloud storage, the following methods are used:  
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 elliptic cryptography and erasure codes [21,22], access structures [23,24], error cor-
rection codes [25,26], graph-based algorithms and modified data replication algorithm 
[27], attribute-based encryption [28], etc. 

An alternative approach is to use recovery codes [17], erasure codes and error cor-
rection codes based on RRNS [16]. However, recovery codes and erasure codes do not 
allow encoded data processing. Homomorphic calculations process encoded data with-
out additional computational costs for decoding.  

A significant breakthrough in the field of homomorphic computing came from the 
work of Gentry [29]. The authors proposed a fully homomorphic scheme to perform 
both addition and multiplication. The main disadvantages of this algorithm are signifi-
cant data redundancy and lack of control over the results of arithmetic operations. 

Particular attention should be paid to the distributed data storage model proposed in 
[30], guaranteeing security, privacy, homomorphism, reliability, and scalability. The 
authors propose two approaches to building systems based on homomorphic access 
structures in RRNS, with RRNS moduli being used as secret keys stored by users. Data 
processing leads to an exponential increase in the load on the network and memory, 
which makes this model inapplicable in practice in modern conditions. 

Access structures [31, 32] ensure data security and confidentiality. RRNS imple-
ments the same functionality as the Mignotte scheme but allows you to control the re-
sults of data processing. Distributed cloud storage is also characterized by collusion 
risks [33]. Several approaches have been developed to prevent cloud collusion [23]. As 
mentioned above, the non-stationarity of the cloud environment reduces the efficiency, 
performance, reliability, and security of the system. The adaptive paradigm reduces 
uncertainty but is rarely used in cloud computing [33]. 

Let us consider the following scenario. The user has sensitive data and decides not 
to store it in single cloud storage. He divides them into several parts and stores them in 
different clouds. There are several types of security threats in this scenario. 

Deliberate threats include unauthorized access to information, interception, falsifi-
cation, hacker attacks, etc., in one or more clouds. 

Random threats include errors, crashes, etc. They can lead to the loss of one or more 
pieces of data, inconsistencies between different copies of the same data, and/or the 
inability to restore the original data. Collusion threats are an illegal agreement between 
two or more adversaries (in the context of multi-cloud storage, the adversaries are cloud 
services) to gain full access to personal data. Cryptographic protocols can be used to 
mitigate the risks of deliberate threats, but this is not enough for random threats. To 
improve the security and reliability of storage systems, distributed storage mechanisms 
based on access structures and error correction codes are used, which distribute data 
across multiple CSPs and minimize the likelihood of theft or loss of information in the 
event of deliberate and accidental threats. Examples of such mechanisms are RACS 
[34], DepSky [35], and RRNS, using Approximate Rank RRNS (AR-RRNS) [25]. 

Let us consider four schemes for data sharing (Fig. 4). The first thresholding struc-
ture (Fig. 4.a) is a classic scheme where each store or channel has one share of data of 
the same size. An example of such a repository is DepSky [35]. The second threshold 
access structure (Fig. 4.b) is an extension of the previous scheme, see Miranda-Lopez 
et al. [33], where each store has the same number of short shares. In both schemes, data 
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can be recovered if the number of available shares exceeds a given threshold. Data 
splitting according to the traditional weighted access threshold structure means that the 
storages have one share of different sizes [6] (Fig. 4.c).  

Babenko et al. [12] proposed a weighted threshold access structure WA-RRNS 
(Weighted Access ± RRNS) based on a redundant residue number system, where each 
store has several short shares (Fig. 4.d). In the same work, a more efficient implemen-
tation WA-AR-RRNS was proposed, using an approximate value of the rank of the 
number represented in the RRNS to speed up the decoding procedure. With this ap-
proach, data can be recovered if and only if the sum of the share sizes is not less than a 
given threshold weight. 

 
a) 

 
b) 

 

c) 
 

d) 

Fig. 4. Threshold access structure: a) One share per storage; b) Several short shares for each 
storage; c) Weighted threshold access structure (one share of different sizes per storage); d) 

Weighted threshold access structure (different number of shares of the same size per storage). 

In the next sections, we show how the size and the total number of shares can change 
the reliability, security level, speed, etc. of data storage and transmission. These struc-
tures reduce the load on the transmission network compared to the classical replication 
mechanism and reduce the cost. 

4 Residue Number System and Secret Sharing  

RNS is one of the most common non-positional number systems [32]. Each specific 
RNS is determined by a system of coprime bases ሼଵǡ ଶǡ ǥ ǡ  ሽ and presentation range
ܲ ൌ ς 

ୀଵ . Positional number ܺ such that Ͳ  ܺ ൏ ܲ, in this system is represented 
as a tuple of ݊ numbers ሺݔଵǡ ଶǡǥݔ ǡ  :ሻ, obtained by the formulaݔ

ݔ ൌ ���ܺ ǡ ݅ ൌ ͳǡʹǡǥ ǡ ݊Ǥ  
RNS has many applications, among which we can note the acceleration of operations 

due to the parallel implementation of basic arithmetic operations, information integrity 
control, and digital signal processing. 
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Modular calculus is based on the Chinese Remainder Theorem (CRT) [25], accord-
ing to which the number ܺ, Ͳ  ܺ ൏ ܲ, represented by remnants ሺݔଵǡ ଶǡݔ ǥ ǡ  ሻ in theݔ
system of moduli ሼଵǡ ଶǡǥ ǡ  ሽ, then it can be uniquely calculated by the formula

ܺ ൌ ቚσ ห ܲ
ିଵห

 ܲݔ
ୀଵ ቚ


,  

where ܲ ൌ



, ห ܲ
ିଵห


 ± multiplicative inversion ܲ modulo   for ݅ ൌ ͳǡʹǡǥ ǡ ݊. This 

method is called the CRT method or the Garner method. However, it is computationally 
complex, since it requires division by a sufficiently large number P. It is worth noting 
that there are many well-developed methods for converting numbers back from RNS to 
a positional system, together with an efficient implementation of calculating the re-
mainder of the division, make this system suitable for use as the basics of a secret shar-
ing scheme [12, 23, 25]. 

Let us consider SSSs using Shamir's threshold scheme as an example [24]. As men-
tioned above, threshold schemes allow you to restore the secret ݇ the parties, and ݇ ൏
݊. The idea of this scheme is that the secret is represented as a polynomial ݇ െ ͳ de-
grees. Then, to interpolate the resulting polynomial, it is necessary ݇ points, and the 
polynomial can be divided into ݊ shares. Then the secret sharing process is as follows. 
Let's say we need to share a secret ܯ on ݊ shares. To do this, take a simple number 
 ൏  The following polynomial is constructed . which specifies the final size field ,ܯ
over this field: 

ሻݔሺܨ ൌ ሺܽିଵݔିଵ  ܽିଶݔିଶ ڮ ܽଵݔ    �݀ሻ�݉ܯ

where ܽିଵǡ ܽିଶǡ ǥ ǡ ܽଵ ± random numbers that are only known when the secret is 
shared. 

The secret recovery occurs due to the calculation of the Lagrange interpolation pol-
ynomial according to the following formula:  

ሻݔሺܨ ൌ σ ݈ሺݔሻݕ Ǣ�݀݉� ݈ሺݔሻ ൌ ς ௫ି௫ೕ
௫ି௫ೕஷ  ,�݀݉

where ሺݔǡ  ሻ ± polynomial point coordinates. In addition, there is a limitation - allݕ
calculations are performed only in the final field . In this scheme, an integer polyno-
mial is used. Despite the low redundancy and high scalability, the field space  is not 
used efficiently.  

Let us consider a scheme where a free coefficient represents information. This 
scheme was developed by Hugo Krawczyk in 1997 and, as in the case of the Shamir 
scheme, bears the name of its creator. Krawczyk scheme [36] appears to be a sharing 
scheme ሺ݇ǡ ݊ሻ- secret. It has a secret distribution protocol ܵ among ݇ participants ran-
domly. In this case, the recovery of the secret is possible from ݇ shares for a fixed value 
݇, ͳ  �݇  �݊, while ݇ െ ͳ shares do not allow you to recover the secret ܵ. Thus, this 
scheme is a threshold.  

Let us consider the information dissemination algorithm designated as ܣܦܫ. This 
algorithm works for parameters ݊ (total number of shares) and ݎ (required number of 
shares for recovery). It includes a secure encryption function with a private key, which 
is designated as ���. In addition, the algorithm implements a perfect ሺ݇ǡ ݊ሻ- secret 
sharing scheme, denoted as ���. It is also worth noting that the space of both the secret 
and the message in this scheme is the same as for the encryption function ܥܰܧ. 
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Share algorithm: 
1. Choosing a random encryption key ܭ; secret encryption ܵ with ��� turnkey 

�ܧ then ,ܭ ൌ ����ሺ�ሻ. 
2. IDA shares the encrypted ܧ on n fragments, then ± ܧଵǡ ଶǡܧ Ǥ Ǥ Ǥ ǡ  .ܧ
3. Further ���, create ݊ key shares ܭଵǡܭଶǡǥ ǡ  .ܭ
4. Shares are sent ܲೕǡ �ൌ �ͳǡʹǡ Ǥ Ǥ Ǥ ǡ ݊ to each participant, as well as ܵೕ �ൌ

�ሺ�ೕǡ  . sent ܲ in encrypted formܭ ೕሻ. Sharesܭ

Recovery algorithm: 
1. ݇ participants combine their shares ܲೕǡ �ൌ ͳǡʹǡ Ǥ Ǥ Ǥ ǡ ݇ together with ܵೕ ൌ

ቀ�ೕǡ  ೕቁܭ

2. Using ���, restoration is underway ܧ from assembled parts ܧೕ ൌ ͳǡʹǡ Ǥ Ǥ Ǥ ǡ ݇. 

3. Further ��� restores the key ܭ from ܭೕ ൌ ͳǡʹǡ Ǥ Ǥ Ǥ ǡ ݇. 

4. Using ܭ, decrypted ܧ, after which it recovers ܵ. 
Thus, the scheme is a computationally secure, ��� is a secure encryption function, 

and ��� is the ideal secret sharing scheme. Every share �୧ has a length ȁ�ȁ  ȁ�ȁ. Ev-
idence of this, as well as confirmation of the secrecy of the circuit, is given in [36]. 

In this section, RNS has been considered, as well as two threshold SSSs. Despite the 
obvious advantages of these schemes (low redundancy, scalability, flexibility), they 
have several disadvantages, such as the inability to add new participants without restor-
ing the secret and re-sharing it. As mentioned above, this circumstance is unsatisfactory 
for building a smart city. The advantages of SSS-RNS schemes, as well as these 
schemes themselves, will be discussed in more detail in the next section. 

5 Secret Sharing System with Residue Number System 

In this section, we introduce the basic concepts used in constructing SSS based on 
RNS. The most famous SSSs on RNS are considered - the Asmuth-Bloom and 
Mignotte. The main approaches used for SSS security analysis and their extension for 
SSS on RNS are presented. 

Let us consider SSS using RNS and RRNS. Let each participant in the scheme have 
a unique number or identifier, the entire set of which we will call the universal set of 
numbers and denote ܷ (in the simplest case ܷ ൌ ሼͳǡʹǡ ǥ ǡ ݊ሽ, where ݊ ± number of par-
ticipants in the scheme). The set of allowed coalition numbers is called the allowed 
subset of the set ܷ and is denoted by ܫ. On the other hand, an unresolved subset is a 
subset ܫሚ numbers of members of any coalition that does not have the right to restore the 
secret. Scope of the secret ܵ in this case, we will call the set that combines all possible 
values of the secret ݏ. 

In the Asmuth-Bloom scheme,  is selected first. It defines the set of all possible 
secrets. Arbitrary secret ݏ should be chosen so that ݏ א ଵ బ. Further base system߄ ൏
ଶ ൏ ڮ ൏  ൏ ାଵ ൏ ڮ ൏  is chosen, so that ς 

ୀଵ   ς ିିଶ
ୀ Ǥ The last 

inequality is usually called the Asmuth-Bloom condition. At the stage of sharing the 
secret, a random number is generated ݎ such that ݏᇱ ൌ ݏ  ݎ ൏ ς 

ୀଵ . Secret ݏ is 
divided so that ݏ ൌ ᇱݏ ݀݉ ݅  is a share for member ݅, where ൌ ͳǡʹǡǥ ǡ ݊. In this 
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method, any allowed set of participants with numbers from ܫ can uniquely restore the 
secret; wherein ȁܫȁ ൌ ݉  ݇. First, using the Chinese remainder theorem, the position 
number is calculated ݔ based on the modular representation ሺݏభǡ మǡݏ ǥ ǡ  ሻ in RNSݏ
with bases భǡ మ ǡ ǥ ǡ  , where ݅ א ݆ for all ܫ ൌ ͳǡʹǡǥ ǡ݉. The original secret is re-
stored as the remainder of the division of the number ݔ on : ݏ ൌ ݔ ����  .�

To discuss the security of the Asmuth-Bloom scheme, consider the shares of some 
unresolved coalition of participants with numbers from ܫሚ. Then หܫሚห  ݇ െ ͳ, let ܲ ൌ
ς 

ୀଵ  and ܲ෨ ൌ ς ூሚא . All that will be known in this case is the number ݏǁ ൌ ����ᇱݏ ෨ܲ. 
According to the Asmuth-Bloom condition ܲȀ ෨ܲ   and ሺ ෨ܲǡ ሻ ൌ ͳ, then the set of 
numbers ݏǁ, such that ݏǁ ؠ ����ᇱݏ ෨ܲ and ݏǁ ൏ ܲ, covers all residue classes modulo . 
Thus, as shown in [31], a coalition uniting less than ݇ shares of the secret, does not 
receive any useful information about the secret, which indicates the strength of the 
scheme. However, its serious drawback is the increase in the size of the shares of the 
secret relative to the size of the secret itself, which leads to a significant excess of output 
information. The following threshold secret sharing scheme is free from this disad-
vantage., (k, n)- Mignotte threshold circuit. 

In Mignotte's scheme, the base system ଵ ൏ ଶ ൏ ڮ ൏  ൏ ାଵ ൏ ڮ ൏   is
chosen as a Mignotte sequence, the numbers which satisfy the inequality 

ߙ ൌ ς ିିଶ
ୀ ൏ ς 

ୀଵ ൌ  .ߚ
To achieve stamina secret ݏ is selected. At the same time, for an arbitrarily secret ݏ 

from the gap ሺߙǡ ݏ ሻ numbersߚ ൌ  , there are secret shares for each participant���ݏ
with a number ݅ , where ݅ ൌ ͳǡʹǡǥ ǡ ݊. Any allowed set of participants with numbers can 
restore the secret. ܫ, wherein ȁܫȁ ൌ ݉  ݇. Secret ݏ is calculated using CRT number 
based ሺݏభǡ మݏ ǡ ǥ ǡ భǡ ሻ, presented in RNS with groundsݏ మ ǡ ǥ ǡ  , where ݅  א  for ܫ
all ݆ ൌ ͳǡʹǡ ǥ ǡ݉. To ensure a security, Mignotte sequences with a large value ሺߚ െ
 should be used [32]. This scheme is not stable, but it has practical applications ߚሻȀߙ
due to reducing the amount of output data [37]. 

Below, we consider the concepts that play an important role in the theory of the 
absolute security of a circuit. Based on this approach, we can estimate the entropy of 
secret sharing schemes. In the absence of information about the shares of the secret, we 
denote the information entropy as ܪሺݏ א ܵሻ, where ݏ there is a secret distributed in the 
secret definition area ܵ. In this case, the entropy is maximum since only public infor-
mation is considered. The entropy of the secret is denoted as ܪሺݏ א ܵȁݏǣ ݅ א  ሻ, whenܫ
the shares of the secret belong to a certain known set ܫ ك ܷ. If ܫ is the set of numbers 
of the allowed subset of participants, then ܪሺݏ א ܵȁݏǣ ݅ א ሻܫ ൌ Ͳ since in this case, the 
secret must be correctly restored. For the opposite case, in which an unresolved set of 
participants is combined, it is important to achieve the maximum conditional entropy. 
This condition leads to the formulation of the scheme perfection condition based on the 
probabilistic approach. At the same time, the most important concept of the SSS theory 
is the decrease of the uncertainty, which is understood as the quantity 

ǣݏሺ߂ ݅ א ሻܫ ൌ ݏሺܪ א ܵሻ െ ݏሺܪ א ܵȁݏǣ ݅ א   ሻǤܫ
The decrease of uncertainty in the case where ܫ is the set of numbers of the allowed 

subset of participants is equal to the unconditional entropy of the domain of the secret: 
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ǣݏሺ߂ ݅ א ሻܫ ൌ ݏሺܪ א ܵሻ. Now let the set of participants be unresolved. A secret sharing 
scheme is perfect if for all unresolved subsets of numbered participants ܫሚ should 

ǣݏሺ߂ ݅ א ሚሻܫ ൌ ͲǤ 
However, as noted earlier, to analyze the security of SSS based on RNS, an addi-

tional concept to study the properties of SSS of this type by conventional methods [38] 
was introduced. Therefore, the concept of an asymptotically perfect SSS was intro-
duced. The scheme is asymptotically perfect if, for all unresolved subsets of participants 
with numbers ܫሚ and for any ߝ  Ͳ, there is such , that, for  ൏ ଵ ൏ ڮ ൏  ,   
(݅ ൌ Ͳǡͳǡǥ ǡ ݊), and ߂ሺݏǣ ݅ א ሚሻܫ ൏  Ǥߝ

The question of how exactly it is necessary to choose the parameters of the SSS on 
the RNS so that it has the asymptotic perfection property remains open. The work [38] 
shows the asymptotic perfection of the Asmuth-Bloom scheme when using "suffi-
ciently close" coprime as the RNS base system. The work [37] considers so-called com-
pact sequences of coprime numbers with an initial value  when  ൏    ఏ for
some real number ߠ א ሺͲǡͳሻ. 

Compact sequences of coprime numbers play an important role in studying the se-
curity of secret sharing schemes. The use of these sequences as a system of RNS bases 
makes it possible to build efficient and stable schemes, which is due to the proximity 
of numbers on the number line. The work [37] considers, it is shown that the Asmuth-
Bloom scheme is asymptotically perfect when using compact sequences as the RNS 
base system. It should be noted that the Mignotte scheme is not asymptotically perfect. 
However, a robustness study would not be complete without an analysis of the compu-
tational robustness of the methods. In the future, we will assume that it is precisely the 
compact sequence of coprime numbers that are used as the bases. 

Let us now turn to the concept of computational stability of a circuit. Let at some 
point in time some analysts managed to collect shares of an unresolved subset of par-
ticipants with numbers ܫሚ for some SSS. The task of the analyst, in this case, is to recover 
the secret based on the available data. In a real situation, many ܵ can be divided into 
two subsets. First subset ଵܵ will consist of all secret options that do not fit a secret role 
given the known data. Second subset ܵଶ will contain all remaining possible secret op-
tions. For example, if the Mignotte scheme knows the share of the secret ݏ for module 
, Ͳ  ݆  ݊, then the secret must satisfy the condition: ݏ ؠ ݏ  . Therefore, in���
this case ଵܵ ൌ ሼݏǣ ݏ א ܵ ר ݏ ӏؠ ݏ ሽ and ܵଶ��� ൌ ሼݏǣ ݏ א ܵ ר ݏ ؠ ݏ  ሽ. Note���
that if the SSS is perfect, then for it ଵܵ ൌ and ܵଶ  ൌ ܵ. 

Thus, to find the original secret, it is necessary to go through all the options included 
in ܵଶ and the stability of the circuit depends on the cardinality of this set and on the 
computational complexity of exhaustive enumeration. It is necessary to generate the 
scheme parameters so that the analyst cannot, using modern computing resources, pick 
up the secret in a reasonable time. A circuit that meets these conditions will be called a 
computational rack. As a measure of computational security, we take the cardinality of 
the set ܵଶ: ݂ሺܫሚሻ ൌ ȁܵଶȁ.  

For the Asmuth-Bloom scheme, considering its asymptotic perfection and the As-
muth-Bloom condition, ݂ሺܫሚሻ ൌ ȁܵȁ ൌ ห߄బห ൌ  ሚ. It is easy to see that notܫ  for anyone
all secure circuits are computationally secure. But, on the other hand, computationally 
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secure circuits are not always perfect. The most important in a practical sense is com-
putational stability. 

6 Modeling 

In this section, an experimental study of the system considered above will be con-
sidered. The modeling was done by comparing two implementations of SSS-RNS, and 
is given: the Asmuth-Bloom implementation and the proposed implementation in sec-
tion 5 (RNS implementation). The study was conducted as follows: the number of mod-
ules is selected from 4 to 6; the input is images of various sizes from 6 MB to 146 MB. 
The study will take into account the following characteristics: coding and decading 
time, redundancy in coding and decading. Let's consider the obtained results (Fig. 5). 

 

  
a) b) 

 
Fig. 5. a) Encoding Performance. b) Coding Redundancy 

 
Analyzing the obtained results, we can say that the proposed implementation has a 

high performance. The encoding time of all images is in the range from 1 to 180 ms. 
When as the Asmuth-Bloom implementation is between 40 and 1100 ms. This result is 
achieved due to the applied RNS methods in our implementation. It allows you to re-
duce computational complexity due to a larger number of precomputed constants. How-
ever, because of this, it is also necessary to conduct studies of the redundancy that ap-
pears when encoding information. Consider this study (Fig. 5b). 

Analyzing this illustration, we can observe that the redundancy of the proposed im-
plementation remains approximately at the same level, while the redundancy of the 
Asmuth-Bloom implementation is 5 times greater and increases with the number of 
modules used. Thus, in addition to efficiency in terms of performance, the proposed 
implementation also has better coding redundancy properties. When conducting 
decadence, similar results were obtained (Fig.6) 
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a) b) 

Fig. 6. a) Decoding Performance. b) Decoding Redundancy  

Considering the result obtained for decoding, we can say that similar results were 
obtained, as in coding. The proposed RNS implementation also has performance and 
redundancy advantages. 

Thus, we can say that using the proposed implementation of SSS-RNS, it is possible 
to increase the speed of the system, as well as the redundancy of the processed data. 
However, this requires a larger number of precomputed constants, which is a manage-
able disadvantage when using a static set of RNS modules, but if you need to change 
the set of these modules, all precomputed values must be recalculated for the new set. 

7 Conclusions 

In this work, we study mechanisms for protecting and accelerating smart city com-
munication systems. Security mechanisms based on different methods are considered. 
We show that the most suitable method for a smart city dynamic network is SSS. RNS 
can be used as an adaptive mechanism to increase security and reliability through ef-
fective correcting management. We propose MANET with RNS to improve the quality 
of service for each application used in the self-configuring and dynamic connectivity 
heterogeneous networks. The main advantage of RNS is the versatility of the data rep-
resentation. On the one hand, RNS is a highly efficient tool for error-resistant coding 
of information based on the corrective abilities of redundant RNS. On the other hand, 
it is the basis for designing secret sharing schemes, including efficient computationally 
secure schemes. The proposed approach can increase the network's resistance to attacks 
of various kinds and the transmission confidentiality, along with high reliability using 
multipath routing. This approach does not have the disadvantages of traditional encryp-
tion transmission methods: the key management problem is solved by using SSS, and 
the problem of possible attacks on routes is solved by using an adaptive multipath trans-
mission. 
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Resumen 
 
La investigación se enfocó en la propuesta de una metodología de transformación 

digital para espacios de salud del Sur de Ecuador con implementación de áreas 

de Telemedicina como caso de estudio. La metodología se basó en un estudio 

exploratorio con enfoque mixto con procedimientos cuantitativos y cualitativos 

para el manejo de la información. En el caso de los procedimientos cuantitativos, 

se contempla la aplicación de un instrumento de recolección de datos, en este 

caso, un cuestionario a los médicos del Centro Monte Sinaí, para conocer el grado 

de interés de este personal en la telemedicina, así como su nivel de cultura digital 

como aspecto relevante en la propuesta de una metodología de este tipo. En 

cuanto a los procedimientos cualitativos, se refiere a la revisión sistémica con 

publicaciones relevantes de ScienceDirect, IEEE, Scopus, y ACM de la literatura 

sobre las diferentes metodologías de transformación digital y sus casos de éxito 

en el campo de la salud. Los resultados evidenciaron que la metodología que más 

se ajusta a las necesidades de Ecuador para la implementación de transformación 

digital en el área de salud al sur de Ecuador, sería la de Cueva (2020), debido a 

que aborda los estados de madurez de los procesos de transformación digital, 

proporcionado herramientas al proceso de capacitación para el uso de la teleme-

dicina para realizar servicios de Teleconsulta, servicios de Telemonitoreo, servi-

cio de telecuidado para pacientes, garantiza requerimientos de pruebas de los pa-

cientes remotos mediante TIC.  

Palabras claves: Telemedicina, transformación digital, salud, teleconsulta y te-

lemonitoreo 

1 Introducción 

La incursión vertiginosa de Internet y de las tecnologías de la información y la comu-
nicación (TIC) ha provocado profundos cambios en la forma en que la sociedad se co-
munica, busca información, genera y comparte conocimientos. Esto significa que vivi-
mos en una época de cambios constantes, en la que casi todos los ciudadanos tienen 
que adaptarse a ellos al mismo ritmo, tanto profesional como personalmente. Los avan-
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ces tecnológicos han democratizado el acceso a Internet, incluidos los dispositivos mó-
viles inteligentes, y han creado un entorno hiperconectado, impulsado por los datos y 
cada vez más digital (Cabrol y Pombo, 2021).  
Por ello, casi todos los sectores productivos (incluido el sanitario) están en un proceso 
de transformación cuyo principal objetivo es adaptarse a la nueva era digital. En la 
sanidad, esta transformación digital ha sido más lenta que en otros sectores, quizá de-
bido a la cautela en la integración de las innovaciones que es típica de las organizacio-
nes, empresas o industrias en las que la vida de los usuarios puede estar en juego en la 
prestación de nuevos servicios, como la aviación o la energía nuclear (Bastias y Ulrich, 
2019). 
Pero en 2020, COVID ha cambiado la agenda global. Una pandemia que no conoce 
fronteras, naciones, clases sociales, edad o género ha frenado el impulso del siglo XXI. 
Todas las actividades humanas han sentido su impacto. En este nuevo escenario sani-
tario se ha dado empuje al concepto de salud digital, definido como el uso de las TIC 
para mejorar la salud humana, los servicios sanitarios y el bienestar de la población. 
Con una propuesta de valor que consiste en aportar soluciones digitales a los problemas 
actuales del sistema y de los pacientes, eliminando las barreras físicas, descentralizando 
los servicios hospitalarios, aumentando la autonomía y empoderando a los pacientes. Y 
todo ello con la ayuda de tecnologías como la telemedicina (Montero et al., 2020). 
La tecnología se está convirtiendo cada vez más en una parte integral de todas las rela-
ciones familiares, laborales y profesionales. Este tipo de interacción se ha generalizado 
en la asistencia sanitaria en todo el mundo y debido a la pandemia de la COVID-19 ha 
resultado en una digitalización acelerada e incluso forzosa, lo que convierte a la tele-
medicina en una herramienta eficaz y poderosa para facilitar la asistencia a distancia. 
En este contexto, la Organización Panamericana de la Salud (OPS), junto con el Banco 
Interamericano de Desarrollo (BID), ha apoyado el desarrollo de una herramienta para 
medir la madurez de los establecimientos públicos de salud en las Américas para que 
puedan adoptar servicios de telemedicina y apoyar el tratamiento de los pacientes a 
través de canales virtuales (Organización Panamericana de Salud, 2020). 
A pesar de los beneficios potenciales de la salud digital, este nuevo paradigma también 
plantea nuevos retos para todas las partes interesadas en la salud, como la obtención de 
pruebas científicas y la creación de un marco jurídico que respalde las intervenciones 
de salud digital. Sabemos que cada vez más ciudadanos serán nativos digitales. Así, por 
su propia naturaleza, se enfrentarán al cambio y utilizarán cada vez más los servicios 
sanitarios a través de Internet y de dispositivos móviles (servicios sanitarios no presen-
ciales). Por otra parte, el entorno cambiante hace necesario que los profesionales sani-
tarios adquieran y desarrollen determinados conocimientos, habilidades y actitudes re-
lacionados con la salud digital y el uso de las TIC (Montero et al., 2020). 
En este contexto de digitalización, se identificó una categoría en la que la mayoría de 
las barreras estaban relacionadas con la práctica clínica, en particular las diferencias en 
los registros clínicos y/o de diagnóstico y la incapacidad de acceder a toda la informa-
ción sobre el historial clínico de un paciente. También se identificaron en este ámbito 
aspectos relacionados con las dudas sobre la calidad de los servicios prestados, la falta 
de protocolos o el desconocimiento de los consultores de algunas enfermedades locales 
(Saigí et al., 2021). 
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En cuanto a los profesionales implicados, hay que tener en cuenta la motivación y la 
voluntad de los profesionales de participar en este tipo de programas.  En el caso de los 
profesionales locales, a través de la Fundación Ecuatoriana de Telemedicina y eSalud 
(FUNDETEL), se han impulsado proyectos de participación internacional para acordar 
directrices de implementación de Telesalud en cooperación con varios países, que de 
hecho obtuvo el primer lugar en América latina, se percibió además la motivación del 
personal médico en participar en estos proyectos con voluntad de fomentar el uso de la 
Telemedicina y e-Salud (Saigí et al. 2021). 
En el caso de Ecuador, la penetración de internet en 2017 fue de solo el 57% de la 
población, lo cual es bajo e indica que el país aún tiene un largo camino por recorrer en 
cuanto al uso de la tecnología en la vida cotidiana. Por otra parte, la confianza en el uso 
de herramientas digitales, también dificulta su adopción.  Ecuador ha realizado impor-
tantes avances en la mejora de su capacidad cibernética y en la lucha contra las amena-
zas, a lo que ha contribuido la creación de un grupo de trabajo para desarrollar una 
estrategia nacional de ciberseguridad (Cabrol y Pombo, 2021).  
Aunque el sector privado ofrece algunos servicios de ciberseguridad, es necesario au-
mentar la concienciación sobre la ciberseguridad y la preparación ante las amenazas. 
Esto es importante porque la ciberseguridad es fundamental para nuestra prosperidad y 
seguridad.  Las actividades cibernéticas maliciosas amenazan no sólo la economía, sino 
también el propio funcionamiento de nuestras democracias, libertades y valores. La 
seguridad futura depende de nuestra capacidad para transformar nuestras defensas con-
tra las ciber amenazas tanto las infraestructuras civiles como las capacidades militares 
dependen de sistemas digitales seguros. Especialmente en el ámbito de la sanidad, 
donde se almacena tanta información sobre los pacientes en las historias clínicas que 
podría utilizarse de forma no deseada si cae en manos equivocadas (Cabrol y Pombo, 
2021). 
A esto se suma la falta de legislación clara sobre el uso de la Telemedicina en los dife-
rentes países de América Latina. Incluso en Ecuador, no existe legislación específica 
sobre el uso de Telemedicina y han tenido que ser adaptados varios reglamentos, leyes 
y marcos legales que fueron creados para el uso de la tecnología en general, pero no 
específicamente. De ahí que se desprenden varios temas que no pueden ser adaptados 
adecuadamente por falta de un adecuado tratamiento. (Peralta et al., 2021). 
En Ecuador también existe un vacío legal, hasta el punto de ser contradictorio en cuanto 
a la regulación de la telemedicina, ya que existen acuerdos ministeriales en materia de 
salud que, según el código de ética, prohíben ofrecer consejos o prescribir tratamientos 
médicos a través de cualquier medio de comunicación (Nº 14660 MINSAL, 1992); 
pero, a pesar de su antigüedad, no han sido abolidos (Vallejo, 2020). 
Por el contrario, el Ministerio de Sanidad ha ido estableciendo el uso de la telemedicina, 
vigilando el cumplimiento de las normas necesarias, e incluso ha realizado algunas in-
versiones para desarrollarla, como en el caso del Hospital Vicente Corra (Vallejo, 
2020).  
En el caso de la telemedicina se presentan grandes barreras ya descritas, siendo las 
principales: las tecnológicas, las regulatorias y las de interoperabilidad, todas ellas im-
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piden de alguna manera, ya sea física o regulatoria la prestación de servicios, sin em-
bargo, no ha impedido que varios países tengan metodologías de transformación digital 
en el área de salud, incorporando algunos procedimientos en la telemedicina. 
Por todo ello, es necesario evaluar la disponibilidad de todos estos factores en países 
como Ecuador, especialmente en el sur del país, a través de un análisis holístico que 
permita identificar requerimientos, condiciones, aspectos relacionados con la infraes-
tructura de información, políticas de implementación, infraestructura física y legisla-
ción para proponer una metodología efectiva de transformación digital que sea parte de 
la solución sanitaria. 

2 Método 

2.1. Tipo de estudio 
Para proponer una metodología de transformación digital para espacios de salud de 

Ecuador, se requiere conocer las diferentes metodologías existentes de este tipo que 
hayan sido aplicadas con éxito en diferentes países, en especial en América. Para ello 
se plantea un estudio exploratorio con enfoque mixto. De acuerdo a esto, Hernández et 
al. (2014), sugiere que este tipo de estudios permiten la familiarización con fenómenos 
poco estudiados o relativamente desconocidos para obtener una información más com-
pleta, en este caso la transformación digital en el área de la salud es un método nove-
doso que ha venido incorporándose paulatinamente en diferentes países y que ha to-
mado auge a raíz del Covid-19 por lo cual el presente estudio pretende ahondar en este 
tema. 

De igual forma, se plantea el enfoque mixto, en cual comprende procedimientos 
cuantitativos y cualitativos para el manejo de la información. En el caso de los proce-
dimientos cuantitativos, se contempla la aplicación de un instrumento de recolección 
de datos, en este caso, un cuestionario a los médicos del Centro Monte Sinaí, para co-
nocer el grado de interés de este personal en la telemedicina, así como su nivel de cul-
tura digital como aspecto relevante en la propuesta de una metodología de este tipo. En 
cuanto a los procedimientos cualitativos, se refiere a la revisión sistémica de la literatura 
sobre las diferentes metodologías de transformación digital y sus casos de éxito en el 
campo de la salud. 

De acuerdo con Hernández et al. (2014), los procedimientos cuantitativos implican 
el uso de datos numéricos y procesos estadísticos de la información, mientras que las 
cualitativos buscan establecer una relación entre los participantes del proceso investi-
gativo o entre los supuestos teóricos para extraer sus experiencias ideologías. 

 
2.2. Métodos y técnicas de estudio 
2.2.1.  Métodos para el estudio 
El método es un camino para investigar, conocer y distribuir (Baena, 2017). De 

acuerdo a ello, se considera para este estudio el método inductivo-deductivo, que con-
siste en la combinación de estos. Por una parte, el método deductivo que parte de leyes 
o enunciados generales para aplicar a casos particulares como de hecho sucede al ana-
lizar las diferentes metodologías existentes para la aplicabilidad de una de ellas. Por 
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otra el método inductivo en eventos particulares para llegar a una generalización, al 
tomar en consideración la percepción de los médicos para generalizar en el contexto. 

2.2.2 Técnicas de Estudio 
Es preciso considerar técnicas para recolectar los datos de estudio. Recolectar im-

plica tener un plan detallado de procedimientos que conduzcan a obtener la información 
proveniente de las fuentes de estudio, para conseguir los objetivos (Hernández et al., 
2014).   

En este sentido, las técnicas a utilizar para el desarrollo del estudio son: la revisión 
bibliográfica-documental, la cual consiste en acoplar datos de fuentes escritas primarias 
o secundarias, a través de la exposición minuciosa de documentos que están relaciona-
dos con las variables examinadas (Hernández y Mendoza, 2018). En este caso se revi-
sarán y analizarán las diferentes metodologías de transformación digital y su aplicabi-
lidad en el sector de la salud por medio de la revisión sistemática de las mismas. 

Además, se utilizó la encuesta, que es una estrategia oral o escrita para obtener in-
formación sobre un grupo o muestra en relación a su opinión sobre un tema específico 
(Arias, 2016). Esta encuesta se aplicará a los médicos del Centro de Salud Monte Sinaí. 

2.2.2.1.  Revisión sistemática 
La revisión sistemática consiste en resúmenes estructurados contentivos de informa-

ción hallada en artículos, fuentes informativas con un alto nivel de evidencia para dar 
respuesta a una interrogante contentivos (Moreno et al., 2018). En este caso se trata de 
 la revisión de artículos científicos, revistas, artículos académicos de fuentes 
confiables apoyados en buscadores especializados que dan garantía de confiabilidad de 
los datos suministrados. Para ello se consideraron los pasos de identificación de los 
temas relevantes, al respecto se tomaron como temas esenciales los relacionados con 
los objetivos los cuales conllevan a responder la interrogante de la investigación como 
lo son: mitologías de transformación digital, cultural digital, aplicabilidad de telemedi-
cina, seguridad y tecnología en la transformación digital en el área de salud. Seguida-
mente se identificaron los artículos, documentos por medio de los Abstract, luego re-
copiló el material identificando sus autores, título, fuente, metodología, tipo de estudio, 
resultados y conclusiones, y finalmente, se revisó detalladamente el material con mayor 
relación. 

El procedimiento para la revisión sistemática estuvo basado en la identificación de 
temas, identificación de artículos, recopilación de material, revisión detallada y análisis 
y discusión. Se estima la recopilación de al menos diez artículos por tópico de modo de 
dar rigor teórico al tema a desarrollar de acuerdo a los siguientes criterios de selección: 

Criterios de inclusión 
Para la selección de material, se cumplieron los siguientes criterios de inclusión: 

referencias actualizadas con no más de 6 años de vigencia, artículos o documentos con 
al menos uno de los tópicos siguientes: (Metodologías de transformación digital, & 
cultura digital) &, (aplicabilidad de telemedicina, o seguridad o tecnología en la trans-
formación digital) & (en el área de salud.) y artículos con alta confiabilidad determinada 
por los buscadores especializados que ubiquen la revista o publicaciones en posición 
relevante: Scopus, ScienceDirect, IEEE y ACM 

 
Criterios de exclusión 
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Para no seleccionar el material, se cumplieron al menos uno de los siguientes crite-
rios de exclusión: referencias con data mayor de 6 años, artículos que no se relacionen 
con los temas indicados en los criterios de inclusión, artículos en idiomas distintos al 
inglés y español y artículos con procedencia dudosa. 

Para seleccionar las dimensiones a considerar para el diseño del cuestionario se 
realizó la revisión de los artículos mencionados. Se revisó un total de 48 artículos en 
los diferentes buscadores mencionados con las variables: transformación digital, cul-
tura digital, telemedicina.  

En cuanto a la transformación digital, se seleccionaron 11 artículos de los 48 con-
sultados, se excluyeron 37, de los cuales 12 estaban fuera del rango de fecha y 15 se 
relacionaban con la transformación digital en distintas áreas: pero contemplaban solo 
definiciones y no las dimensiones a considerar. En este sentido, los artículos tomados 
en cuenta se listan en la Tabla 1. 
 

Tabla 1. Lista de artículos seleccionados 

N
° 

Autor Título Dimensiones /aspectos Fuente  

1 Eberth, 
Cristof y 
Duarte 
Carlos 

Digital Transformation Cultura innovadora y 
colaborativa 

Scopus 

Infraestructura de comunicación 
digital 
Accesibilidad 

Economía 

2 Vial, 
Gregory  

Understanding digital transfor-
mation: A review and a research 

agenda 

Competitividad ScienceD
irect 

Disponibilidad de datos 

Estrategia digital 

Cultura digital 

3 María José 
Sousa y 
Álvaro 
Rocha 

Digital learning: Developing 
skills for digital transformation 

of organizations 

Aprendizaje digital colaborativo Elsevier 

Transformación digital 

Habilidades organizacionales de 
negocios 

4 Peter 
C.Verhoefa, 

Thijs 
Broekhuize
na, Yakov 

Bartb,  Abhi 
Bhattachary
aa, John Qi 

Donga, 
Nicolai 
Fabiana 
Michael 

Haenleinc 

Digital transformation: A 
multidisciplinary reflection and 

research agenda 

Tecnología digital Elsevier 

Competitividad digital 

Comportamiento de clientes 
digitales 

5 Satish Nam-
bisana, 
Mike 

The digital transformation of in-
novation and entrepreneurship: 

Apertura Elsevier 

Posibilidades 
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Wrightb, 
Maryann 
Feldmanc 

Progress, challenges and key 
themes 

Generatividad 

6 Miguel 
Ángel 

Galindo, 
Martina 
María 

Soledad, 
Castaño 

Martínez, 
María, 
Teresa 

Méndez 
Picazo 

Digital transformation, digital 
dividends and entrepreneurship: 

A quantitative analysis 
Digital transformation, digital 

dividends and entrepreneurship: 
A quantitative analysis 

Estrategia digital Elsevier 

Dividendos digitales 

Emprendimiento 

7 Simon Cha-
niasa, Mi-
chael D., 
Myersb 
Thomas 
Hessa 

Digital transformation strategy 
making in pre-digital organiza-
tions: The providercase of a fi-

nancial service  

Proceso-actividad Elsevier 

Sistemas de información 

Aprendizaje digital   

Estrategia digital 
8 André 

Hanelt,René 
Bohnsack,D

avid 
Marz,Cláudi

a Antunes 
Marante 

A Systematic Review of the Lit-
erature on Digital Transfor-

mation: Insights and Implica-
tions for Strategy and Organiza-

tional Change 

Condiciones contextuales 
(tecnologías y aplicaciones 
antecedentes) 

ScienceD
irect 

Mecanismos (de innovación y de 
integración) 
Resultados (ambiental, 
económico, intraorganizacional) 

9 Jason 
Bloomberg 

Digitization, Digitalization, And 
Digital Transformation: Con-

fuse Them At Your Peril 

Competencia Open 
Source 

Iniciativas de digitalización 

Estrategia de digitalización 

1
0 

Francisco 
Vacas 

Aguilar 

Transformación digital: del 
lifting a la reconversión 

Estrategia de transformación 
(oportunidades) 

ScienceD
Irect 

Estrategia funcional 
(competitividad) 
Estrategia de negocios(recursos-
competitividad) 
Costos 

1
1 

Kotarba, M Digital transformation of busi-
ness models 

Clientes (relación/segmentación) ScienceD
Irect 

Propuesta de valor/ventaja 
(competencia) 
Recursos--canales-experiencia 

Asociación de ecosistemas 
(compartir) 
Finanza-economía 

Cambio modelo de negocio 

 
2.2.2.2.  Encuesta 
Para la aplicación de la encuesta a la persona médica del Centro de Salud Monte 

Sinaí, se empleó como instrumento un cuestionario de diseño propio, con base en las 
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dimensiones de la variable de transformación digital: competitividad, estrategia digital 
y cambio cultural (innovación organizacional, cultura digital), la percepción y prepara-
ción sobre la aplicabilidad de la telemedicina en el área de la salud y las dimensiones 
de Telemedicina: servicios de asistencia remota, gestión administrativa de pacientes, 
Formación a distancia de profesionales de la salud, Evaluación e investigación colabo-
rativa en red. 

El cuestionario consta de 29 preguntas cerradas con opciones de respuesta tipo Li-
kert, donde la escala es la siguiente: 1 = Nunca; 2= Casi nunca; 3= A veces; 4= casi 
siempre; 5= Siempre de acuerdo a la percepción o postura del encuestado sobre los 
aspectos mencionados. 

Para la validez de su contenido, se someterá a juicio de los expertos en el tema y 
para la confiabilidad, se determinará a través del Alfa de Cronbach. 

2.3.  Población y muestra 
2.3.1.   Población 
La población es a la totalidad de individuos, cosas hechos con características simi-

lares requeridas y medibles, que se tomen en cuenta para recoger la información y ana-
lizarla (Ñaupas et al., 2018). Por consiguiente, la población del presente estudio se en-
cuentra conformada por 60 médicos pertenecientes al Centro Monte Sinaí. 

2.3.2.   Muestra 
La muestra es la parte representativa de la población que se toma con el fin de in-

vestigar sus características y generalizar sobre el universo (Ñaupas et al., 2018). 
En este orden, la muestra estará conformada por los 60 médicos del Centro Monte 

Sinaí, dada la característica de ser una población finita, conocida y pequeña. 

3 Resultados  

3.1. Presentación de resultados 
 

Para la presentación de los resultados, se aplicó un “Cuestionario transformación digi-
tal”, dirigido a personal médico del Centro Monte Sinaí, ubicado en la ciudad de Cuenca  
, conformada en 1990 por un conjunto de profesionales de la medicina con amplia ex-
periencia en el sector y en el área administrativa, enfocados en ofrecer un servicio de 
salud a la región Austral y la Cuenca, dotado de implementación médica con tecnología 
de punta, para alcanzar la eficiencia y calidad en la atención de la salud de los pacientes, 
con una capacidad de 400 camas, y en el 2014 se realizó una habilitación del Centro 
Monte Sinaí, con una inversión $126 millones ($76 millones: construcción y $50 mi-
llones: equipamiento), con servicios disponibles de Unidad de Cuidados Intensivos, 
servicio de Emergencia y Sala de Primera Acogida, Hospitalización, Neonatología, área 
de Imagenología, Endoscopía, Colonoscopía, Broncoscopía y Colposcopía. 
 
3.1.1 Diagnosticar la percepción y preparación del personal de salud del Centro 
Monte Sinaí de Ecuador en cuanto a la aplicabilidad de telemedicina. 
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En cuanto al diagnóstico de la percepción y preparación del personal de salud del Cen-
tro Monte Sinaí de Ecuador. Este diagnóstico se basó en un análisis estadístico en Sta-
tistical Package for the Social Sciences (SPSS) sobre la base de datos obtenida de la 
aplicación del instrumento. Finalmente, el resultado sobre los niveles de cumplimiento 
se observa en la Tabla 2. 

 
Tabla 2 Diagnóstico de la percepción y preparación del personal de salud del Centro Monte 

Sinaí de Ecuador 

Descripción Escala de cumplimiento 
 0% 25% 50% 75% 100% 
El Centro Monte Sinaí es competitivo en el ramo     X 
Cambios dentro de la organización para promover la 
calidad total 

   X  

Los procedimientos responden a técnicas 
innovadoras que captan la atención de los usuarios 

    X 

Considera que la estrategia competitiva contempla 
los procesos digitales  

   X  

La organización está actualizada frente a los 
distintos cambios tecnológicos 

  X   

Los planes estratégicos de la organización 
consideran el uso de recursos tecnológicos 

   X  

Han considerado organizativamente la 
implementación de procesos digitales de atención de 
la salud 

   X  

Se invierte en la organización en la adquisición de 
recursos con tecnologías de punta 

  X   

La organización plantea ideas de negocio adviertan 
un giro transformacional hacia lo digital 

    X 

Las personas que trabajan en la organización están 
dispuestas a afrontar cambios hacia la digitalización 
de procesos 

    X 

Usted está dispuesto(a) a afrontar cambios hacia la 
digitalización de procesos 

  X   

La organización invierte en capacitación y 
actualización tecnológica del personal 

    X 

Se llevan a cabo cambios en productos y servicios 
dentro de este centro 

  X   

Se incorporan nuevos productos y servicios en este 
centro 

  X   

Se planifican procesos actualizados de atención     X 
Está capacitado(a) para utilizar aparatos electrónicos 
de tecnología actual como parte de un proceso de 
cambio hacia la digitalización 

 X    

Sabe usar e interactuar medios sociales para el 
manejo de contenidos digitales de atención 

 X    

Considera que la telemedicina es una alternativa 
novedosa para la atención de procesos tradicionales 
de manera digitalizada 

 X    

Se siente capacitado para el uso de la telemedicina 
en los procesos que se cumplen en este centro 

 X    

Realiza servicios de Teleconsulta  X    
Realiza servicios de Telemonitoreo   X   
Se considera dentro del centro el servicio de 
telecuidado para pacientes 

  X   
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Se atienden requerimientos de pruebas de los 
pacientes remotos haciendo uso de las TIC 

  X   

Existe la posibilidad de facturar servicios al paciente 
de manera remota 

  X   

Se propicia la educación continua para personal de 
salud para la promoción de la tecnología 

  X   

El centro tiene espacios virtuales para la formación 
de los profesionales de salud 

  X   

Comparte sus conocimientos a otros médicos por 
medios virtuales de acuerdo a su experiencia como 
profesional de la salud 

  X   

Comparte sus experiencias de éxito sobre 
procedimientos o tratamientos con otros médicos a 
través de las Tecnologías de la información y 
comunicación 

  X   

Se crean conocimientos de manera colaborativa a 
través de redes o entornos virtuales 

X     

 
En relación a los resultados obtenidos de la encuesta, se dedujo que el 75% de los en-
cuestados indicaron que casi siempre observan cambios en la organización para la pro-
moción de la calidad total. Así mismo, el 100% de los encuestados indicó que casi 
siempre utilizan procedimientos que responden a técnicas innovadoras que captan la 
atención de los usuarios y los encuestados casi siempre consideran que la estrategia 
competitiva contempla los procesos digitales. 
El 75% de los encuestados indicaron que casi siempre observan planes estratégicos de 
la organización que consideran el uso de recursos tecnológicos, mientras que el 75% 
restante indicaron que siempre han considerado organizativamente la implementación 
de procesos digitales de atención de la salud. Además el 50% indicó que casi siempre 
y el restante 25% consideró que se invierte en la organización en la adquisición de 
recursos con tecnologías de punta. De igual manera, cabe señalar que el 100% de los 
encuestados indicó que casi siempre consideran que la organización plantea ideas de 
negocio adviertan un giro transformacional hacia lo digital. El 100% de los encuestados 
casi siempre considera que las personas que trabajan en la organización están dispuestas 
a afrontar cambios hacia la digitalización de procesos. El 50% indicó que siempre per-
sonalmente se encuentran dispuestos afrontar los cambios hacia la digitalización de 
procesos. 
El 100% indicó que a veces la organización invierte en capacitación y actualización 
tecnológica del personal. El 50% de los encuestados consideró que siempre se llevan a 
cabo cambios en productos y servicios dentro de este centro y además indicaron que 
siempre se incorporan nuevos productos y servicios en este centro de salud.  El 
100% de los encuestados casi siempre consideran que se planifican los procesos actua-
lizados de atención, y el 25% restante indicaron que siempre están capacitados para 
utilizar aparatos electrónicos de tecnología actual como parte de un proceso de cambio 
hacia la digitalización. Además el personal sabe usar e interactuar medios sociales para 
el manejo de contenidos digitales de atención.  
El 25% restante opinaron que siempre consideran que la telemedicina es una alternativa 
novedosa para la atención de procesos tradicionales de manera digitalizada, así mismo, 
el 25% nunca se sienten capacitados para el uso de la telemedicina en los procesos que 
se cumplen en este centro. 
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Mientras que el 50% casi nunca y el 25% restante opinaron que a veces se realiza ser-
vicios de teleconsulta. El 50% casi nunca y el 25% restante opinaron que a veces se 
realiza servicios de telemonitoreo. El 50% opinaron que casi nunca se realiza servicios 
de telecuidado para pacientes y otros encuestados indicaron que nunca se atienden re-
querimientos de pruebas de los pacientes remotos haciendo uso de las TIC para pacien-
tes.  
El 50% de los encuestados indicó que nunca se facturan servicios al paciente de manera 
remota. Así mismo, nunca se ha propiciado la educación continua para personal de sa-
lud para la promoción de la tecnología, casi nunca el centro posee espacios virtuales 
para la formación de los profesionales de salud. De igual manera, se detectó que nunca 
comparte sus conocimientos a otros médicos por medios virtuales de acuerdo a su ex-
periencia como profesional de la salud. En el mismo orden de ideas, se identificó que a 
veces comparten sus experiencias de éxito sobre procedimientos o tratamientos con 
otros médicos a través de las Tecnologías de la información y comunicación y nunca 
se ha creado conocimientos de manera colaborativa a través de redes o entornos virtua-
les. 
 
Realizar análisis comparativo de metodologías de transformación digital cumplidas con 
éxito en otros países  

 

En cuanto al análisis comparativo de metodologías de transformación digital cumplidas 
con éxito en otros países, se presentaron 6 autores de diversos países y su análisis se 
describe en la Tabla 3. 

Tabla 3 Metodologías de transformación digital cumplidas con éxito en otros países 

Autores Título de la 
investigación 

País Metodología  

Maliqueo, et al. 
(2021) 

Gestión de 
personas y las 
barreras para 
innovar en la 
transformación 
digital 

Chile Se identificaron las principales barreras en la gestión 
de personas para la innovación en la transformación 
digital, las acciones de innovación más comunes, el 
tipo de tecnología utilizada en los procesos, el nivel 
de conocimiento que tienen los expertos en la 
materia y el nivel de posicionamiento estratégico de 
la unidad de las áreas, concluyendo que es necesario 
un nuevo enfoque estratégico en la visión de la 
dirección general sobre la gestión de personas y 
cambios en sus funciones, procesos y servicios. 

Alayón (2021) Tecnologías 
disruptivas en 
la 
transformación 
digital de las 
organizaciones 
en la industria 
4.0 

Venezuela La investigación se basó en la descripción de las 
tecnologías claves que existen hoy y las 
metodologías exitosamente en las organizaciones 
para lograr la transformación; para alcanzar que la 
transformación digital como “educación digital”, 
para mejor comprensión para avanzar hacia las 
siguientes tecnologías en la industria 4.0. 

García, et al. 
(2022) 

Tecnologías 
digitales para la 
formación en 
empresas y 
entidades de la 
economía 
social 

España Con el estudio se conocieron los datos empíricos y 
la realidad de la transformación digital de entidades 
de la economía social y el contexto de la formación 
en empresas, para lo cual se aplicó la técnica de 
encuesta, mediante dos cuestionarios creados ad 
hoc: uno para trabajadores y otro para cargos 
directivos de empresas y entidades de la economía 
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social, lo cual arrojó que carecen de ciertas 
competencias necesarias para el mundo digital, 
empresas y entidades de la economía social priorizan 
la dotación tecnológica. 

Vacas (2018) Transformación 
digital: del 
lifting a 
la reconversión 

España Transformación digital: la estrategia 
de los siete pasos:  identificar los objetivos 
prioritarios, inspeccionar los obstáculos internos y 
externos eficaces, determinar nivel de adopción 
tecnológica ayudaría a alcanzar los objetivos 
eficientemente, establecer plazo de una tecnología 
obsoleta, considerar las nuevas tecnologías 
introducidas, evaluar el coste de oportunidad  
de una tecnología concreta e imaginar las 
aplicaciones de las nuevas tecnologías, para 
adaptarlas al tipo de organización. 

Cuencas, et al. 
(2020) 

Transformación 
digital de los 
departamentos 
de relaciones 
públicas y 
comunicación 
de una muestra 
de empresas 
españolas 

España El estudio se basa en la madurez de la 
transformación digital de las empresas españolas a 
través de un cuestionario para comunicadores, del 
que se desprende que el 73,6% de los departamentos 
de comunicación de las empresas participantes han 
alcanzado un nivel de madurez alto en esta 
transformación, que requiere un cambio cultural en 
la gestión corporativa, la contratación de nuevos 
perfiles, la reorganización del trabajo y el enfoque en 
las áreas de mejora para maximizar el retorno de los 
recursos invertidos. El 85% de estos departamentos 
tienen una visión global de la comunicación digital, 
aunque son conscientes de que todavía es necesario 
automatizar una serie de procesos. 

Cueva (2020) Transformación 
digital en la 
universidad 
actual 

Ecuador La investigación se basó en valorar desde una 
perspectiva holística en la transformación en el 
ámbito universitario latinoamericano. La 
metodología contempla un proceso completo de 
transformación en los 5 estados de madurez: 
resistente digital, explorador digital, jugador digital, 
transformador digital y disruptor digital 

 

3.1.2 Determinar los requerimientos de infraestructura tecnológica, física y de 
seguridad necesarios. 

 
A continuación, se presentan los principales requerimientos de infraestructura 
tecnológica, física y de seguridad necesarios para implementar una transformación 
digital efectiva en el área de salud al sur de Ecuador, como se presenta en la Tabla 4 : 
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Tabla 4  

Requerimiento de infraestructura tecnológica, física y seguridad para implementar una 

transformación digital efectiva en el área de salud al sur de Ecuador. 

 Descripción Aplicaciones  
Requerimiento de 
infraestructura 
tecnológica 

Mejoras en la base 
de datos 

El Scrum master aprobará o desaprobará la puesta en 
marcha del suministro, por parte del Product Owner, de 
requerimientos técnicos de gerentes, empleados y/o 
clientes que usarán la aplicación hacia el equipo de 
desarrollo. 

Simplicidad de la 
base de datos 

Facilitar el acceso fácil y rápido a las bases de datos a los 
usuarios con poca experiencia o poco conocimiento 

Desarrollo flexible. Las herramientas para gestionar bases de datos deben tener 
la capacidad de evolucionar y actualizar su funcionamiento 

Digitalización Incluye Big Data, internet de las cosas, blockchain, cripto 
monedas, entre otros. 

Base de datos para 
toma de decisiones 

Gestionar insights y procesar variables de datos con una 
capacidad sobrehumana. 

Requerimiento de 
infraestructura 
física 

Redes corporativas Redes corporativas está el Big Data, el Internet de las Co-
sas, el Mobile y Computación en la Nube. 

Infraestructura de TI Soporte a todo ese proceso de cambios 
Creación del Product 
Backlog 

Ordenar los requerimientos y analizar cada uno de ellos. 
Identificar usuarios autorizados del sistema 

Programación  Desarrollo de la aplicación con el lenguaje de 
programación PhP con base de datos en mySQL 

Plataformas Para dispositivos móviles iOS/ Android, y para vista en la 
web. 

Requerimiento de 
infraestructura de 
seguridad 

Seguridad sin 
concesiones 

Cloud Computing, Data Analytics y Ecommerce. 

Digital Security en la 
nueva era de 
transformación 
digital 

Protección de datos, infraestructuras críticas o redes y sis-
temas de información, pero ninguna está enfocada especí-
ficamente a la transformación digital. 

Seguridad digital Digital Risk Officer, DRO, Security Ombudsman, Data 
Security Scientist, DSS, Digital Ecosystem Manager, 
DEM, Chief of Staff for Security, CSS, servidores, redes 
de comunicaciones, nube, IA, IoT o IIoT, entre otros. 

Sistema de seguridad 
de la información 
bajo la norma ISO 
27001 

Requisitos necesarios para establecer, implantar, mantener 
y mejorar continuamente un sistema de gestión de la segu-
ridad de la información en una organización. 

 
3.1.3 Seleccionar la metodología que mejor se ajusta a las necesidades de Ecuador 
para la implementación de transformación digital en el área de salud al sur de 
Ecuador 
 

En función de lo obtenido anteriormente de la investigación se dedujo que la 
metodología que más se ajusta a las necesidades de Ecuador para la implementación de 
transformación digital en el área de salud al sur de Ecuador, sería la de Cueva (2020), 
debido a que aborda los estados de madurez de los procesos de transformación digital. 
Ademas proporciona herramientas al proceso de capacitación para el uso de la 
telemedicina en los procesos que se cumplen en este centro, para realizar servicios de 
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Teleconsulta, servicios de Telemonitoreo, servicio de telecuidado para pacientes, 
garantiza requerimientos de pruebas de los pacientes remotos haciendo uso de las TIC, 
facturación de los servicios al paciente de manera remota, permite la educación 
continua para personal de salud para la promoción de la tecnología. Así mismo, 
proporciona espacios virtuales para la formación de los profesionales de salud, 
incrementa los conocimientos a otros médicos por medios virtuales de acuerdo a su 
experiencia como profesional de la salud. Tambien permite compartir conocimientos a 
otros médicos por medios virtuales de acuerdo a su experiencia como profesional de la 
salud y garantiza que se comparta las experiencias de éxito sobre procedimientos o 
tratamientos con otros médicos a través de las Tecnologías de la información y 
comunicación, mediante la resistencia digital, los exploradores digitales, los jugador 
digital, transformador digital: las capacidades de Transformación Digital y Disruptor 
digital, en complemento con los requerimientos de infraestructura tecnológica, física y 
de seguridad.  

4. Discusion y Conclusion 
 
4.1  Discusion  
 
La metodología que resultó apta para desarrollar los estados de madurez de los procesos 
de transformación digital se basan en el uso de TIC en el proceso de capacitación para 
el uso de la telemedicina en los procesos que se cumplen en los centros de salud, la 
inversión en una infraestructura tecnológica y la educación continua para personal de 
salud para la promoción de la tecnología. En el mismo orden de ideas, cabe señalar que 
Baird (2021) considera necesario el estudio y planificación de la ejecución de productos 
opcionales de capacitación, consultoría y mantenimiento de los proyectos de desarrollo 
centrado en la información y resulta fundamental incorporar el reclutamiento 
internacional de profesionales que sean programadores y así poder optimizar sus 
funciones. 
Mientras que Lema (2021) indicó que la transformación digital en el desenvolvimiento 
laboral se ve envuelto en un grupo de alteraciones tecnológicas que permiten que la 
institución adopte estrategias activas para conseguir soluciones inmediatas, así mismo, 
Lorenzo (2017) menciona que la transformación digital requiere un modelo 
interdisciplinario y multidimensional que permita a las empresas competir y satisfacer 
las necesidades de sus clientes y se encuentra en ascenso y emergen como mecanismo 
de evolución de capacidades de las empresas en esta era moderna.  
 
4.2 Conclusion 
 
Se evidenció que el centro de salud realiza esfuerzo para la promoción de la calidad 
total de los servicios, y además aplican procedimientos con técnicas innovadoras que 
captan la atención de los usuarios, adaptan a la estrategia competitiva en los procesos 
digitales, el personal se encuentra dispuesto afrontar cambios hacia la digitalización de 
procesos se plantean ideas de negocio adviertan un giro transformacional hacia lo 
digital. Sin embargo, existe una inversión insuficiente en la adquisición de recursos con 
tecnologías de punta, lo cual conlleva a que los servicios de teleconsulta. servicios de 
telemonitoreo y servicios de telecuidado para pacientes no cumplan con los estándares 
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de calidad exigidos en la telemedicina. Así mismo, nunca se ha propiciado la educación 
continua para personal de salud y la transferencia de conocimientos a otros médicos por 
medios virtuales de acuerdo a su experiencia como profesional de la salud. 
Por lo cual, se concluyó que se requiere de una infraestructura tecnológica con 
simplicidad y mejora de base de datos, digitalización y desarrollo flexible; una 
infaestructura física en donde se maneje una infraestructura TI, programas de 
telemedicina, y una plataforma adaptada al centro de salud y los servicios de 
teleconsulta, telemonitoreo y telecuidado, y con una infraestructura de seguridad en 
donde considere la seguridad sin concesiones, digital Security, seguridad digital y 
sistema de seguridad de la información bajo la norma ISO 27001. Por otro lado, se 
concluyó que la transformación digital para que funcione en el centro de salud bajo la 
telemática debe orientarse en los 5 estados de madurez con una estructura organizada, 
iniciativas de transformación, objetivos corporativos, disrupciones en el mercado y un 
innovador modelo de negocio. 
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páramos andinos
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Abstract. This paper presents the design of a water source monito-
ring system based on LoRa technology for the Tres Lagunas Andean
high-altitude wetlands ecosystem (Ecuador). The solution has been im-
plemented using mainly an ATmega1284p microcontroller, an SX1278
transceiver and hydrological sensors. The data is transmitted from the
study site to the TTN server and sent via the MQTT protocol to the
Node-RED platform. On the other hand, a graphical interface has been
developed that allows analyzing historical data of temperature, dissolved
oxygen (DO), oxidation-reduction potential (ORP) and hydrogen poten-
tial (pH). Furthermore, energy consumption tests and LoRa physical la-
yer experiments have been performed with the prototype. Results reveal
the proper operation of the prototype. In particular, it has been obser-
ved that SF9 and SF10 present packet reception rates higher than 97%.
Regarding SF7 and SF8, they was discarded for this type of scenarios
due to the packet loss rate higher than 10%. The main contribution of
this work is the proposal of a portable, low-cost and open source prototy-
pe, focused on the transmission of hydrological data obtained in Andean
high-altitude lakes through IoT technologies for the administration, ma-
nagement and control of water resources that represent a fundamental
component of a smart city.

Keywords: LoRa · Monitoring system · Wetlands ecosystem.

1. Introducción

Las aplicaciones basadas en tecnoloǵıas IoT (Internet of Things) constituyen
una pieza fundamental en el ámbito de la innovación y el desarrollo sustentable
[1]. En particular, las tecnoloǵıas de gestión de recursos h́ıdricos son componen-
tes vitales de las Smart Cities [2], promoviendo el uso de datos en tiempo real a
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través de plataformas online con una eficiencia significativa frente a los métodos
tradicionales [3]. Estos datos usualmente son potencial de hidrógeno, conductivi-
dad, ox́ıgeno disuelto, entre otros. Los cuales son medidos a través de sensores y
permiten determinar la calidad del agua [4]. Con respecto a las fuentes de agua,
suelen estar ubicadas en zonas alejadas de la ciudad y carecen de servicios como
acceso a Internet, enerǵıa eléctrica, entre otros, por tanto, soluciones basadas en
IoT y redes de sensores (WSN) permitiŕıan crear sistemas de monitorización que
mejoren la gestión de los recursos h́ıdricos.

Por otra parte, los recursos h́ıdricos de los sistemas acuáticos son vulnerables
ante el cambio climático debido a varios factores, por ejemplo, el aumento de
temperatura puede contribuir a la evaporación de las lagunas, reducción del hábi-
tat y alteraciones en la calidad del agua [5]. En tal contexto, en [6] se realiza una
valoración económica del almacenamiento de agua y carbono en los bofedales de
los páramos ecuatorianos. El área de estudio abarcó los páramos y humedales de
los cantones de Nabón, Oña, Saraguro y Yacuambi, espećıficamente los sectores
de Tres Lagunas y del ŕıo Shincata. Cabe indicar que a pesar de la existencia de
2 estaciones del INAMHI (Instituto Nacional de Meteoroloǵıa e Hidroloǵıa), una
en Oña (M421) y la otra en San Lucas (M32), debido a la ubicación de dichas
estaciones no se puede determinar con exactitud las condiciones climáticas del
área de estudio y por ende la comprensión de estos ecosistemas acuáticos es casi
nula. En particular, las estaciones solo cubren las vertientes del sistema h́ıdrico
del Paćıfico y Amazónico de la zona de estudio. Los datos recogidos de dichas
estaciones, posiblemente presenten discrepancias con las condiciones reales del
sitio, debido a los aportes de las lluvias, neblina y llovizna.

En relación a Tres Lagunas, este ecosistema contribuye a la subsistencia de
las poblaciones cercanas debido a su gran valor ecológico, económico, social y
cultural. La principal contribución es el suministro de agua para el consumo
doméstico y el riego de cultivos. Además, es un lugar de suma importancia
cultural para los 3 cantones porque se considera un lugar mágico, vinculado con
las tradiciones religiosas ancestrales, la manifestación de poder y enerǵıa de la
madre tierra [7]. Actualmente, este complejo de humedales se ve amenazado por
varios factores, por ejemplo, la v́ıa que conecta a Saraguro y Yacuambi cruza
por esta zona y representa un gran riesgo para la conservación y protección de
este sector. En este sentido, es indispensable conocer el estado de las lagunas
con el objetivo de prevenir un déficit de los recursos h́ıdricos, mejorar la calidad
del agua y mitigar el efecto que pueda causar la contaminación antrópica como
la circulación de veh́ıculos, residuos de turistas, entre otros.

Tres lagunas no dispone de un sistema que permita monitorear el estado del
clima y del agua, las estaciones más cercanas se encuentran a varios kilómetros.
Factores como la distancia, condiciones climáticas adversas, limitaciones en el
acceso a la red móvil e Internet han impedido la implementación de cualquier
tipo de estación meteorológica en las lagunas de interés. Por consiguiente, el des-
pliegue de estaciones de monitorización en el sector, representa una contribución
para determinar el estado actual y las vulnerabilidades a las que se encuentran
expuestas los ecosistemas acuáticos del sitio y brindar datos que permitan to-
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mar decisiones a las instituciones correspondientes para la conservación y gestión
estratégica de los recursos naturales.

En este contexto, el presente trabajo se enfoca en una solución tecnológica
que permita monitorear el sitio Tres Lagunas, a través de un dispositivo de
adquisición y transmisión de datos, desde el lugar de estudio hacia Internet.
Este documento está dividido en 5 secciones, en la segunda sección se presenta
el estado del arte, la tercera sección indica la arquitectura de monitorización, en
la cuarta sección se presentan los resultados y se finaliza en la quinta sección
con las conclusiones.

2. Trabajos Relacionados

La integración de soluciones IoT en Smart Cities permite mejorar los dis-
tintos servicios a través de nuevas tecnoloǵıas. Por ejemplo, la supervisión de
los recursos h́ıdricos permite una gestión sostenible de los servicios h́ıdricos. La
mejor opción cuando estos lugares se encuentran en zonas remotas, es utilizar
redes de largo alcance como LPWAN (Low Power Wide Area Network). Por
ejemplo, las redes basadas en LoRa (Long Range), poseen caracteŕısticas pa-
ra poder adaptarse a diversos escenarios. En este contexto, a continuación se
discuten estudios relevantes relacionados con tales aplicaciones.

En relación con el registro de parámetros del agua, los dispositivos de re-
colección de datos requieren equipos especiales denominados sondas que suelen
ser muy costosos [8]. Por consiguiente, es fundamental desarrollar prototipos
que ofrezcan mayor accesibilidad para su uso. En cuanto a la implementación,
el registro de estos datos ambientales se realiza mediante dispositivos tales co-
mo microcontroladores (MCU), donde la información medida por los sensores es
preprocesada y almacenada internamente en la estación también conocida como
nodo [9]. Cuando los nodos se usan en lugares remotos, el suministro de enerǵıa
viene dado por bateŕıas, en este contexto existen varios trabajos que han logrado
incrementar el tiempo de duración de las bateŕıas por periodos mayores a 1 año
[10] [11].

En este sentido, en [12] se describe un prototipo, donde usan sensores de bajo
costo para la adquisición de datos fisicoqúımicos del agua. Durante un periodo de
45 d́ıas se probó el funcionamiento del dispositivo conjuntamente con un equipo
profesional, obteniendo una alta correlación entre los datos de ambos equipos,
verificando la calidad de la información del prototipo.

Por otra parte, el monitoreo de los ecosistemas h́ıdricos es muy costoso en
términos de recursos cuando se trata de sitios ubicados en lugares remotos y
es necesario acceder de forma manual para recoger los datos [13]. Una solu-
ción es utilizar tecnoloǵıas de comunicación inalámbrica. En este contexto, una
tecnoloǵıa de transmisión adecuada seŕıa LoRa/LoRaWAN. El protocolo de co-
municación y la arquitectura de esta tecnoloǵıa admiten comunicación bidirec-
cional de bajo costo, móvil y segura, además está optimizada para un bajo
consumo de enerǵıa y diseñado para escalar fácilmente [14]. Por ello, el uso de
LoRa/LoRaWAN es cada vez más frecuente en diferentes aplicaciones y se adap-
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ta a diversos escenarios. Por ejemplo, en [15] se destaca la importancia de las
ventajas de LoRa en cuanto a la cobertura y rendimiento energético, lo cual fa-
cilita su funcionamiento en sitios poco caracterizados, como los de alta montaña
y glaciares, permitiendo abrir nuevos campos de investigación de dichas zonas.

En lo que respecta a sitios remotos donde no hay acceso a la red eléctrica, el
recurso energético de las bateŕıas resulta crucial para su funcionamiento, como se
discute en [16], estudio en el cual se realiza un monitoreo de aguas subterráneas,
donde los nodos registran las variables y las transmiten a un Gateway LoRa,
obteniendo 8 d́ıas de independencia energética. Otros métodos aumentan los
recursos energéticos de los nodos mediante una combinación de fuentes energéti-
cas, por ejemplo solar e hidroeléctrica, como se presenta en [17], que proporciona
hasta 432 horas de autonomı́a a sus nodos.

En este sentido, uno de los factores de mayor consumo energético en los nodos
LoRa se genera en la etapa de transmisión. En [18] se destaca la importancia de
seleccionar los parámetros de transmisión adecuados, caso contrario la vida útil
del nodo es más corta. Por ejemplo, el aumento de potencia para la transmisión
de paquetes afecta drásticamente al consumo de enerǵıa como se reporta en
[19], donde su estudio se centra únicamente en el resto de parámetros para
mejorar la comunicación. En este contexto, el uso de valores de SF (Spreading
Factor) bajos permitiŕıa mejorar el rendimiento energético. Por ejemplo, en [20]
los autores recomiendan usar SFs bajos (alta tasa de datos) y una potencia de
transmisión alta solo para los nodos que se encuentren alejados delGateway. Otro
enfoque se describe en [21], donde se evalúan diferentes longitudes de payload
y los parámetros de capa f́ısica para reducir el ToA (Time on Air), los autores
recomiendan dejar el BW (Bandwidth) fijo y solo enfocarse en el SF y CR (Coding
Rate), por otra parte indican que es necesario disminuir el payload.

En lo que respecta a escenarios de montaña, en [22] se presenta una evaluación
de parámetros LoRa, los autores muestran que la potencia de transmisión de
radio no es un parámetro dominante que afecte a la red, en cambio el BW, el
SF y el CR juegan un papel más relevante. En estos escenarios de montaña, se
han alcanzado coberturas de 3 km como se reporta en [23], donde evalúan la
tecnoloǵıa LoRa usando tres tasas de datos en la banda de 433 MHz, con una
potencia de transmisión de 20 dBm, destacando que la ĺınea de vista es un factor
relevante para esta tecnoloǵıa de transmisión.

En este contexto, se observa que el uso de LoRa para transmisión de da-
tos ambientales es viable y permite una adaptación a diferentes entornos por
su variedad de propiedades que pueden ser configuradas de acuerdo a los re-
querimientos. En el presente estudio se desarrolló un prototipo de adquisición
de datos fisicoqúımicos enfocado en lagunas de los páramos andinos al sur del
Ecuador, empleando la tecnoloǵıa de transmisión LoRa para el monitoreo de
fuentes h́ıdricas.
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3. Arquitectura de Monitorización

En esta sección se detalla el funcionamiento de la arquitectura de monito-
reo, desde la implementación del prototipo hasta la presentación de los datos
empleando servicios cloud.

3.1. Implementación del Prototipo

La estación h́ıdrica fue implementada mediante herramientas hardware y
software que faciliten su reconfiguración. En la parte central de la estación, se
usa un MCU ATmega 1284p de la familia Pico Power [24]. Por otra parte, la
medición de variables fisicoqúımicas del agua se realiza con sensores analógicos
y digitales. En la Figura 1 se presenta la integración del prototipo.
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Figura 1: Diseño del prototipo.

Como se observa en la Figura 1 el prototipo consta de 4 sensores, tres son
analógicos: Gravity pH [25], DO [26], ORP [27], y un sensor de temperatura
digital DS18B20, las caracteŕısticas técnicas más relevantes de estos equipos se
presenta en la Tabla 1. Por otra parte, se agrega un sensor de corriente INA219
para medir los niveles de enerǵıa que consumen los periféricos y la estación
de agua en general. Adicionalmente, se incorpora un módulo RTC (Real Time
Clock) DS3231 que brinda las marcas de tiempo al sistema. Para el control de
los sensores, se empleó libreŕıas open source disponibles en [28]. En relación al
protocolo de comunicación, los sensores digitales usan el protocolo i2C y los
sensores analógicos son léıdos con el ADC (Analog-to-Digital Converter) de 10
bits que incorpora el MCU.

En relación a la capa de red, está compuesta por el módulo LoRa RA-02 [29]
y su configuración se realiza mediante las libreŕıas MCCI-LoRaWAN-LMIC [30]
para trabajar en una red LoRaWAN. De esta manera los datos se transmiten de
forma inalámbrica hacia un Gateway que sube los datos al servidor The Things
Network (TTN). Para el suministro de enerǵıa se incorporó un PowerBank de
10000 mAh. Finalmente, se diseñó una placa de circuito impreso (PCB) que
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Tabla 1: Caracteŕısticas técnicas de los sensores
Parámetros pH ORP DO DS18B20 Unidades
Rango de medición 0.1 a 14 -1500 a +1500 0 a 700 -55 a +125 pH,mV,%, ºC
Precisión ±0.2 ±1 ±2 ±0.2 pH,mV,%, ºC
Tiempo de respuesta 0 0 0 750 ms
Consumo energético 3 3 3 1 mA

reúne todos los componentes para facilitar el manejo del prototipo, en la Figura
2 se observa como está implementada la PCB y sus componentes.
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Figura 2: Componentes del prototipo.

3.2. Sistema de Monitoreo Hı́drico

En la Figura 3 se presenta un diagrama funcional del sistema de monitori-
zación. Para la programación del ATmega se utilizó la plataforma Arduino IDE
[31], de esta manera la gestión de sensores y módulos es más flexible a partir de
libreŕıas disponibles para los equipos, promoviendo un desarrollo más eficiente.

En cuanto al servidor TTN, se requiere configurar los equipos de la red Lo-
RaWAN. En particular, primero el nodo se configura en modo ABP (Authenti-
cation By Personalisation) y sus credenciales AppSKey y NwkSKey se registran
en TNN aśı como en el software del nodo, con estas credenciales la información
es encriptada y viaja desde el nodo hasta el servidor. Por su parte, el Gateway
se configuró en TTN mediante la dirección MAC (Media Access Control) y se
accede a Internet a través de la red móvil.

Los datos en TTN son descifrados y enviados a través de un servidor MQTT
(Message Queuing Telemetry Transport) a la plataforma Node-RED, donde se
implementa una API (Application Programming Interface) con los nodos de red
(network): http in y http response que proporcionan endpoints con los datos al-
macenados, los cuales podrán ser visualizados de forma más amigable a través de
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Figura 3: Diagrama funcional del sistema.

una interfaz desarrollada con JavaScript mediante la libreŕıa APEXCHARTS.JS.
Actualmente, a efectos de la aplicación solo se ha desplegado un endpoint con el
método GET, que permite recuperar la totalidad de datos de las variables dis-
ponibles. En esta interfaz el usuario puede observar los cambios de las variables
respecto al tiempo, analizar resultados estad́ısticos de la información, acceder a
datos históricos y descargarlos fácilmente. De esta manera el sistema es capaz
de medir, transmitir y presentar al usuario variables fisicoqúımicas obtenidas en
lagunas alto andinas.

4. Evaluación y Resultados

Esta sección presenta la caracterización del prototipo, tanto a nivel de red
como en el proceso de adquisición de datos.

4.1. Análisis del comportamiento del prototipo LoRa en diferentes
escenarios

En la presente sección se examina el comportamiento del prototipo bajo dis-
tintas condiciones meteorológicas, distancias y configuraciones de los parámetros
SF y CR tanto en una zona rural como en el alto páramo, examinando las métri-
cas de PRR (Packet Reception Rate), throughput/bit rate, RSSI (Received Signal
Strength Indicator), delay y jitter, mediante histogramas con intervalos de con-
fianza.

Zona Rural. Se consideró evaluar primero la zona rural en lugar del páramo
por la facilidad de ubicación del nodo-Gateway y de esta forma obtener datos
de referencia como la tasa de bits, cobertura, la ubicación de la antena, que per-
mitan apreciar las capacidades que posee el prototipo al enfrentarse a distintos
entornos. La zona rural fue la parroquia de Urdaneta del cantón Saraguro.
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Figura 4: Resultados de las métricas obtenidas en la zona rural.
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Urdaneta se encuentra aproximadamente a 30 km de distancia de Tres La-
gunas con una altitud de alrededor de 2490 m.s.n.m. Con respecto al entorno en
la zona rural, se observaron muchos arbustos y árboles altos entre el nodo y el
Gateway, sin embargo; no interfieren directamente en la ĺınea de vista. Los expe-
rimentos se realizaron en 4 puntos a 500 m, 1 km, 1.7 km y 2.2 km de distancia
entre el nodo y el Gateway.

El histograma general de cada SF se presenta en la Figura 4a. Donde se
observa que tanto SF7 como SF8 tienen la tasa más baja, por lo tanto, son los
menos recomendables para este escenario. A partir de SF9 se obtiene un PRR
promedio mayor a 97% con un intervalo de confianza muy bajo, lo que demuestra
estabilidad en la conexión.

En cuanto a los resultados generales del bit rate por cada SF, la Figura 4b
muestra una forma de campana, que se debe a la pérdida de paquetes obtenidas
para el caso de SF7 y SF8, por tanto el bit rate se ve directamente afectado. En
cambio, para SF10, SF11 y SF12, el PRR es del 99%. Sin embargo, el bit rate
en el transmisor disminuye a medida que aumenta el SF, por lo tanto, la mejor
opción para este caso resultan los valores de SF9 o SF10, ya que están en un
punto intermedio y permiten obtener la tasa de bits más alta posible. Por otro
lado, el bit rate disminuye a medida que aumenta el denominador del CR (ver
Figura 4c), a excepción de CR5.

En los resultados del RSSI por cada SF de la Figura 4d, se observa que
los datos de potencia han variado muy poco entre śı, sin embargo; es clara la
tendencia de reducción de RSSI a medida que aumenta el valor del SF. Es decir;
que la señal es ligeramente más fuerte cuando el SF disminuye, mientras que
un mayor denominador en el CR mejora la potencia de la señal (ver Figura 4e),
generando cambios entre cada CR de aproximadamente 1 dBm de diferencia.

En la Figura 4f se presentan los valores de delay promedio para cada SF.
Existe una clara tendencia al aumento del delay a medida que se incrementa el
SF, lo que corresponde con la teoŕıa, ya que un SF más grande representa mayor
ToA. Con respecto al CR, en la Figura 4g se puede observar que el retraso es
mayor cuando el denominador de la tasa de codificación es mayor, ya que existen
más bits para la transmisión. Sin embargo, la variación es muy pequeña, pasando
de 0.84 s al valor máximo de 0.94 s, por lo que la incidencia del CR en el delay
no es considerable.

En cuanto a los resultados presentados en la Figura 4h respecto al jitter, di-
cho comportamiento está relacionado con la exactitud del RTC. En particular, el
dispositivo RTC (DS3231) posee una escala mı́nima dada en segundos, entonces
el delay mı́nimo es de 1 s, lo que produce que los retrasos de milisegundos o me-
nos, sean indetectables. Entonces, mientras más cercano sea el delay promedio a
valores enteros, existe menos probabilidad de varianza en el delay. Tal como se
observa en la Figura 4i, el jitter más bajo corresponde al SF con el delay prome-
dio más cercano a 1 s, en este caso SF11. Pero esto no quiere decir que al utilizar
SF11 tendrá menos jitter y una conexión más confiable, sino se trata de un error
en la precisión del RTC. Sin embargo, el jiiter afecta a las comunicaciones con
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altas tasas de bits o aplicaciones que requieran datos en tiempo real, por lo que
para este caso el comportamiento del jitter no afecta a la red.

Zona Alto Páramo. En el páramo, el entorno es el adecuado para LoRa, pues-
to que los resultados de la zona rural muestran un excelente rendimiento cuando
la ĺınea de vista está totalmente despejada y en Tres Lagunas no existen inter-
ferencias considerables. El lugar está en su mayoŕıa cubierto de pasto, pequeños
arbustos y plantas silvestres que no representan un obstáculo. Los dos puntos
elegidos para la ubicación del nodo y el Gateway se encuentran a 1 km y 1.2 km
de distancia entre śı.

En la Figura 5a se presenta el resultado general del PRR para todos los
puntos y combinaciones de CR. El PRR tiende a aumentar a medida que el SF
aumenta, llegando a tener un promedio de 100% de paquetes recibidos en SF11
y SF12. Además, se observa que SF9 y SF10 tienen un excelente rendimiento,
presentando un PRR promedio de 99% con intervalos de confianza cercanos a
cero. Por lo tanto, con respecto al PRR, es recomendable utilizar cualquier SF
mayor a 9.

El throughput general para los valores de SF y CR se presentan en las Figu-
ras 5b y 5c, respectivamente. La tasa de bits tiende a disminuir a medida que
aumenta el SF, a excepción de SF7 y SF8, debido a la pérdida de paquetes. Por
lo tanto, sigue siendo SF9 la mejor opción con respecto al bit rate para este es-
cenario, ya que proporciona la tasa de bits más alta posible. En lo que respecta
al CR, el bit rate disminuye mientras el denominador del CR incrementa, pero
la variación entre cada CR es muy pequeña.
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Figura 5: Resultados de las métricas obtenidas en la zona alto páramo.

Con respecto a los valores de RSSI por cada SF, la gráfica de la Figura 5d
presenta una clara tendencia de disminución del RSSI a medida que aumenta el
SF. Sin embargo, la degradación es bastante pequeña, por ejemplo, SF10, SF11
y SF12 tienen aproximadamente la misma media. Los valores de CR obtenidos
en la Figura 5e muestran que el RSSI aumenta a medida que el denominador del
CR es mayor, aunque la diferencia sea mı́nima. Al igual que en la zona rural, un
denominador mayor de CR, mejora la potencia de la señal.

En la Figura 5f se presentan los resultados del delay para este escenario. Los
datos corresponden con la teoŕıa, porque a medida que el SF aumenta, también
aumenta el ToA, lo que genera un delay mayor. El resultado más interesante se
observa en SF9, donde existe un retardo de aproximadamente 10 ms y una varia-
bilidad reducida, lo que se refleja en los intervalos de confianza. Observando SF9
y SF10, es evidente que los retardos también son muy pequeños en comparación
con la zona rural, reiterando la importancia de la ĺınea de vista para LoRa. Con
respecto a SF12, el retardo es aproximadamente de 1 s. En cambio, en la Figu-
ra 5g se observa que a medida que el denominador del CR aumenta, también
aumenta el retardo. Sin embargo, en este caso los intervalos de confianza son
muy amplios como consecuencia de los valores de SF, puesto que el resultado
corresponde a la media de todos los CR para cada SF y punto de prueba.

En la Figura 6, se presentan fotograf́ıas realizadas durante el desarrollo de
los experimentos en los escenarios de estudio.
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(a) Rural. (b) Páramo.

Figura 6: Experimentos desarrollados en ambos escenarios.

4.2. Consumo Energético

Considerando que el prototipo está alimentado por una bateŕıa, es muy im-
portante tener una perspectiva general del consumo de enerǵıa durante su fun-
cionamiento. En la Figura 7a se indica el consumo de corriente del prototipo
durante un periodo de 30 min, las medidas se tomaron con un intervalo de 1 s y
se graficaron los intervalos de confianza con un 95% de fiabilidad. En cuanto a
la interfaz LoRa, se usa SF9, BW 125 kHz, CR 4/5 y una potencia de 14 dBm
en la frecuencia de 433.175 MHz.
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Figura 7: Consumo energético del prototipo.

En la Figura 7a también se observa corrientes máximas de 76.26 mA y mı́ni-
mos de 6.18 mA, el máximo se debe a los picos de corriente que causa la etapa
de transmisión LoRa y el mı́nimo es durante las etapas de bajo consumo. En
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cuanto a los módulos, sensores y periféricos del prototipo, para determinar la
corriente que requieren se realizaron diversas mediciones, cuyos niveles de co-
rriente promedio se indican en la Figura 7b. En relación al MCU, su consumo
es de 2.84 mAh y al adicionar los sensores su incremento no fue significativo
llegando a 3.22 mAh, en cambio al usar el módulo LoRa con el RTC alcanzó los
4.99 mAh y el consumo de todo el prototipo fue de 10.7 mAh.

Finalmente, se realizaron pruebas con una fuente energética de 10000 mAh
para constatar el correcto funcionamiento del prototipo, donde se obtuvo apro-
ximadamente sólo 8 d́ıas de autonomı́a. Debido a las pérdidas internas del Po-
werBank no se logró aprovechar toda su capacidad, sin embargo, el tiempo fue
suficiente para realizar la instalación y evaluación del prototipo.

5. Conclusiones

En este art́ıculo se ha presentado una aplicación LPWAN basada en LoRa
cuya función es monitorizar fuentes h́ıdricas en los páramos andinos, donde los
resultados muestran que es posible implementar el sistema en estos escenarios.
Durante el análisis se observó que en general SF7 y SF8 tienen el peor rendi-
miento, además el PRR menor a 85% es el aspecto más relevante que obliga a
descartar estos factores. Entre las opciones restantes: SF 9, 10, 11 y 12, todas
seŕıan una buena opción, sin embargo, el bit rate disminuye a medida que el SF
aumenta, por ejemplo SF12 en el páramo presenta un bit rate de 81 bits/s y para
SF10 de 114 bits/s, lo que evidencia menos paquetes transmitidos y por lo tanto,
menos recibidos a pesar que el PRR sea casi del 100%. Con respecto al delay,
también aumenta a medida que sube el SF y se observa claramente en el páramo,
donde existe una diferencia de casi un segundo entre SF9 y SF12. Estos resul-
tados reflejan que SFs mayores producen un mayor consumo de enerǵıa, porque
requieren más tiempo para la transmisión. En el caso del RSSI, se observa que
los SFs más bajos tienen una potencia de señal más fuerte, sin embargo, existe
una mayor pérdida de paquetes. Es importante recordar que los SFs bajos son
menos resistentes al ruido y tienen menos bits redundantes. Entonces, basados
en las consideraciones anteriores, lo más adecuado es elegir el menor SF que
presente un PRR alto, en el caso de la zona rural seŕıa SF10 y en el páramo SF9.
Con respecto al CR, la diferencia entre elegir uno u otro es mı́nima en todos los
casos, a diferencia del SF, que śı afecta considerablemente a la red.

Comparar los resultados por cada punto facilita la elección del mejor escena-
rio para LoRa, concluyendo que el mejor rendimiento corresponde con aquellos
lugares que posean un área amplia libre de interferencias y con una ĺınea de vista
despejada entre el nodo y el Gateway. Esto se refleja claramente en la zona ru-
ral, donde el punto más alejado del nodo presenta mejores resultados que puntos
más cercanos, esto es gracias a la ĺınea de vista libre, ya que además el nodo y
el Gateway se encontraban aproximadamente a la misma altura.

Mediante los análisis de consumo energético se observa que al usar un Po-
werBank el prototipo alcanzó una autonomı́a de 8 d́ıas, lo cual limitaŕıa su
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instalación por meses, para solventar esto se podŕıan evaluar otras bateŕıas y
agregar un sistema de carga, por ejemplo, usando paneles solares.

En este estudio no se desarrolló el diseño de un Gateway LoRa y se limitó
a la operación de un sólo nodo. Como trabajo futuro se plantea evaluar la red
empleando múltiples nodos y Gateways, permitiendo incrementar los puntos de
monitoreo y una mejor cobertura de la red.
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Garćıa-Mart́ınez, M., Hernández-Luna, M.C., Mogro, A.E., Mahlknecht, J., Huer-
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Abstract. This paper presents a case study for a vertical agrivoltaic
installation in Chile. Agrivoltaics has become a promising technique to
improve land productivity, synergizing photovoltaics energy generation
and crop production. However, most of the study cases have been devel-
oped for north latitudes and few for south latitudes, such as Chile.
The present research analyses a study case for a 100 kWp vertical agri-
voltaic facility in the region of Chanco, Caunquenes Province, in Chile.
The analysis explores the potential for the installation in two ways: first,
the energy yield prediction for the photovoltaic component, and second,
the water saved in evapotranspiration due to the reduced irradiation and
the potential wind speed reduction that the vertical installation brings
to the crop. A python library using mainly PVLib and PVFactors is
used to evaluate the energy production while the evapotranspiration is
predicted for a reference crop with the FAO 56 PM equation. Results
for the year 2021 show that for the same capacity, a typical north tilted
power plant would produced 15.7 % more energy than a bifacial verti-
cal plant oriented East-West but the later improve the flexibility of grid
operator with its two daily power peaks. As far as the water demand is
concerned, in non-limited water condition, the reduction of irradiation
caused by the vertical panels could save 550 m3/ha of water while this
effect combined with the potential wind speed reduction allows to save
2130 m3/ha.

Keywords: agrivoltaics, vertical bifacial PV, evapotranspiration

1 Introduction

Food security and decarbonization require innovative schemes to fulfill the ne-
cessities of a growing world demand. And more important, growing sustainably.
To address these challenges simultaneously, generating and studying new and
innovative frameworks in the synergy of food and energy production systems is
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necessary. In this sense, Agrivoltaics becomes a valuable opportunity to provide
a holistic solution. It is defined as the synergy between solar photovoltaic en-
ergy and crop production [1]. Its potential is under study, however, one of the
main benefits is the increase of the land equivalent ratio that refers to the com-
bined productivity of the agrivoltaic system, compared with the productivity of
traditional differentiated systems. [2, 3].

Agrivoltaic installations can be an alternative to conventional ground-mounted
photovoltaic energy production. In this regard, traditional production of PV re-
quires large areas that imply, in many cases, land competition. That could be
an inflexion point for a stakeholder [4]. For this reason, new concepts will pro-
vide the capability to optimize the potential of the land [5, 6, 7]. Furthermore,
it could generate several innovative production frameworks for food and energy
generation.

One of the problems that solar production faces is the limited flexibility to
allocate energy production on the grid as these technologies, if not associated to
storage, are not dispatchable. One of the results of this problem is observed in the
curtailment of solar installations [8]. It generates an interesting threshold effect,
where it is necessary to use renewable energy sources, but power generation
could be limited according to the time of day. The vertical solar plants can
be an interesting complement for the electrical grid due to the capability to
provide two peaks on generation in the mid-morning and afternoon, improving
the flexibility of grid operators [9, 10].

In addition, vertical solar plants are compatible with crop operations at
lower prices than elevated solar plants[11] and suit complex topographies. Agri-
voltaics, depending on the PV plant configuration, are expected to mitigate
climate change and protect the crop from radiation excess, water stress, night
frosts and heavy rains or hails. In vertical Agrivoltaics, solar plants could act
like windbreaks if perpendicular to the main wind direction. Windbreaks have
numerous agronomic interests, including the reduction of water demand [12, 13].

Agrivoltaics installation has been studied in North America, and Europe
with few study cases in the south hemisphere [14, 15]. In this regard, this paper
wants to contribute to Agrivoltaics research in the Southern hemisphere, i.e.,
Chile. The rest of the paper is structured as follows, Section 2 presents the
case of study and section 3 present the methodology followed. In section 4 the
simulation results of the case study are presented and, finally, section 5 presents
the conclusions and future work.

2 Case of study

This study analyzes the potential benefits of developing a vertical Agrivoltaics
installation in Chanco in the Caunquenes Province, Maule Region in Chile. This
region is rich in agricultural activities, more specifically for the production of
horticultural berries, potatoes, cereals, fruit trees, forage plants, vineyards, and
grapevines [16, 17, 18]. According to the Chilean Ministry of Agriculture, the
Region of Maule, only 4% of the country region, represents the 17% of the agri-
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cultural production in Chile [16]. Nevertheless, the region faces a water deficit
as a result of climate change [19]. For that, the agriculture and production pro-
cesses in the region will have to adapt to face the effects that climate change will
have on them. For this reason, improving the region’s water-use efficiency can
help solve the problem. The present case study will analyze the implementation
of a vertical agrivoltaics facility to contribute to the generation of innovative and
resilient production schemes. The principal characteristics are shown in Table 1.

Table 1: Main Parameters for the site of analysis.

Location
Latitude

[◦]

Longitude

[◦]

Altitude

[m.a.s.l.]

Total PV

Capacity

[kWp ]

Total Area

[m2]

Chanco -35.735 -72.518 127.21 100
1000

We propose to evaluate a PV agrivoltaic vertical installation, which comprises
four fences of 50 bifacial modules each (in two rows), with a midgap of 14 m. The
gap will allow the utilization of farming machinery and provide enough space
for the development of crops. For the simulation purpose, all the modules are
connected to one central inverter. 1 shows a concept for the vertical installation
PV for agrivoltaic.

Fig. 1: Vertical bifacial facility for agrivoltaics.
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The area was chosen due to the special conditions of prevailing wind di-
rection in the region in nearly West-East orientation [20]. The hourly data for
2021 was obtained from the National Aeronautics and Space Administration
(NASA) Langley Research Center (LaRC) Prediction of Worldwide Energy Re-
source (POWER) Project funded through the NASA Earth Science/Applied
Science Program [21]. As a confirmation, the wind direction at 10 meters height
was analysed and presented in Figure 2. It is noticeable that the prevalent wind
direction is between the southwest and the west.

Fig. 2: Relative frequency of wind direction and speed for the area of Chanco in
2021.

The other meteorological data from the place is shown in Figure 3. The
temperature (T), relative humidity (RH), and wind speed (WS) are represented
as the overall hourly average meanwhile the global horizontal irradiance (GHI)
is represented as the total monthly.

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                               Page 1142

pmoreno
ISBN 978-9942-44-109-6



Assessment of a vertical agrivoltaics, Chanco Chile 5

Fig. 3: Meteorological data for the area of Chanco in 2021. From top to bot-
tom: Average Hourly Temperature, Average Hourly Relative Humidity, Average
Hourly Wind Speed, and Monthly Global Horizontal Irradiance.

3 Methodology

Figure 4 represents a general overview of the methodology applied for the agri-
voltaic facility assessment in the area of Chanco. The approach consists of two
main components. The exploration of the energy production available and the
evapotranspiration model. The block diagram represents the inputs required for
the evaluation.

3.1 Energy yield calculation

For the energy yield calculation, a Python library is used for the energy pre-
diction modeling using as the main framework the libraries PVLib [22] and
PVFactors [23], using as the input data the Global Horizontal Irradiance, Av-
erage Temperature and Wind Speed. Then, the following steps are done for the
simulation:

– Modelling front side irradiance: First the sun position is also estimated
at the location using the NREL algorithm [24]. With that, the global hori-
zontal irradiance is decomposed into the three main factors to the surface:
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Fig. 4: Block Diagram Concept for the evaluation modeling for an Agrivoltaics
Facility in Chile.

direct irradiance (Ineichen Model), diffuse irradiance (Perez Model), and
albedo.

– Modelling rear side irradiance:With the information from the decompo-
sition model, the irradiance in the rear side of the module is estimated using
the geometry and the decomposition of the light. The ModelChain method
serves as a base for the segregation.

– Electro-Thermal model: with the decomposition in both sides of the so-
lar module, the performance of the module is estimated. In this step the
correction for the modules is selected using the Desoto model, the angular
of incidence losses uses the Martin-Ruiz model, the spectral correction uses
the SAPM and the temperature is corrected (Faiman model)

– Final System Performance: final corrections and losses are estimated
using the SAPM method.

Some limitations and assumptions are considered for the simulation:

– There is no effect of self-shadowing between rows.
– The albedo is considered constant at the value of 0.2. However, the variance

of albedo is clear in [25].
– The spectral mismatch in the different heights is neglected.
– Climping and thermal losses are not considered for the inverter.
– Bifaciality factor, the ratio of the nominal efficiency at the rear side, with

respect to the nominal efficiency of the front side is set at 90%.
– Losses in the rear side contact are not considered.

3.2 Evapotranspiration calculation

The evapotranspiration model is based on the Penman-Monteith equation, known
as the FAO 56 PM equation. It gives the daily potential evapotranspiration of a
reference crop (ET0): a hypothetical green well-watered grass actively growing
and completely shading the ground [26]. This model uses five input data (Figure

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                               Page 1144

pmoreno
ISBN 978-9942-44-109-6



Assessment of a vertical agrivoltaics, Chanco Chile 7

4), aggregating them into daily extremum of temperature and relative humidity,
mean temperature, mean wind speed at 2 meters height and daily irradiation.

Two modifications of the agrivoltaic microclimate are considered to evaluate
the difference in water demand between a crop growing in a control zone (open
field) and a crop growing between the rows of vertical solar panels:

– Residual daily irradiation: Reduction in direct irradiance is evaluated
with a geometrical model using PVLib [22] for solar position and computing
at a quarter-hour time step the shade projection of panels on the ground.
Reduction in diffuse irradiance is computed considering a spatial mean view
factor.

– Residual wind speed: The optic porosity of vertical panels is evaluated
considering the 90 cm space between the ground and the first panel. A re-
duction factor of wind speed is then computed following [27].

Some limitations and assumptions are considered for the simulation:

– The albedo is considered constant at a value of 0.25.
– The reduction factor of wind speed, ratio between local wind speed and far

field velocity, is evaluated at 0.85 for each days considering the prevalent
wind direction and not considering the side-effects of a wind non perfectly
east-west oriented.

– [27] presents wind reduction in windbreaks for homogeneous porosity while
with vertical panels, all the porosity is located below the panels.

– Wind speed at 2 meters height is computed from 10 meters height data with
the logarithmic profile of wind, considering a roughness lenght of 0.2 7.

– Aerodynamic and surface resistances used in FAO 56 PM (70 s.m−1 and
208/U2) are specific for the extensive grass surface with a height of 0.12 m.
Displacement height is fixed to 2/3 of the crop height (0.8 m), roughness
length governing momentum transfer is set to 0.123 the crop height (14,76
mm) and the roughness length governing transfer of heat and vapour is
considered as 0.1 the roughness length governing momentum transfer (1,47
mm) [26].

4 Results

4.1 Energy yield calculation

Figure 5 shows a comparison, for the same capacity, between the PV produc-
tion for the vertical agrivoltaics plant and the solar plant placed in a typically
fixed tilt angle configuration (with the optimal angle of 35°). As expected, the
vertical installation produces less energy compared to a north-facing tilt angle
installation (0.2% during the summer solstice-December 21th-and 37% during
the winter solstice- June 21th)

The overall production is presented in Figure 6, where the monthly energy
for the vertical facility is compared with an equivalent power plant.

7 https://wind-data.ch/tools/profile.php?lng=en
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(a) Summer Solstice (b) Winter Solstice

Fig. 5: Comparison for the power generation profile for a vertical agrivoltaics
solar plant and its equivalent for a classical tilt fixed in an optimal angle at the
Summer and Winter Solstice in Chile.

Fig. 6: Energy production for a vertical agrivoltaic plant and an equivalent with
north tilt angle.

On average, the vertical PV installation will produce 208,14 MWh yearly
compared to the tilt angle installation, which would generate 246,94 MWh yearly
(an average difference of 15,71%). However, as described in the graph, the dif-
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ference between the production in both installations can decrease up to 0,2%.
However, the next section presents the benefits in terms of ET0 for this agri-
voltaic facility.

4.2 Evapotranspiration calculation

Monthly potential evapotranspiration of a reference crop growing in the area of
Chanco with non-limited water conditions, is presented in Figure 7, where a con-
trol scenario is compared with the agrivoltaic microclimate conditions created
by the panels. The ET0 reduction caused by the decrease in irradiation is distin-
guished from the one caused by the wind speed reduction. The mean irradiation
reduction for the year 2021 computed with the daily values is 30.2% going from
26.3% in December to 36% in July. Those irradiation reductions lead to a 5.6%
decrease of ET0 on the whole year, corresponding to 55 mm of water saved (550
m3/ha). As a reference point, the total amount of rain in 2021 was 806 mm. ET0
is reduced by 6.8% in November while only reduced by 0.2% in June. When the
wind speed reduction is considered in addition to the shade conditions compared
with the control scenario, yearly ET0 is reduced by 21.6%, saving 213 mm of
water (2130 m3/ha). Then, there are a 41.1% maximal reduction of ET0 in July
and a minimal reduction of 16.9% in November.

Fig. 7: Monthly reference evapotranspiration of a crop growing in the area of
Chanco without any solar panel (control) and in the agrivoltaic microclimate.
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Vertical solar plants could then play an essential role in water shortage in the
area of Chanco due to this prevalent wind direction. However, this wind speed
reduction rate of 0.85 employed to reduce the daily wind speed and the FAO 56
PM equation are simple assumptions that do not consider the complex effect of
those special windbreaks on air flow conditions. Some evapotranspiration models
allow to consider the real values of aerodynamic and surface resistances that can
be evaluated through computational fluid dynamics (CFD) and measurement
campaigns. It will be part of the future work to better assess heterogeneous air
flow conditions and to integrate them into a more representative evapotranspi-
ration model.

5 Conclusion and future work

This paper is a case study of a 100 kWp vertical bifacial agrivoltaics facility
in Chile. This theoretical vertical agrivoltaic installation represents synergy in
the context of the energy oversupply sometimes occurring around the solar noon
and the water shortage problem for agriculture. The water demand analysis is
a preliminary study highlighting the importance of fluid dynamics in the mi-
croclimate created by vertical solar panels. Indeed, the basic assumptions made
here evaluate that 2130 m3/ha of water could be saved on one year thank’s to
a wind speed reduction factor of 0.85. Future work will focus on collaboration
with industrial partners (TotalEnergies and Naldeo Technologies & Industries)
to assess the actual effect of vertical panels on air flow conditions and thus on
microclimate conditions and water demand.
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Abstract 
 
Nowadays, batteries and cooking oil consumption has been increasing in Ecuador. This is a big problem because the vast 
majority of used batteries are disposed of in landfills or in the trash; due to their composition, health and environmental 
problems are produced. Also, used cooking oil usually is disposed of in rivers and sewers, polluting water, and soil. For these 
reasons, the circular economy has been raised through the use of these environmental passives. Zinc oxide was obtained from 
spent batteries with a hydrometallurgical method to later be used as a catalyst. Zinc oxide showed a 98.49% purity, 56.20% of 
yield and a white coloration. Biodiesel was produced with treated recycled cooking oil, alcohol, and the obtained catalyst. 
Prepared biodiesel had a heating power of 37.553 kJ/g, a density of 0.8916 g/cm3, a viscosity of 4.1887 mm2/s, a water content 
of 0.001% and a 70.91% yield.  

Keywords: zinc batteries, zinc oxide, catalyst, recycled cooking oil, biodiesel.  

 

1. Introduction 

Batteries such as alkaline and Zn-C are used as power sources of energy for various devices, most of which are 
disposable. It has been seen that in recent years the consumption of batteries in Ecuador has been increasing. Only 
83.04% of Ecuadorian households, equivalent to 16.8 million people, used around 17 million batteries, of which 
1.53 million were rechargeable (9.06%) [1]. However, after its use, most people tend to dispose of batteries in the 
common trash ending up in city landfills. This disposal practice causes pollution problems mainly to soil and 
water sources due to the formation of leachates with a high presence of heavy metals [2]±[4]. Currently, in Cuenca, 
around 35-40 kg of batteries are collected at the collection points each month. Etapa EP is the public company in 
charge of collecting them, and after conducting a stabilization process, they are confined indefinitely [5].  

The ideal aim of a waste management program is to give the batteries a definitive treatment through innovative, 
economical, and environmentally sustainable processes. For example, alkaline batteries consist of a zinc anode 
and a high-density MgO2 cathode, while Zn-C batteries are mostly made of zinc, followed by MnO manganese 
oxide. From this composition, for use as raw material in the industry, 33% of zinc and 29% of manganese oxide 
can be recovered [6]. Some authors have gone as far as obtaining zinc oxide from Zn-C batteries as Chen [7] used 
H2SO4 for reductive leaching and selective precipitation with NaOH at pH 10. Mahandra  used an ionic liquid for 
battery leachate treatment [4], while Tanog used solvent extraction, electrodeposition, and precipitation methods 
[8].  

On the other hand, cooking oil is a highly consumed product by the population in cities. But after its use, it usually 
tends to be disposed directly in the water sink ending up in rivers or in wastewater treatment facilities, affecting 
the ecosystem or the water treatment efficiency, respectively. This waste is considered hazardous due to its 
negative impact on the environment, mainly on water resources and aquatic fauna [9]. In Ecuador, 54 million 
liters of oil are discarded, 70% of which is vegetable oil. Etapa EP is the agency in charge of collecting and 
managing this waste. Currently, the collected oil is only stored. However, there are procedures, such as obtaining 
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biodiesel, that can be used to revalue this waste. Biodiesel is obtained from a transesterification reaction between 
oil and an alcohol in the presence of a catalyst [10]. Transesterification is a process where triglycerides from used 
cooking oil chemically react with alcohol and are converted into fatty acids methyl esters [11], see fig. 1.  

Fig. 1. Transesterification reaction 

By using used cooking oil and zinc oxide from discarded batteries to produce biodiesel, it is possible to reduce 
the amount of hazardous waste that must be disposed of and therefore the costs of its management [12]. In Cuenca, 
collecting approximately 38 kg/month of batteries and 40 gallons/month of used cooking oil, 984 g of zinc oxide 
and 886 L of biodiesel can be obtained.  

This research aims to find alternative processes that can revalue used cooking oil as battery components since 
these are currently not being adequately managed. Therefore, it is proposed to recover the zinc oxide from the Zn-
C batteries through hydrometallurgical processes to obtain biodiesel by transesterified used cooking oil.  

2. Materials and Methods 
 
2.1 Cooking oil processing 

 
Feedstock used for this research was used vegetable oil. This oil was obtained from a municipal company of 
Cuenca (ETAPA EP) that collects used oil mainly from restaurants and households and subsequently stores it in 
an open pool facility. The sample was first filtered in a chemical funnel using Whatman paper Nº40 to eliminate 
big-sized contaminants such as food residue. The oil was then washed, heating water and oil to 80 ºC, mixing and 
leaving the mixture in a decanter. Finally, water from the decanter was removed, and the oil was left in the stove 
at 115 ºC for 4 hours to eliminate the remaining water. For its characterization, the density was determined using 
a pycnometer, the kinematic viscosity was measured at 40 ºC by the Ostwald procedure, using water as the 
reference liquid. The water percentage in the sample was given by the Karl Fisher titration method. These 
parameters are shown in table 1.  

 
2.2 Zinc oxide preparation and characterization 
 

Used batteries were dismantled to obtain the zinc case and carbon rods. The carbon rods were then submerged in 
nitric acid at 30% and left for 24 h. Next, the carbon rods were washed until getting a neutral pH. Finally, the rods 
were dried in a stove at 110 ºC for 12 h, to remove residual water.  
 
The zinc case was lixiviated to obtain zinc oxide with a pyrometallurgical method proposed by Chuquichanga 
[13].  Briefly, 115.6 g of the Zn case was lixiviated in 300 mL of hydrochloric acid at 37% in an Erlenmeyer at 
100ºC during 60 minutes, obtaining 195.66 g of zinc chloride. 
 

ܼܱ݊  ݈ܥܪ� ՜ �݈ܥܼ݊   ��ܪ
 

Subsequently, 250 mL of sulfuric acid at 50% was added. The solution was heated at 100 ºC for one hour. To the 
solution, 500 mL of distilled water was added to eliminate the impurities of the resulting zinc sulfate. The solution 
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was then heated to boiling and filtered through Whatman No. 40 paper.  The filtered solution was allowed to cool 
down to room temperature for 24 h, getting 231.53 g of zinc sulfate crystals.  
 

ܼ݊ା�ሺܽܿሻ  �ሺܽܿሻܱܵ�ܪ ՜ ܼܱ݊ܵ�ሺܽܿሻ  �ܪ ՛ 
 
Sodium hydroxide (Fisher scientific., DVVD\���������) at 30% was put on the crystals until a 6.5 pH was reached, 
obtaining zinc hydroxide and 341.46 g of sodium sulfate as a subproduct. 
 

ܼܱ݊ܵ�ሺܽܿሻ  �ሺܽܿሻܪܱܽܰ� ՜ ��ܱܰܽܵ�ሺܽܿሻ  ܼ݊ሺܱܪሻ� ՝ 
 

Although [14] mentions that sodium sulfate is harmful to the environment, [15]  the concentration is low.  
The solution was filtered through Whatman paper Nº 40. The paper with the solute was dried at 100 ºC for 1 hour.  
Finally, the dry paper was placed in a crucible and incinerated at 900 ºC for 6 hours in a muffle, obtaining zinc 
oxide. 
 

ܼ݊ሺܱܪሻ� ՝՜ ܼܱ݊  ሺ݃ሻܱ�ܪ ՛ 
 
To prepare the supported catalyst, 0.96 mg of previously obtained zinc oxide was dispersed in water with a 
magnetic stirring hot plate at 300 rpm the dry carbon rod (4.8 g) was added to be impregnated with the oxide at 
230 ºC until the solvent evaporated.  

 
2.4 Biodiesel preparation and characterization 
 

Transesterification was performed with the supported and unsupported catalyst with an ethanol/oil ratio of 6:1. 
The weights of non-supported and supported catalysts were 5% and 1% W/W (catalyst/solution). First, in a beaker, 
catalyst, and ethanol (98 %) were added. Later, the mixture was stirred in a magnetic hot plate at 300 rpm, 60 ºC 
per 20 minutes. Next, treated oil was added to the beaker. Conditions were held for one hour. This procedure was 
repeated in triplicate for each type of catalyst. The mixture was poured into the decanter. After three hours 
biodiesel was separated from biodiesel. The obtained diesel was washed and filtered with Whatman paper Nº42, 
to eliminate the remaining catalyst. Finally, it was dried at 80 ºC for 15 minutes.  
 
Five parameters were considered for the biodiesel characterization: water percentage, specific heat capacity, 
density, viscosity, reaction yield. At first, water percentage was determined in a Karl Fischer titrator just by 
injecting the sample. Specific heat capacity was measured in a calorimetric pump [16]. Density was obtained using 
the pycnometer method. Viscosity was given by the Ostwald method using an Ubbelohde viscometer [17]. Finally, 
the reaction yield was calculated by measuring the FAME`s in the oil and in the biodiesel sample and applying 
the next formula.  
 

�ܻ݈݅݁݀ ൌ ிொ�ௌ�௪౹௧���ௗ௦�
ிொ�ௌ�௪౹௧���௬ௗ�

כ ���    (1) 

 
All these parameters were compared with three normatives for biodiesel; ASTM B 100, EN 590, INEN 2489 [16], 
[18], [19].  
 

3. Results and discussion  
 

3.1 Zinc oxide preparation and characterization 
 

Zn-C batteries provided by ETAPA EP were used. In the first place, batteries in good condition were selected 
(i.e., batteries without rust or spills). Subsequently, these materials were dismantled as shown in figure 2. 
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Fig.2. Battery dismantling procedure 

Once the procedure mentioned in 2.2 was applied, zinc oxide was obtained as a white powder. The results of the 
catalyst characterization are shown in Table 1. Purity showed a percentage of 98.49%, which is greater than 
Chuquichanga who used the same principle (hydrometallurgical) [13]. Color was white as shown in the sample in 
figure 2. Yield is 56.20%, a percentage that is similar to that obtained by Chuquichanga  of 54.7% [13] but it is 
lower when alcaline batteries are used, the percentage being 66.42% according to Alvarado [20]. Finally, 20.92% 
of the sample is at the nanometric scale, which implies that the size reduction was not homogeneous.  
 

Table 1. Zinc Oxide Characterization 

Purity 98.49% 

Color White 

Yield 56.20% 

Particle size (1-10 nm) 20.92% 

 
 

3.2 Cooking oil processing and characterization 
 

Recycled cooking oil was given by ETAPA EP and was filtered, washed, and dried as mentioned in 2.1. We can 
observe this process in figure 3.  
 

 
Fig .3. Cooking oil processing  
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Later, the treated cooking oil was characterized by the determination of density, viscosity, and water content. The 
results are shown in table 2. Density was 0.9646 g/cm3, which is similar to the values registered by Lopez  of 
0.921 g/cm3 [21] and Rodríguez of 0.9119 g/cm3 [22]. Additionally, this parameter is close to the suggested by 
the normative ASTM D 1298 of 0.96 g/cm3. Viscosity was 50.9117 mm2/s, which is close to the viscosity reported 
from Rodríguez  of 42.2 mm2/s [22] and Tacias of 50 mm2/s [23]. Water amount was 0.15% in the sample. 

Table 2. Characteristics of recycled cooking oil 

Oil characterization 

Density 0.965 g/cm3 

Viscosity 50.912 mm2/s 

Water amount 0.15% 

 
Also, FAME (Fatty Acids Methyl Esters) were determined in a GC-FIT and the results are shown in table 3. The 
fatty acid in greater proportion is C 18:2 (linoleic acid) with 11.29%. For this reason, all the stoichiometric 
calculations took this fatty acid as a reference.  
 

Table 3. Characteristics of recycled cooking oil 

Fatty Acids Percentage Fatty acids´ weigh (g/mol) 

C 16:0 4.15% 4.2591 

C 18:0 1.43% 1.6311 

C 18:1 7.91% 9.1216 

C 18:2 11.29% 12.6597 

C 24:0 5.75% 8.4828 

Total 30.54% 36.15 

 
 

3.3 Biodiesel  
 

After the transesterification reaction of the recycled cooking oil and alcohol using the obtained zinc oxide as a 
catalyst, biodiesel was obtained and characterized. The results are shown in table 4. Heating power was 37.553 
kJ/g, which is higher than what is registered from Rodríguez of 37.255 kJ/g [22] and Tondo of 35.912 kJ/g [24]. 
This may occur because zinc oxide is used in car engines to raise its heating power [25]. Density presented a value 
of 0.8916 g/cm3, which is in the ranges established by the normative INEN 1489 from 0.89 to 0.9 g/cm3. However, 
the blank showed a value of 0.93, which is closer to the viscosity of the cooking oil.  Viscosity was 4.1887 mm2/s, 
which fits in the ranges of the normatives INEN 2482, ASTM B 100 and EN 590. The blank has a greater viscosity 
than the stipulated by the normatives, which shows that transesterification was not completed [26]. Water content 
showed a percentage of 0.001, which is in the ranges of the normatives  INEN 2482, ASTM B 100 and EN 59. 
This also shows that the drying process of the cooking oil was efficient. Finally, the yield was 70.91% which is 
greater than the registered by of 49.78% [27], who used the same catalyst. On the other side, the obtained yield is 
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less when other catalysts are used. Fangfang, Sipayung and Sivarethinamohan obtained a yield of 98%, 91.8% 
and 95.57% using potassium hydroxide and calcium hydroxide respectively [28]±[30].  
Although better results are obtained when catalysts other than zinc oxide are used, this is the most appropriate 
catalyst for obtaining biodiesel since it reduces the time and temperature necessary for the synthesis [31]. 
Furthermore, the performance can be improved by combining the zinc oxide with other compounds [32]. 
 

Table 4. Characteristics of biodiesel 

Biodiesel Characterization 

Heating power 37.553 kJ/g 

Density 0.8916 g/cm3 

Viscosity 4.1887 mm2/s 

Water amount 0.001% 

Yield 70.91% 

 
4. Conclusion 

 
Zinc oxide was obtained from Zn-C batteries with a yield of 56% and purity of 98%. Supported catalyst was 
prepared with carbon bars from the batteries.  Recycled oil was treated and characterized. This fatty acid in greater 
proportion was acid linoleic with 11.29%. The water percentage was 0.15%. Density was measured with a 
pycnometer obtaining 0.965 g/cm3. Viscosity was determined with the Ostwald method, having 50.912%. Both 
density and viscosity were the range given by ASTM normative. Biodiesel was obtained with pre-treated cooking 
oil and ethanol (6:1 P/P). In order to speed up the reaction catalyst was added. Water percentage, density and 
viscosity were 0.005%, 0.892 g/cm3 and 4.189 mm2/s respectively. These parameters were in the ranges given by 
ASTM normative. Obtained catalysts helped to the generation of biodiesel due to the percentage of yield that was 
obtained being 70 % considered a high value of yield compared to the value obtained from the blank. Two residues 
considered as environmental passives were processed to products with added value. Leading to the implementation 
of a circular economy. Also, this investigation presents an alternative way of disposing batteries and cooking oil 
rather than storing them.  
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Annexes 

Annex 1. Obtainment of zinc oxide process
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Annex 2. Recycled oil pre- treatment 
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Annex 3. Catalysts preparation 
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Annex 4. Biodiesel obtention 
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Annex 5. Biodiesel yield 

Catalyst Sample Yield Average (%) 

  

Supported 

SC1 74.5134   

70.9088 
SC2 68.9701 

SC3 69.2430 

B 0.5663 0.5663 
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Resumen. Uno de los problemas recurrentes en la distribución eléctrica consiste 
en la determinación de las fases en que se encuentran conectados los diferentes 
consumido-res. La identificación de las fases es esencial para afrontar la proble-
mática del desequilibrio en las redes de distribución de baja tensión puesto que, 
éste provoca pérdidas de energía significativas y reduce la vida útil de los com-
ponentes de la red, además de contribuir a una reducción de la calidad en el su-
ministro.  

Históricamente, no se ha venido registrando la distribución de las fases en el 
despliegue de los nuevos suministros. Adicionalmente, los métodos manuales de 
identificación tienen asociado un alto coste para las distribuidoras. A su vez, el 
reciente desarrollo de las redes inteligentes ha conducido a un despliegue masivo 
de equipos de medida telegestionables, con capacidad para monitorizar numero-
sas variables de los puntos de suministro. Lo que ha posibilitado el surgimiento 
de una serie de técnicas innovadoras basadas en el aprendizaje automático y Big 
data, que hacen posible resolver el problema de identificación de fases de forma 
automática y con un bajo coste asociado. Así, en el presente trabajo se aplica una 
metodología basada en aprendizaje automático para identificar las fases de los 
contadores inteligentes en redes de distribución ramificadas, a partir de los datos 
proporcionados por la empresa distribuidora Vall de Sóller Energía SLU, Islas 
Baleares (España). En concreto, el método implementado se basa en la clasifica-
ción de series temporales formadas por las tensiones medidas de los diferentes 
contadores de una red de distribución en baja tensión. Además, este método se 
fundamenta en una versión modificada del algoritmo Prim. Los resultados expe-
rimentales obtenidos sobre una red de distribución real, compuesta de 46 sumi-
nistros son muy alentadores al haberse constatado como la correlación entre me-
didas de tensión se corresponde con la pertenencia a una determinada fase y vi-
ceversa. Posibilitando así la reducción de los desbalances en las redes de distri-
bución y sus pérdidas asociadas. 

Palabras clave: Constrained Multi-Tree, Identificación de fases, Redes inteli-
gentes, Red eléctrica desequilibrada, Correlación de voltajes. 
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2 

1 Introducción 

Generalmente, la energía eléctrica se transfiere a los consumidores a través de redes de 
distribución trifásicas en baja tensión, debido a sus ventajas técnicas y económicas 
frente a las redes monofásicas. Los suministros de estas redes son mayoritariamente 
monofásicos, de modo que se conectan a una de las tres fases de la red. Muchas de estas 
redes se han ido desplegando a lo largo de los años con lo que no se ha mantenido el 
registro de las fases. Históricamente, la demanda energética era mucho menor a la ac-
tual, por lo que la identificación de las fases no era un factor relevante. De forma que, 
los suministros se conectaban sobre las distintas fases de la red de manera empírica. 
Actualmente, dado que la demanda es sustancialmente mayor, conocer a qué fase/s está 
conectado cada contador es fundamental para la disminución de las pérdidas de la red 
y la planificación de nuevos suministros.  

Debe tenerse en cuenta, que la demanda de los usuarios depende de los hábitos de 
consumo de éstos, que son intrínsicamente variables. Por tanto, el reparto de los distin-
tos contadores sobre las tres fases de la red es imprescindible para que ésta funcione 
eficientemente [1, 2].  Puesto que, el desequilibrio de cargas en una red trifásica tiene 
las diferentes implicaciones negativas. En primer lugar, el desequilibrio de fases pro-
duce pérdidas de energía adicionales durante la transmisión, debidas al efecto Joule. En 
segundo lugar, la capacidad de carga de los conductores y los transformadores de dis-
tribución disminuye, es decir, la máxima energía que puede ser transportada a través de 
la red se ve reducida. Por tanto, esto supone un factor limitante a la hora de realizar la 
conexión de nuevas cargas y el despliegue de la generación distribuida. En tercer lugar, 
puede producir daños y reducir la vida útil de los distintos elementos de la red. Como 
consecuencia del conjunto de estos factores, la calidad de la energía se ve afectada ne-
gativamente implicando, al final, un incremento de los precios de la electricidad. 

Para resolver esta problemática de la identificación de fases existen diversas me-
todologías manuales que no suelen ser utilizadas en redes de distribución en baja ten-
sión por su alto coste, en términos de mano de obra y recursos técnicos que requieren. 
No obstante, el incipiente desarrollo de las redes inteligentes pone al alcance de las 
empresas energéticas una enorme fuente de datos que permite la monitorización prác-
ticamente completa de la red. La instalación de contadores inteligentes (Smart Meters) 
en casi todas las viviendas y demás puntos de consumo hace qué dicha monitorización 
no sea exclusiva de las redes de alta y media tensión, como era común, sino que también 
pase a abarcar las redes de baja tensión. Consecuentemente, este hecho ha permitido el 
surgimiento de diferentes metodologías innovadoras que, con la combinación de técni-
cas de aprendizaje automático y de análisis Big data, permiten mejorar y optimizar la 
gestión de las redes. En concreto, posibilitan la identificación de fases a partir de los 
datos de telemetría de los contadores inteligentes. La ventaja principal de estas técnicas 
se fundamenta en que no sea necesaria la implantación de costosos sistemas hardware 
adicionales ni que tampoco se requiera de un previo conocimiento de la topología de la 
red.  

Los métodos actuales se distinguen principalmente por los datos de entrada que 
utilizan. Por un lado, los métodos que utilizan datos de consumo aplican el principio de 
conservación de energía, destacando el trabajo de V. Arya [3, 4]. Por otro lado, los 
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métodos que utilizan medidas de voltaje identifican las fases aplicando análisis de co-
rrelación, de regresión y métodos de clasificación basados en Machine Learning, des-
tacando los trabajos de F. Olivier [5, 6] y de W. Wang [7]. 

V. Arya et al. [4] han propuesto una técnica para la identificación de las fases de 
contadores inteligentes basada en modelos de optimización matemáticos. El método 
propuesto determina las fases a partir de series temporales de medidas de consumo 
aplicando el principio de conservación de la energía. Se toman medidas de todos los 
contadores y del transformador de distribución que los alimenta de forma sincronizada. 
De esta manera, la carga total por fase del transformador deber ser igual a la suma de 
la energía consumida de todos los contadores sobre cada fase. 

Por otro lado, el enfoque de F. Olivier et al., [5, 6] se basa en determinar la corre-
lación entre series temporales de voltaje de las diferentes fases, del transformador y de 
los contadores. Como es natural, los voltajes de diferentes puntos de una misma línea 
de distribución diferirán entre si a causa de las caídas de tensión y otros efectos. Sin 
embargo, las medidas de voltaje tomadas sobre una misma fase deberían presentar co-
rrelaciones mayores entre sí que las tomadas sobre fases distintas. De esta forma, pro-
ponen resolver el problema mediante técnicas basadas en el aprendizaje automático de 
agrupamiento de características (Clústering). En concreto, han desarrollado un método 
basado en el algoritmo de Prim que toma como restricción que dos series temporales 
de voltaje, de dos fases diferentes de un mismo contador, deberán ser clasificadas en 
dos grupos distintos. Los resultados obtenidos se muestran muy satisfactorios, dado que 
el rendimiento del algoritmo para intervalos de tiempo de 15 minutos se aproxima al 
100%.  

Siguiendo en la misma línea de investigación, W. Wang et al. [7], proponen utilizar 
un algoritmo de clasificación K-Means con restricciones sobre los datos de voltaje. A 
diferencia del método anterior, no utilizan directamente las series temporales de voltaje, 
sino que extraen características de los datos teniendo en cuenta conocimientos especí-
ficos de la red de distribución. Por un lado, preprocesan los datos normalizándolos y 
aplicándoles un análisis PCA (Principal Component Analysis) para obtener sus carac-
terísticas principales reduciendo, así, la dimensión de éstos. Por otro lado, aplican res-
tricciones must-link y cannot-link. La restricción must-link implica que dos medidas 
deben estar en un mismo grupo. Mientras que, la restricción cannot-link implica que 
dos medidas deben ser clasificadas en diferentes grupos. 

En el presente trabajo se propone la implementación del método Constrained Multi 
Tree, propuesto en [6], para la identificación de fases a partir de la clasificación de 
series temporales de voltaje, y la validación de dicho método con los datos de una red 
de distribución de baja tensión en la isla de Mallorca, España. Este documento se es-
tructura de la siguiente forma: en la sección 2 se plantea la problemática de la identifi-
cación de fases enfocada como un problema de clasificación de aprendizaje automático 
y se expone el funcionamiento del método implementado. En la sección 3, se presenta 
el caso de estudio sobre el cual se ha validado el método, así como se presentan los 
resultados obtenidos para dicho caso de estudio. Finalmente, en la sección 4 se presen-
tan las conclusiones.  
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2 Metodología 

La presente sección se desarrolla en dos partes. En la sección 2.1 se presenta el en-
foque tomado para la identificación de fases del caso de estudio. Mientras que, en la 
sección 2.2 se describe el funcionamiento del método implementado. 

2.1 La identificación de fases 

Al analizar los voltajes de los contadores de una zona de distribución, es posible com-
probar como los voltajes de los contadores conectados sobre la misma fase de la red 
están más correlacionados entre sí que los voltajes correspondientes a contadores que 
están conectados sobre diferentes fases. De esta forma, la identificación de fases se 
plantea como un problema de clasificación de aprendizaje automático. Así, el principio 
de funcionamiento del método implementado se basa en clasificar las fases de los dis-
tintos contadores, a partir de la correlación de sus series temporales de voltaje, en tres 
grupos o clústers distintos correspondientes a las tres fases de la red. Sin embargo, debe 
añadirse una restricción sobre la clasificación consistente en que dos fases de un mismo 
contador no puedan ser clasificadas en el mismo clúster.  

Las series temporales de voltaje se componen de medidas de la tensión eficaz de 
la acometida de los diferentes contadores, tomadas a intervalos regulares. Para deter-
minar debidamente la correlación entre dos series temporales de voltaje es necesario 
que la frecuencia de lectura sea alta y que las muestras se tomen en el mismo instante 
de tiempo para todos los contadores.  

A fin de llevar a cabo dicha clasificación se ha implementado el método Constrai-
ned Multi Tree (CMT) [5]. La ventaja principal de este método reside en que la clasifi-
cación se efectúa teniendo en cuenta la estructura ramificada de la red.  

2.2 Implementación del método CMT 

La implementación del método CMT se basa en el algoritmo de Prim [6], que tiene 
como objetivo buscar el mínimo árbol de expansión de un grafo dado. Este algoritmo 
se ha adaptado para tomar en consideración las restricciones naturales y particulares del 
problema. Dado que, no puede aplicarse el algoritmo de Prim directamente, ya que se 
obtendría solamente un árbol. El objetivo consiste en obtener tres árboles, uno asociado 
a cada fase de la red trifásica. De esta forma, inicialmente se crearán tres árboles con 
sus respectivos nodos raíz correspondientes a las series temporales de voltaje de cada 
fase del transformador. La inicialización tiene que realizarse con tres medidas que real-
mente pertenezcan a fases diferentes. Por este motivo pueden utilizarse las medidas de 
un contador trifásico o las del transformador de distribución. Dado que la clasificación 
sigue una estructura de árbol como la de la red de distribución, asociando las medidas 
más correlacionadas entre sí en cada iteración, se tomarán las fases del transformador 
como nodos raíz. Olivier et al. [6] en un trabajo previo demuestra cómo se obtiene un 
mayor rendimiento utilizando las medidas del transformador en lugar de las medidas 
de un contador trifásico cualquiera. Seguidamente, el método realizará diferentes itera-
ciones para asociar las diferentes fases o nodos a los tres árboles. En cada iteración, en 
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primer lugar, se calculará la distancia entre las distintas fases sin clasificar y las fases 
previamente asociadas a un árbol. En segundo lugar, se asociará la fase más cercana al 
nodo del árbol correspondiente, en base a las distancias calculadas. De este modo, los 
árboles se van expandiendo iteración a iteración. Finalmente, los nodos pertenecientes 
a un mismo árbol son identificados como pertenecientes a la misma fase a nivel de la 
red. La distancia entre dos nodos o fases se corresponde con la medida de correlación 
entre sus series temporales de voltaje. Concretamente, la métrica de correlación utili-
zada es la de Pearson, descrita en la ecuación 1 para las series temporales de dos fases 
diferentes, en este caso las 1 y 2. El coeficiente de Pearson determina la dependencia 
lineal entre dos variables, valiendo 1 cuando ésta es perfecta y positiva y -1 cuando ésta 
es perfecta y negativa. De modo que, la distancia entre dos series temporales, definida 
en la ecuación 2, vale 0 cuando están perfectamente correlacionadas y 1 cuando no 
existe correlación. Cabe destacar que para prevenir el sobrecrecimiento de un árbol (o 
clúster) a expensas de los demás, primero se clasificarán las fases de los contadores 
trifásicos y, finalmente, las de los contadores monofásicos.  

�ிଵǡிଶݎ ൌ
σ ൫ܨͳ െ ʹܨͳ൯൫ܨ െ ʹ൯ܨ
ୀଵ

ටσ ൫ܨͳ െ ͳ൯ଶܨ
ୀଵ ටσ ൫ܨʹ െ ʹ൯ܨ

ୀଵ
ଶ
  (1) 

݀ிଵǡிଶ ൌ ͳ െ หݎிଵǡிଶ�ห  (2) 

A fin de detallar mejor el problema se utilizará un ejemplo ilustrando el grafo y los 
diferentes pasos del algoritmo. En este ejemplo, se tienen 5 contadores, 2 de los cuales 
son trifásicos (4 y 5), y un transformador. Por tanto, se tienen un total de 12 fases con-
tando las de los transformadores.  

La Fig. 1 muestra el grafo de partida para el cual el algoritmo deberá determinar los 
tres árboles de mínima expansión correspondientes a las tres fases de la red. En dicha 
figura se puede comprobar que no existen ramas que unan fases de un mismo contador, 
puesto que deben ser clasificadas como diferentes.  
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Fig. 1. Grafo de partida del método CMT 

En el primer paso se asocian cada una de las fases del transformador de distribución 
a un clúster (Fig. 2).  

 
Fig. 2. Paso 1 del algoritmo CMT 
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El segundo paso (Fig. 3) consiste en calcular las distancias entre las diferentes fases 
de los contadores y las fases previamente asociadas a un clúster, en este caso las del 
transformador de distribución. Luego de haberse calculado las distancias, se ordenan 
las fases en base a las distancias calculadas de mayor a menor y se asocia la fase que 
presente la menor distancia al nodo correspondiente, expandiendo, así, uno de los tres 
árboles. Este procedimiento se repite hasta asociar todas las fases.  

 
Fig. 3. Paso 2 del algoritmo CMT 

Finalmente, se obtienen tres árboles de clasificación (Fig. 4), que se corresponden 
con cada una de las tres fases de la red de distribución en baja tensión. 

 
Fig. 4. Paso 3 del algoritmo CMT 
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En la Fig. 5 se presenta el diagrama de flujo de la metodología reseguida para la iden-
tificación de fases. Donde D representa la matriz de distancias o pesos del grafo entre 
las fases de los distintos contadores y los tres clústers.  

En primer lugar, el algoritmo inicializa los tres clústers C asignando cada una de 
las tres fases del transformador de distribución (F1trafo, F2trafo y F3trafo) a un clúster di-
ferente, según se detalla en la Fig. 2. Seguidamente, el algoritmo se ejecuta cíclicamente 
mientras existan fases de los n contadores sin clasificar. Realizando dos bucles diferen-
tes, uno encargado del cálculo de las distancias y el otro encargado de la asignación de 
fases. El primer bucle se encarga del cálculo de las distancias entre las fases sin clasi-
ficar y las fases previamente asignadas en un clúster, según se muestra en la Fig. 3. En 
el diagrama de flujo de la Fig. 5, el término medida se refiere a la serie temporal de una 
fase perteneciente a un contador. Mientras que delta es el valor mínimo de las distancias 
entre una medida y las medidas asignadas a un determinado clúster. Se calcula delta 
para todas las medidas o fases aun no clasificadas, y su valor se almacena en la matriz 
de distancias D, que toma la dimensión de (n x C x F) como se muestra en la Tabla 1. 
Debe tenerse en cuenta que la clasificación de las fases de los contadores monofásicos 
no se lleva a cabo hasta concluir la clasificación de los contadores trifásicos. 

Tabla 1. Matriz de distancias D 

Contadores F1 contador F2 contador F3 contador 
 C1 C2 C3 C1 C2 C3 C1 C2 C3 

Contador 1 dF1,C1 dF1,C2 dF1,C3 dF2,C1 dF2,C2 dF2,C3 dF3,C1 dF3,C2 dF3,C3 
Contador 2 dF1,C1 dF1,C2 dF1,C3 dF2,C1 dF2,C2 dF2,C3 dF3,C1 dF3,C2 dF3,C3 

« « « « « « « « « « 
Contador n dF1,C1 dF1,C2 dF1,C3 dF2,C1 dF2,C2 dF2,C3 dF3,C1 dF3,C2 dF3,C3 

Finalmente, una vez calculadas todas las distancias se procede a la asignación de 
fases a un clúster. Para ello, se calcula el valor mínimo de la matriz de distancias y se 
asigna la correspondiente medida o fase a un clúster.  
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Fig. 5. Diagrama de flujo del algoritmo CMT 
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3 Caso de estudio y resultados 

La presente sección se estructura en dos partes bien diferenciadas. En la sección 3.1 se 
presenta el caso de estudio mediante el cual se ha validado el método propuesto. Segui-
damente, en la sección 3.2, se presentan los resultados de la identificación de fases para 
dicho caso de estudio. 

3.1 Caso de estudio 

El presente trabajo se ha podido desarrollar gracias a la colaboración con la empresa 
distribuidora Vall de Sóller Energía SLU, que ha proporcionado los datos de telegestión 
y la información técnica de la red de distribución, además de encargarse de realizar las 
medidas de campo para la comprobación de los resultados. Concretamente, ha facili-
tado los datos de tensiones y consumos de una zona de distribución de la ciudad de 
Sóller, Islas Baleares, llamada Binidorm. En esta zona existe un centro de transforma-
ción de Media Tensión a Baja Tensión (MT/BT), 10 contadores trifásicos y 36 conta-
dores monofásicos. En cuanto a las medidas de voltaje, se han tomado desde el día 
01/07/2022 hasta el día 07/07/2022, con una frecuencia de lectura teórica de 15 min. 
Así, con la frecuencia de recopilación de datos muestrales y previo filtrado de valores 
no válidos se ha dispuesto de 501 medidas de voltaje por fase y contador, con una fre-
cuencia media real de 17 min. En cuanto a los datos de consumo, se ha dispuesto de la 
demanda energética horaria de cada contador para todo el año 2021. 

3.2 Resultados 

La empresa distribuidora Vall de Sóller Energía SLU disponía del registro de las fases 
de la red de distribución citada, dado que ésta se implantó recientemente.  En conse-
cuencia, esta información ha servido para comprobar los resultados del algoritmo con 
medidas tomadas a campo y, por tanto, verificar su funcionamiento. Concretamente, 
aportaron la identificación de 12 contadores monofásicos (Tabla 2). Al comparar la 
identificación obtenida del método CMT con el registro de las fases se comprobó que 
los resultados diferían para un contador determinado (resaltado en rojo en la Tabla 2). 
Teniendo en cuenta que el algoritmo había identificado correctamente el resto de las 
fases (11 de 12), se contactó nuevamente con Vall de Sóller Energía a fin de determinar 
si era posible realizar una nueva medición para el contador ZIV0034952257. La medida 
manual de este contador resultó ser la misma que la obtenida por el método automático. 
Por ende, el método propuesto ha logrado determinar correctamente la identificación 
de las fases de los 12 contadores de los que se disponía de registros. 

Por otro lado, el resultado de la identificación de fases obtenido por el método CMT 
en conjunto con los datos de consumo de la red de distribución de Binidorm, citados en 
el apartado anterior, ha permitido evaluar el equilibrio de cargas de dicha red. En la Fig. 
6 puede apreciarse como las distribuciones de demanda agregada por hora relativas a 
cada fase resiguen formas significativamente distintas. Por lo que, el consumo deman-
dado por fase durante el periodo analizado ha sido muy dispar a lo largo del tiempo. 
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Además, se aprecia como la demanda de potencia sobre la fase 3, con una demanda 
media de 8,56 kW, es hasta un 41% inferior a la demanda media de las otras dos fases 
(12,7 kW para la fase 1 y 14,61 kW para la fase 2). Este hecho se explica principalmente 
mediante la identificación de fases realizada, que ha permitido verificar que el número 
de contadores monofásicos conectados sobre dicha fase era de tan solo 6, frente a los 
12 instalados en la fase 1 y los 19 instalados en la fase 2.  

Tabla 2. Resultados de la identificación de fases de la zona de distribución de Binidrom. 

Contador Fases de medidas experimentales1 Resultado de los métodos 
ZIV0039450248 Trifásico - 
ZIV0034648582 2 2 
ZIV0034648440 0 0 
ZIV0034648577 0 0 
ZIV0044545085 Trifásico - 
ZIV0034648272 1 1 
ZIV0036240112 Trifásico - 
ZIV0034648438 1 1 
ZIV0037417618 0 0 
ZIV0034648274 2 2 
ZIV0034701714 1 1 
ZIV0034648252 1 1 
ZIV0034952257 2 2 
ZIV0034648439 1 1 
ZIV0034648444 0 0 

Adicionalmente, dado que la empresa cuenta con el listado de suministros de cada 
sublínea de la red, ha sido posible analizar el equilibrio de fases para cada una de estas 
sublíneas. Con lo que se ha podido determinar que ha existido un desequilibrio de car-
gas sustancial para las sublíneas 1 y 3, como puede apreciarse en la Fig. 7. En la sublí-
nea 1 puede apreciarse que la demanda de la fase 3 es muy inferior a la de las otras dos 
fases. En concreto, se ha podido comprobar que no existe ningún contador monofásico 
sobre la fase 3 en dicha rama. Mientras que, para la sublínea 3, se aprecia como la 
demanda sobre la fase 2 es mucho mayor en relación con las otras fases. En este caso, 
se ha determinado que el número de contadores en dicha fase era de casi el doble res-
pecto a las otras dos.  

El análisis del equilibrio de cargas, tanto en el conjunto de la red como en cada una 
de las sublíneas de ésta, en base al reparto de las fases de los contadores sobre la red de 
distribución obtenido con la metodología presentada, posibilita analizar nuevas confi-
guraciones de los contadores para minimizar el desequilibrio de la red, y por ende las 
pérdidas de distribución de ésta.  

 
1 Aportadas por Vall de Sóller Energía SLU 
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Fig. 6. Histograma de demanda agregada por hora y por fase. 

 
Fig. 7. Histogramas de demanda agregada por hora, fase y sublínea 

4 Conclusiones 

Se ha aplicado una metodología basada en aprendizaje automático para la identificación 
de fases a partir de las series temporales de voltajes medidas en los diferentes contado-
res inteligentes de una red de distribución en baja tensión. Ésta se fundamenta en el uso 
de una técnica de aprendizaje automático no supervisado, denominada Constrianed 
Multi-Tree, que en base a la correlación entre las diferentes medidas permite extraer 
información acerca de la estructura física de la red de una red de distribución. Los re-
sultados obtenidos sobre los datos de telegestión de una red de distribución real, 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                               Page 1175

pmoreno
ISBN 978-9942-44-109-6



13 

compuesta de 46 suministros (36 monofásicos y 10 trifásicos), son alentadores al ha-
berse constatado como la correlación entre medidas se corresponde con la pertenencia 
a una determinada fase y viceversa. El análisis de la demanda agregada por hora relativa 
a cada fase ha mostrado como en la red de distribución analizada existe un desequilibrio 
de fases significativo, alcanzado el 41% de desequilibrio entre ellas. Por ello, la meto-
dología presentada abre el camino a la reducción de los desbalances en las redes de 
distribución, tanto en cabecera como en los diferentes ramales de distribución.  

Finalmente, diferentes aspectos prácticos relacionados con el rendimiento de la 
metodología han surgido a raíz de este trabajo. Siendo de gran interés continuar inves-
tigando la relación entre el rendimiento del algoritmo y la frecuencia de muestreo y el 
número de muestras.  
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recogidos en el Plan de Recuperación, Transformación y Resiliencia financiado por la 
Unión Europea (Next Generation EU), con la participación de la Consejería de Fondos 
Europeos, Universidad y Cultura, mediante la Dirección General de Política Universi-
taria e Investigación. 
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Resumen. En el presente artículo se analiza la reducción de los servicios ecosistémicos y se 
proponen propuestas de solución para su recuperación. Lima Este y los distritos que lo 
conforman, tienen varias brechas por cerrar respecto al cuidado de sus áreas naturales, existe 
una falta de compromiso por parte de los gobiernos locales, regionales e instituciones 
involucradas en la conservación y protección de las áreas naturales como las  lomas. El alto 
déficit de áreas urbanas accesibles, la desprotección de las zonas de laderas y las zonas de 
lomas, han generado varios problemas como la ocupación ilegal, el tráfico de terrenos, la 
invasión informal, la perdida de áreas naturales y la degradación de las lomas. Al 2019 la loma 
de Amancaes se ha visto invadida en un 30%, la loma de Mangomarca en un 60% y la loma de 
Villa Maria del Triunfo en un 45%, como se observa la mayoría de las lomas que se encuentran 
del área urbano reciben una gran presión por parte de las invasiones informales Scudere et al 
(2019). Entre algunas líneas de acción se proponen la formalización de la conservación y 
protección de las lomas Payet y Mangomarca, a través del Gobierno regional, local y las 
instituciones involucradas la conservación de las áreas naturales. Creación de eco museos, 
circuitos eco-culturales, o la aplicación de propuestas como las de infraestructura ecológica de 
conservación, cuidado y un uso urbano - ambiental de los espacios, ayudaría conservar la 
infraestructura ecológica y a su vez brindar mas espacios abiertos a la comunidad. También es 
importante promover la participación de los colegios y la comunidad, para que la misma 
población proteja, cuide y pueda incluir un turismo sostenible como parte de sus actividades 
económicas, mejorando así su calidad de vida. 

Keywords: Lomas, Servicios Eco-sistémicos, Ecología, Medio Ambiente. 
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1. INTRODUCCIÓN 

En el presente trabajo se describen las lomas identificadas en Lima Este y los 
problemas de perdida de las lomas  y sus servicios  ecosistémicos, y sus diferentes 
causas entre las  más principales  la falta de  protección legal por pararte de los 
gobierno regional, local y de las instituciones  como el SERNAMP, quienes  deben 
encargarse de proteger y conservar estas  áreas  naturales. 

San Juan de Lurigancho es el distrito con  mayor  cantidad de habitantes  y con mayor 
déficit de áreas verdes y/o espacios públicos, cuenta con 2 m2/Hab,  por debajo de los 
9m2/Hab recomendados por la OMS, PDU Lima Este (2022). 

Los botaderos de basura que  dejan la  población que  vive al costado de las  lomas y 
el abandono de los  sitios arqueológicos  ha  generado un ambiente  ideal para los  
delincuentes  y drogadictos, por lo que estos  sitios  son considerados  inseguros, al 
encontrarse abandonados por las autoridades  son vigilados por los traficantes de 
terreno, Scudere et al (2019) 

Las lomas costeras son ecosistemas que han tenido una estrecha relación con las 
ciudades y/o asentamientos, a través de su historia, prueba de ello son las numerosas 
evidencias encontradas como cerámicos precolombinos, herramientas líticas, cercos y 
recintos que los antiguos peruanos utilizaban, como los encontrados en las lomas de 
Mangomarca, Nieuwland et al (2017). 

Así mismo se detallan alguna propuesta para poder solucionar el problema como, la 
protección, la conservación no solo por parte de las autoridades sino también de la 
comunidad y el involucramiento de estos a través de talleres y capacitaciones. 

La recuperación de las lomas, ayudara a incrementar los beneficios de los servicios 
ecosistémicos, también incrementaran las áreas verdes por habitante, áreas de 
esparcimiento donde la población pueda  hacer caminatas, conocer y revalorar sus 
áreas  naturales y así mejorar su calidad de vida. 

 
 

2. AMBITO DE ESTUDIO 

El ámbito de estudio se ubica al este de Lima metropolitana, limita por  el norte  con 
los distritos de Carabayllo, Comas  e Independencia, por  el  Oeste  con los  distritos 
de Rímac, Cercado de  Lima, San Luis, La Victoria, San Borja y Santiago de Surco, 
por  el  Sur con los  distritos de San Juan de Miraflores, Villa María del Triunfo, 
Pachacamac y Cieneguilla,  y por el Este  con la  Provincia de  Huarochirí, se  
encuentra dentro de la  provincia y el departamento de Lima, tiene un área total de  
58606.94 Has  de  los  cuales 30.47% ( 17856.63 has ) de  todo Lima  Este  
corresponde al área  urbana, Plan MET 2040 (2022). 
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Fig 1. Mapa de la ubicación de Lima Este 
Fuente: PDU Lima Este 2021-2031 (2022) 

 
 

La costa peruana se caracteriza por ser una zona desértica, debido a sus características 
según su ubicación geográfica se  ve influenciado  por la Corriente del Humboldt, los 
vientos Alisios y la cadena de montañas, la humedad relativa está por encima del 
80%, llegando al 100%, lo que produce la precipitación en forma de fina lluvia, 
conocida como garúa, SERNAMP (2019). 

Las lomas son ecosistemas que se desarrollan en las zonas de neblinas invernales, 
usualmente estos se desarrollan en ambientes de colinas donde existe ingreso hídrico 
irregular producido por precipitaciones esporádicas y la presencia de neblinas 
estaciones cargadas de agua que se condensan al contacto con las superficies rocosas, 
presentándose como islas de vegetación que cubren las colinas y montañas. 

Dentro de Lima Este se tienen 2 tipos de Lomas las estacionales que suman un total 
de 850.44 ha, y las extraordinarias con un área de 14926.09 has. 
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Fig 2.  Las Lomas de Mangomarca diferentes vistas 

Fuente: Scudere et al (2019) 
 

Lomas Estacionales, Se denomina a aquellas lomas que se forman todos los años por 
las neblinas invernales entre los meses de mayo a octubre, dentro de Lima Este se 
identifican 4 zonas. 

Lomas de Mangomarca con un área total de 516.10 ha, ubicada en el distrito de San 
Juan de Lurigancho (SJL). 

Lomas Payet se ubica entre los distritos de Independencia y SJL, tiene un área total 
402.89 ha. (RM.440-2018-MINAM), y el área ubicada en Lima Este en el distrito de 
San Juan de Lurigancho, tiene un área de 187.338 (ha). 

Lomas de Amancaes se ubica entre los distritos del Rimac, Independencia y SJL, 
tienen un área total de 253.96 ha. (DS 011-2019-MINAM) y el área ubicada en Lima 
Este, en el distrito de San Juan de Lurigancho es de 66.551 ha. 

Lomas de Villa María se ubica entre los distritos de la Molina y Villa María del 
Triunfo tiene un área total 627.94 (ha) (DS 011-2019-MINAM), el área ubicada en 
Lima Este, en el distrito de La Molina, es 80.446 ha.   

Las Lomas registradas como Área de Conservación Regional del Sistema de Lomas 
de Lima son las Lomas de Amancaes y la de Villa María, mientras que las Lomas de 
Mangomarca y Payet, no están declaradas áreas de Conservación Regional, y 
actualmente reciben una fuerte presión por el crecimiento urbano, PDU Lima Este 
2021-2031 (2022) 

El 2018, la Dirección de Inventario y Valoración de los Servicios de Nacional 
Forestal y de Fauna Silvestre -SERFOR,  después de la identificación y 
caracterización de los estados de conservación incorporo una lista de 36 ecosistemas 
frágiles, dentro de esta lista se encuentran las Lomas Mangomarca, Payet y Villa 
María,  se  les  considera  frágiles por su baja resiliencia ante los eventos de tipo 
antropogénico que ha provocado una alteración en su estructura, de acuerdo con la 
RD 153-2018-MINAGRI-SERFOR. 
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Fig 3. Mapa de las Lomas Costeras de Lima 
Fuente: Proyecto EbA Lomas,2017. 

 
 
 

Lomas Extraordinarias, Se forman aquellos años cuando las condiciones climáticas 
son más húmedas o cuando ocurre fenómenos del Niño las superficies de estas lomas 
se amplían dando paso a las lomas extraordinarias con área aproximada de 14926.09 
has dentro del ámbito de estudio, PDU Lima Este 2021-2031 (2022). 
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Déficit de áreas verdes 

El déficit de áreas verdes, de Lima Este es alto 6 de los 7 distritos tienen entre  3 - 7 
m2 por / habitante, solo el distrito de la Molina tiene un alto índice de áreas verdes 
por habitante de 20m2/hab aproximadamente, PDU Lima Este (2022). 

 

Tabla 1. Índice de Áreas Verdes por población al 2021. 

Tipo Chaclaca
yo 

Chosi
ca  

El 
Agustino 

La 
Molina Sjl Santa 

Anita 
Vitart

e 

Áreas Verdes(m2) 114920 47376
0 270751 2790705 18209

30 439732 12979
59 

Espacios 
Públicos(m2) 135419 14829

8 372493 421887 78417
5 278722 74286

8 

Total(m2) 250340 62205
8 643244 3212592 26051

06 718454 20408
26 

Población al 2021  44201 28351
6 222197 160405 11788

13 221999 67149
3 

Índice actual(m2) 6 2 3 20 2 3 3 

Déficit en base 
9m2(Sugeridos 

OMS) 
-3 -7 -6 11 -7 -6 -6 

Fuente: PDU Lima Este 2021-2031 (2022) 
 

Los Servicios Ecosistémicos 

Son los beneficios que la gente obtiene de los ecosistemas; estos se dividen en 
servicios de base o soporte, que son los necesarios para la producción de los servicios 
de suministro, regulación y culturales (WRI, 2003).  

Entre los principales servicios ecosistémicos que proveen las lomas de Lima Este   
son: El Soporte de conservación de recursos genéticos, mantiene ciclos de vida de 
aves migratorias, formación de suelos y la fotosíntesis. 

La Provisión de agua y como este aporta en la recarga del acuífero subterráneo, de 
recursos genéticos endémicos, arbustos, flores y plantas silvestres que nos dan un 
paisaje hermoso. La Regulación de la calidad del aire y polinización. 

Cultural nos brinda el ecoturismo, asimismo dentro de lomas Mangomarca se tienen 2 
sitios arqueológicos los cuales se pueden articular a las visitas  de las lomas  y hacer  
circuitos  eco culturales, o eco museos como lo propuesto por Scudere et al (2019), se 
pueden hacer  investigaciones científicas, frente al déficit de  áreas  verdes las  lomas 

TIPO CHACLA
CAYO 

CHOS
ICA  

EL 
AGUSTI

NO 

LA 
MOLIN

A 
SJL SANTA 

ANITA 
VITA
RTE 

Áreas 
Verdes(m2) 114920 47376

0 270751 2790705 1820
930 439732 12979

59 

Espacios 
Públicos(m2) 135419 14829

8 372493 421887 7841
75 278722 74286

8 

Total(m2) 250340 62205
8 643244 3212592 2605

106 718454 20408
26 

Población al 
2021  44201 28351

6 222197 160405 1178
813 221999 67149

3 

Índice 
actual(m2) 6 2 3 20 2 3 3 

Déficit en 
base 

9m2(Sugerido
s OMS) 

-3 -7 -6 11 -7 -6 -6 
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nos proveen de espacios  abiertos Nieuwland et al (2017). a los  cuales  se pueden 
acceder pero aun de forma limitada, se requiere  de una  intervención para poder  
cuidar, conservar, brindar seguridad, frenar las invasiones ilegales, organizar la de 
manera que sean espacios con caminos, circuitos, áreas de descanso adecuados para 
que la  población pueda   visitarlos  sin  perjudicar el ecosistema. 

 
Fig 4. Servicios Ecosistémicos de las lomas costeras. 

Fuente: SERNANP, 2017. 
 

3. PLANTEAMIENTO DEL PROBLEMA 

La pérdida de áreas de lomas por degradación, ocupación indebida, tráfico de 
terrenos, crecimiento desordenado, déficit de nuevas áreas urbanas, entre otros 
aspectos generan la pérdida del servicio ecosistémico que esta ofrece a la ciudad.  

Es importante proteger y conservar este ecosistema costero, por que ayuda a preservar 
una gran variedad de semillas que aguardan cada invierno para poder reverdecer. 
También ayudaría a reducir la gran brecha existente, en el déficit de área verdes que 
actualmente se tiene en casi todos los distritos de Lima Este, es una fuente de captura 
de carbono, la cual se va perdiendo según se pierden área de  lomas. 
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4. METODOLOGÍA 
 

Para la cuantificación del nivel de degradación de las lomas y saber la perdida 
aproximada de estas se realizó un mapeo en base a las imágenes libres del Google 
earth, el mapeo se realizó considerando el siguiente criterio: 

Nivel de Degradación Media, aquella ocupación que tiene pocas viviendas dispersas 
y caminos, se consideran como las áreas con más probabilidades de recuperación y 
conservación debido a su poca intervención. 

 
Fig 5. Vista de un área de degradación media, donde se observa que alrededor ya están 

lotizando las lomas. 
 

Nivel de Degradación Alta, es aquella ocupación que tiene viviendas, galpones y 
algunas vías y caminos, se consideran como las áreas con algunas probabilidades de 
recuperación y conservación. 

 

 
Fig 6. Vista de un área de degradación alta, también se observa la lotización que se está dando 

alrededor del área. 
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Nivel de Degradación Muy Alta, es aquella ocupación de viviendas y vías más 
concentradas y establecidas, se consideran como las áreas con menos probabilidades 
de recuperación y conservación debido a su alto nivel de intervención y asentamiento. 

 
Fig 7. Vista de un área de degradación muy alta 

 
Fig 8. Mapa de la ubicación de las lomas y sus áreas de degradación en Lima Este 

Fuente: Elaboración Propia 
5.  RESULTADOS 

Las áreas de lomas estacionales y extraordinarias que se encuentran sin afectación son 
15212 has, es muy importante trabajar en estas áreas y buscar los medios para 
protegerlas y conservarlas de la ocupación ilegal, tráfico de tierras, ya que como se 
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observa en las fotos 1 y 2 están lotizando las áreas aledañas a lo mapeado, lo que 
significa que probablemente en un corto tiempo estas áreas podrían estar siendo 
ocupadas, lo que implicaría más perdidas de áreas de lomas.  

Como se observa en el mapa de áreas degradadas, la loma estacionaria que tiene 
niveles más altos de degradación es la loma Payet, seguida de la loma Mangomarca. 

En la siguiente tabla se muestran los porcentajes y áreas de degradación por niveles, 
el nivel muy alto de degradación es de 0.26% y los niveles alto y medio de 
degradación son del 1.68-1.64% del área total de las lomas. El 96.4% del total de las 
lomas aún se conservan, pero en un estado muy vulnerable sobre todo las de 
Mangomarca y Payet, por la falta de protección y conservación por parte del 
MINAM, SERNAMP y la falta de inclusión por parte de la Municipalidad 
Metropolitana de Lima como parte de las Áreas de Conservación Regional.  

 

Tabla 2.Áreas y porcentajes del nivel de degradación y las lomas aun existentes.  
Nivel de 

Degradación 
Área (Has) 

Aprox. 
Área (%) 

Aprox. 
Muy Alto 41 0,26 

Alto 265 1,68 
Medio 259 1,64 
Lomas  15212 96,42 
Total 15777 100.0 

Fuente: Elaboración propia. 

 

Las lomas de Amancaes y Villa Maria, al formar parte de Áreas de Conservación 
Regional de Lima Metropolitana, se encuentran mejor protegidas y administradas. 

Respecto a la loma de Villa Maria, existe una dicotomía ya que el área de la loma que 
se encuentra dentro del distrito de la Molina esta más conservada y protegida a 
diferencia del área de la  loma que se encuentra en el distrito de Villa María, en esta 
última si existen  problemas de degradación y ocupación informal, evidenciando que 
la participación del gobierno local es fundamental en el cuidado de estas áreas. 
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6. PROPUESTAS 

Después del análisis de los diversos problemas que aquejan a estos ecosistemas 
frágiles, y cuantificando la degradación a través del mapeo, se observa que hay 
muchas brechas por cerrar pero también según la bibliografía revisada, se observa que 
hay estudios y iniciativas  emprendidas antes de este articulo los  cuales desde 
diferentes puntos  de vista  buscan  proteger y revalorizar las  lomas entre estos  
tenemos: 

Entidades particulares como el Instituto de Cultura, Historia y Medio 
Ambiente(ICHMA), han trabajado activamente desde el 2002 en favor de la 
promoción, preservación y difusión eco-cultural  de los sitios arqueológicos de la 
fortaleza Campoy, el Sitio Arqueológico Mangomarca y las lomas de Mangomarca, a 
través de actividades  culturales, involucrando a los colegios del distrito para que los  
escolares  puedan ser los defensores del patrimonio cultural y natural, promocionando 
visitas y rutas  guiadas de circuitos  turísticos, asimismo realizaron la propuesta de un  
parque arqueológico y ecológico de San Juan de Lurigancho. 

 
Fig 9. La Propuesta del Parque Arqueológico y Ecológico en SJL 

Fuente: Una nueva Mirada de SJL desde su patrimonio cultural y natural. Instituto ICHMA, II 
Foro Ciudades como Vamos. 

 

La concepción de las  lomas  como  ecosistemas  naturales  y al mismo  tiempo como 
espacios públicos es una propuesta denominada  infraestructura  ecológica, se basa en 
3 principios: Principio de  conservación  de la biodiversidad el cual no solo  busca  el 
cuidado y protección de la flora y fauna amenazada sino también la protección del 
paisaje, principio de  cuidado y mantenimiento de los  servicios ecosistémicos su 
importancia radica en  valorar  funciones ecológicas de la naturaleza como la 
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purificación del aire, la captura del carbono y la captación de  agua, y el principio 
multifuncional  el cual tiene un enfoque  de infraestructura  ecológica que propone la  
posibilidad de  uso urbano y ambiental de un mismo espacio, Nieuwland et al (2017). 

Scudere et al (2019) después del análisis comparativo del porcentaje de  invasión, 
problemas, potencialidades e iniciativas de conservación para las  lomas de 
Carabayllo, Amancaes, Mangomarca y Villa María del Triunfo, concluye  que  las  
lomas de Mangomarca  necesitan  con más urgencia de un eco museo para poder 
frenar la desaparición de esta  loma, en base  a su análisis, realiza la  propuesta para el 
eco museo, en el cual  contempla se diseñen salas de exposición, la infraestructura  
tendría  dos vista una a la urbanización Mangomarca y otra a las  lomas, se plantea  
complementar el equipamiento para el circuito ecológico con programas comunales,  
se  plantean 2  rutas  una para el recorrido de las  lomas y otra para los centros  
arqueológicos, así mismo plantea la  creación de  huertos  urbanos cerca a los  
asentamientos  humanos y la instalación de atrapanieblas  las  cuales puedan ayudar a  
regar las áreas de los  huertos  urbanos, la propuesta planteada  es muy interesante y al 
hacer visible  estas  actividades se puede evitar la ocupación de los traficantes de 
terreno y degradación de las lomas. 

 
Fig 10. Propuesta Urbana, Scudere et al (2019) 

 

Algunas propuestas adicionales son proteger y conservar las Lomas Payet y de 
Mangomarca de una forma legal a través de una norma o resolución  por parte de una 
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autoridad competente o a través del  Gobierno Regional o local, para así frenar las 
invasiones informal. 

- Realizar trabajos de conservación y recuperación sobre todo de las áreas de bajo 
nivel de degradación, ya que al ser las menos intervenidas, su recuperación 
puede ser más viable. 

- Crear el parque ecológico en las lomas de Payet puede ayudar a realizar visitas 
de una forma más ordenada, segura, creando caminos y circuitos con 
señalización para que las personas que puedan visitar puedan ir informándose a 
lo largo del camino, como ya existe en las lomas de Lachay. 

 

7. CONCLUSIONES Y RECOMENDACIONES 
 

- Las lomas son áreas naturales sensibles y estacionales, las cuales albergan una 
gran variedad de semillas que esperan la humedad de los meses de invierno para 
poder florecer, pero al ser áreas naturales estacionales pueden verse afectadas, 
por la falta de conservación y protección, y quizá hasta desaparecer este 
importante servicio ecosistémico. 

- Las lomas al tener una aparición estacional podrían verse afectado por el cambio 
climático. 

- La pérdida de cobertura vegetal potencia el calentamiento global y reduce la 
captación de agua para la recarga de los acuíferos subterráneos y la captación de 
CO2. 

- Las lomas pueden ayudar a incrementar las áreas verdes por habitante, las áreas 
de esparcimiento, las áreas de treking y así ayudar a mejorar la calidad de vida 
de su población. 

- Se recomienda proteger las lomas existentes, mediante normativas legales, las 
cuales puedan ser instrumentos que eviten la ocupación ilegal y tráfico de 
terreno de estas áreas naturales. 

- Se recomienda promover en la comunidad, colegios, centros comunales el 
cuidado, protección y conservación de las lomas. 
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Smart cities and their relationship with ontological engineering 

C. Espinoza-Aguirre1 

1Universidad Carlos III de Madrid, Ciencia y Tecnología Informática, Madrid, España 
100375266@alumnos.uc3m.es  

Abstract. The article tries to relate smart cities and machine learning, so university dropout and 
its prevention through the implementation of machine learning have been analyzed. In this sense, 
the results of applying ontologies to understand the problem that revolves around university 
dropout and its application in smart cities are presented. Consequently, the use of ontologies has 
been implemented to contextualize a complex problem, as well as the relationship established 
between education and university dropout. This research will contribute to ontological 
engineering and education, enabling the construction of an information structure of the deserter's 
profile with semantic components that allow it to be an input for a more complex knowledge 
management model, such as artificial intelligence.  

Planificación óptima de rutas de ambulancias eléctricas en situación de pandemia  

Luis Santiago Martín1, Mónica Alonso1[0000-0001-9006-8196] and Hortensia 
Amarís1[0000-0001-9487-0127]  

1 Universidad Carlos III de Madrid, Leganés, 28911, Madrid, Spain  
monica.alonso@uc3m.es  

Abstract. Las ambulancias juegan un papel crítico para el desempeño del co- rrecto 
funcionamiento de los sistemas médicos sanitarios, por lo que la planifica- ción óptima de las 
rutas a seguir para atender las llamadas de los pacientes es crucial. Atendiendo a los 
requerimientos de electrificación del transporte para reducir las emisiones de CO2, aparecen en 
el mercado ambulancias eléctricas, que incorporan nuevas acciones asociadas a la recarga de las 
baterías en el desa- rrollo de los planificadores de rutas. Además, la pandemia del COVID-19 
impuso nuevas restricciones en la planificación de las rutas de las ambulancias al requerir un 
tiempo de desinfección del vehículo y de preparación de las medidas de pro- tección del personal 
sanitaria que viaje en ella. En este artículo se desarrolla un planificador de rutas para 
ambulancias eléctricas, con el objetivo de atender el máximo número de pacientes en el menor 
tiempo posible y optimizando el uso de las baterías de los vehículos eléctricos, considerando 
además los tiempos de desinfección del vehículo impuestos por una situación de pandemia.  
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Reciclado de Álabes de los Parques Eólicos implementados en Perú. Análisis y propuestas  

A. León-Benavides1, J. Mírez-Tarrillo1  

1UNI, Universidad Nacional de Ingeniería, Rímac, Lima, Perú  
walter.leon.b@uni.pe  
jmirez@uni.edu.pe  

Abstract. En el campo de las energías renovables, Los parques eólicos son considerados como 
energías limpias, pero tienen un componente que arrastran al final de su ciclo de vida como una 
mancha gris presente y esto es, la ausencia de un plan de cierre limpio y amigable con el medio 
ambiente. Los álabes no tienen una disposición final medioambientalmente apropiada. La fibra 
de vidrio y de carbono presentes en su estructura, son difíciles de ser tratados. El propósito del 
presente artículo, es dar un mirada a todo lo que se hace al respecto a nivel internacional y en el 
Perú. Las diferentes estrategias que están aplicando como extender la vida útil, reciclar, 
reutilizar, etc. Además, se revisa los aspectos legales y las oportunidades que surgen con la 
legislación actual en ese sentido.  

Progressive regression model to project the behavior of photovoltaic generation in 
municipalities of Mexico City  

López-Meraz R. A. 1[0000-0002-3236-3709], Reyes-Cárcamo Y.2  
and Jamed-Boza L. O. 1[0000-0002-6378-758X ] 

1 Universidad Veracruzana, Circuito Universitario Gonzalo Aguirre Beltrán s/n, 91000, México  
2 Instituto Tecnológico Superior de Huatusco, C. 25 Ote., Reserva Territorial, 94106, México  

raullopez03@uv.mx: R.L-M.;yreyesc@huatusco.tecnm.mx: Y.R-M; lojb33@gmail.com: L.J-B.  

Abstract. The work presents an analysis of the behavior of the daily energy production of two 
identical residential photovoltaic systems interconnected to the network, installed by the same 
company, located in neighboring municipalities of Mexico City. The measurement period is from 
December 11, 2020, to July 27, 2022. The product of this research offers a tool that more 
accurately estimates the nominal power of photovoltaic arrays (AFV) by identifying the site 
where the best conditions exist for achieve better efficiency. The characterization of the AFVs 
was carried out with the help of the statistical application software JMP and for the adjustment of 
the projection, the regression of three factors was used, reaching a totally significant approach.  
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A Review of Computational and Mathematical Techniques for 
 Urban Mobility Data Analysis  

Hugo Alatrista-Salas1[0000−0001−5252−4728], Erick Cuenca2[0000−0002−3996−2851], 

Rigoberto Fonseca-Delgado2[0000−0002−8890−3911], Aracelis 

Hernandez3[0000−0002−6094−4826], Saba Infante2[0000−0001−8883−2730], Raúl 

Manzanilla2[0000−0002−8456−0333], Diego Morales-Navarrete2[0000−0002−6145−7608], 

Miguel Nunez-del-Prado4[0000−0001−7997−1739], Israel Pineda5[0000−0002−3950−2169], 

Pascal Poncelet6[0000−0002−8277−3490] and Arnaud Sallaberry6,7[0000−0001−7068−176X] 

1 Pontificia Universidad Cato ́lica del Peru ́, Lima, Peru  
halatrista@pucp.pe 

2 Yachay Tech University, Urcuquí, Ecuador 
{ecuenca, rfonseca, sinfante, rmanzanilla, dmorales}@yachaytech.edu.ec  

3 Universidad de Carabobo, Valencia, Venezuela  
arhernan@uc.edu.ve 

4 Universidad Andina del Cusco, Cusco, Peru  
miguel.nunezdelprado@vrin.uandina.edu.pe 

5 Universidad San Francisco de Quito, Quito, Ecuador  
ipineda@usfq.edu.ec 

6 LIRMM, University of Montpellier, CNRS, Montpellier, France  
{pascal.poncelet, arnaud.sallaberry}@lirmm.fr  

7 AMIS, Paul-Valéry University of Montpellier, Montpellier, France  

Abstract. In recent years, the scientific community has increasingly studied urban mobility since 
around 55% of the world population lives in urban areas. Thus, individuals living in urban areas 
have to deal with phenomena like traffic jams, commute time, and pollution, which are difficult 
to understand and solve. Therefore, new innovative approaches such as mobility models, 
artificial intelligence, or visualization applied to urban mobility analysis problems shed new light 
on understanding the behavior of cities. In this work, we survey the current state of the 
mathematical and computational tools we have at our disposal to better understand the current 
situation of urban areas. Our work presents datasets, discusses relevant artificial intelligence and 
visualization techniques, and reviews mathematical tools to analyze urban data. We hope our 
work offers a valuable summary of these ideas and provides the base for future investigations.  
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Quantification of Resilience in the electric grid of CENTROSUR. A case study  

Pablo Arias-Reyes1, Antonio Barragán-Escandón2, Javier González-Redrován1 and Sergio 
Zambrano-Asanza3,4  

1 Centro de Posgrados, Universidad Católica de Cuenca, Camino a Patamarca y Cojimíes, 
Cuenca, Ecuador 

2 Grupo de Investigación en Energía, Universidad Politécnica Salesiana, Calle Vieja 12-30 y 
Ellia Liut, Cuenca, Ecuador 

3 Department of Electrical Engineering, Universidad Estadual Paulista “Júlio de Mesquita Fil- 
ho”-UNESP, Ilha Solteira; SP, Brasil. 

4 Department of Planning, CENTROSUR Electric Distribution Utility, Cuenca, Ecuador  
                      pariasr@ucacue.edu.ec 

Abstract. The increase in the level of resilience in a distribution system is crucial due to the 
negative consequences and impacts on the electrical network that natural catastrophic events 
have due to the long times that are sometimes required for the restoration of the network and the 
services for end customers. Through an exploratory/descriptive and relational/explanatory study, 
resilience indicators and metrics was identified and developed for a part of the distribution utility 
network. The analysis was carried out in the CENTROSUR utility con- cession area that 
corresponds to the city of Cuenca and its associated primary feeder electrical networks. Zones 
vulnerable to high-impact, low-probability events (HILP) were identified by overlaying risk 
maps, georeferenced information, and data available from the electricity system in GIS format 
from the utility distributor. Vulnerable electrical zones and those with the highest reliability and 
resilience requirements were selected using qualitative and quantitative criteria. Reliability 
indices and resilience metrics existing in the literature was related and resilience metric models 
were determined for the proposed system under analysis. The information obtained was applied 
in the identification of resilient zones, infrastructure required to determine parameters for the 
electrical planning of the network, support of Microgrids, topological variants and priorities for 
reconfigurations and redundant investments of the network were exposed.  
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Energy Efficiency: characteristic that achieves the collaborative and sustainable 
perspective to incorporate IoT in a Smart City  

Roberto Ferro-Escobar * Harold Vacca-González** Harvey Gómez-Castillo***  

Universidad Distrital Francisco José de Caldas:  
* rferro@udistrital.edu.co, https://orcid.org/0000-0002-8978-538X Universidad Distrital 

Francisco José de Caldas:  
** hvacca@udistrital.edu.co, https://orcid.org/0000-0001-7017-0070 Universidad Distrital 

Francisco José de Caldas:  
*** hagomezca@correo.udistrital.edu.co, https://orcid.org/0000-0003-4474-3642  

Abstract. Una ciudad inteligente es un espacio urbano orientado a mejorar la calidad de vida de 
los ciudadanos que la habitan a través del uso intensivo de tecnología para afirmar desarrollos 
sociales y económicos, y en donde múltiples sectores cooperan sistemáticamente en lograr 
resultados sostenibles colectivos a todo nivel. En tal sentido, el uso de Internet ha llegado a un 
punto en el que se ha vuelto imprescindible en la vida cotidiana: la necesidad de tener la 
información a mano en el menor tiempo posible ha generado una revolución tecnológica 
centrada en la conexión constante con esta herramienta. Desde la vida personal y la relación con 
los objetos que se utilizan diariamente se ha creado la necesidad de monitorear e interpretar 
exhaustivamente lo que rodea al ser humano, de ahí el nacimiento del Internet de las Cosas 
(IoT); y la convergencia dada entre el medio ambiente junto con la interacción humana y la 
tecnología ha originado el concepto de ciudades inteligentes y sostenibles (SSC).  

Sin embargo, dado el estado actual de estos conceptos, es necesario aplicar una revisión 
conceptual contextualizada introductoria sobre ciudades inteligentes y sostenibles, y luego 
caracterizarlas a partir del establecimiento de alguna amplia categoría con sus respectivas 
subcategorías: la Eficiencia energética (Energías Renovables, Gestión de Recursos Naturales y 
medición de parámetros ambientales –Emisiones-, Eficiencia del Consumo de Agua).  

Teniendo en cuenta lo anterior, este trabajo aborda comparativamente conceptos sobre el 
presente de las SSC en colaboración con el IoT: destacando la Eficiencia Energética como 
aquella característica que confiere la perspectiva colaborativa y sostenible para incorporar IoT en 
una Ciudad Inteligente. Se da el caso de la ciudad- nación de Singapur a partir de su descripción 
cualitativa, realizando una evaluación cuantitativa en términos de Sostenibilidad, Capital 
Intelectual y Calidad de Vida, dentro de un modelo que se utiliza para clasificar las ciudades 
como inteligentes, es decir transitar desde una ciudad tradicional a una ciudad global moderna 
que oriente estos resultados para el mejoramiento de la calidad de vida de los ciudadanos.  
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Influencia del Desarrollo de Infraestructura Sostenible en el Sector Industria sobre la 
Vulnerabilidad Socioambiental  

R. Villalobos-Núñez 1, J. Mírez-Tarrill 1 

1 UNI, Universidad Nacional de Ingeniería, Rímac, Lima, Perú  
rvillalobosn@uni.pe, jmirez@uni.edu.pe  

Abstract. El artículo aborda puntos específicos de la historia de la humanidad dilucidando la 
influencia del desarrollo industrial sobre la vulnerabilidad socioambiental, plasmando cómo es 
que el ser humano ha ido transformando su entorno en miras a mejores condiciones de vida hasta 
llegar a un punto de inflexión donde continuar bajo los mismas paradigmas de desarrollo nos han 
conducido hacia la formación de una sociedad frágil y sin resiliencia. Se da a conocer, además, 
como lo expuesto está llegando a marcar un nuevo hito en la historia, sentando bases para el 
desarrollo de nuevos modelos industriales, como lo es la infraestructura industrial sostenible, 
esto gracias a la aplicación de nuevos conceptos como los de economía circular y simbiosis 
industrial, remarcándose mediante la exposición de casos de éxito, cómo es que en la actualidad 
ello ha calado en la formación de sociedades más resilientes.  
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EL PATRIMONIO DE LA HUMANIDAD COMO ELEMENTO COMPETITIVO Y 
DIFERENCIADOR PARA CIUDADES EN EL DESARROLLO ECONÓMICO DEL 

TURISMO DE NEGOCIOS  

Hernández Andrés, Víctor1 [0000-0002-5945-9567], De Frutos Madrazo, Pablo2 

[0000-0002-8206-984X], Martín Cervantes, Pedro Antonio3 [0000-0002-8375-1613] y Frechoso 
Remiro, Juan Carlos4 [0000-0001-7257-4749]  

1Dpto. de Economía Aplicada, Universidad de Valladolid, 42004 Soria, España  
victor.hernandez.andres@uva.es  

2Dpto. de Economía Aplicada, Universidad de Valladolid, 42004 Soria, España  
pablof@ea.uva.es  

3Dpto. de Economía Financiera y Contabilidad, Universidad de Valladolid, 42004 Soria, España  
pedroantonio.martin@uva.es  

4Dpto. de Economía Aplicada, Universidad de Valladolid, 42004 Soria, España  
juancfre@ea.uva.es  

Abstract. Entre los principales desafíos de las ciudades inteligentes se encuentra el desarrollo 
económico sostenible. El turismo, constituye un motor para su desarrollo económico, pero 
frecuentemente está sujeto a una notable estacionalidad. No obstante, el denominado turismo de 
negocios rompe esta estacionalidad del turismo tradicional, desarrollándose a lo largo de todo el 
año en la ciudad destino. Contribuye al desarrollo económico a través de la atracción de viajeros 
cuya motivación son los negocios y cuya motivación está inicialmente diferenciada de las 
motivaciones de un turista vacacional. Su contribución puede ser directa derivada del desarrollo 
de negocios en dicha ciudad o bien por potenciales visitas posteriores (ya como turistas 
tradicionales) de los participantes de las reuniones y congresos. En este contexto, cabe 
preguntarse en qué medida las motivaciones que mueven a un turista vacacional, entre las que se 
encuentra el valor cultural o el patrimonio histórico de la región que visitan, pueden influir o 
determinar para que un turista de negocios tome la elección de un destino para la realización de 
un evento de negocios. En este estudio hemos contrastado si existe una relación entre el 
patrimonio cultural existente en una ciudad y el número de reuniones acaecidas a lo largo del 
año. Las conclusiones del contraste realizado son que, si bien el patrimonio cultural de una 
ciudad resulta significativo en relación al número de reuniones acaecidas, por sí sola esta 
variable no explica la elección de una ciudad como destino para la realización de un evento de 
negocios.  
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Herramienta de simulación de plantas de autoconsumo y su aplicación a un complejo 
turístico  

Jacinto Vidal-Noguera, Victor Martínez-Moll, Ivan Alonso de Miguel, Andreu Moià- Pol y 
Vicente Canals  

Universidad de las Isla Baleares, Departamento de Ingeniería Industrial y Construcción, Palma, 
Ctra. Valldemossa km 7.5, Campus UIB, Islas Baleares ES07122, España  

jacinto.vidal@uib.cat  

Abstract. El creciente aumento del precio del gas y la electricidad en la Unión Europea (UE) 
está afectando tanto a los pequeños consumidores como a los sectores industriales y de servicios. 
Esta situación ha conducido a un creciente interés en el despliegue de plantas de autoconsumo 
basadas en la combinación de fuentes renovables y fósiles. Ahora bien, determinar la planta de 
autoconsumo óptima para cubrir la demanda de un consumidor, no resulta simple dado el actual 
escenario de gran variabilidad en los costes energéticos y de la generación de las fuentes 
renovables. A su vez, para avanzar en la transición energética de la UE es clave poder generar 
energía de forma barata y eficiente.  

Así, en este trabajo se ha desarrollado una herramienta numérica capaz de optimizar el 
predimensionamiento de las plantas de autoconsumo, así como la sistematización del análisis de 
su viabilidad técnico-económica. Para ello, la herramienta desarrollada analiza la demanda 
energética actual (eléctrica y térmica) de las instalaciones, como punto de partida para simular 
diferentes escenarios de autoproducción hasta hallar el que mejor se adapte a las características 
de estas. Finalmente, la herramienta numérica se ha aplicado sobre un complejo hotelero real de 
playa, que opera tan solo en la temporada de verano, y dispone de 477 habitaciones con una 

superficie construida de 25.000 m2, ubicado en la isla de Menorca (España). Los resultados 
obtenidos muestran como las soluciones más rentables son la cogeneración y la trigeneración, 
siempre que los precios del gas natural canalizado no superen el umbral de los 0,10 €/kWh.  
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A Smart City is a framework composed mainly of Internet of Things systems 
and Information and Communication Technologies (ICT) integrated to develop, 
implement and promote sustainable development practices and face the 
challenges of urbanization. The Ibero-American Congress of Smart Cities 
(ICSC-CITIES) is a discussion forum that aims to create synergies among 
di!erent research groups to promote the development of Smart Cities and 
contribute to their knowledge and integration in di!erent scenarios.

This book constitutes the proceedings of the "#h Ibero-American Congress of 
Smart Cities (ICSC-CITIES 2022) held in a hybrid way (face-to-face and virtual) 
from November 28th to 30th, 2022, in Cuenca, Ecuador, hosted and sponsored 
by Universidad de Cuenca, Ecuador. Eighty-"ve technical presentations were 
given by researchers from 24 di!erent countries during the ICSC-CITIES 2022. 
Papers were divided into four topics, i.e., Governance and Citizenship, Mobility 
and IoT, Infrastructures, Energy & Environment, and Energy E$ciency. All the 
papers accepted for publication in this book have been peer-reviewed.


