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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 different 
research groups to promote the development of 
Smart Cities, and contribute to their knowledge 
and integration in different 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 first 
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 fifth 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 five technical presentations were given 
by researchers from 24 different 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 Efficiency. After 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 specifically, 
two panel discussion sessions were held. The 
first 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 
first 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 
efficiency 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 Software 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
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.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/
http://www.uaem.mx/
https://www.tec.ac.cr
https://www.tec.ac.cr
http://www.grupoice.com
http://www.grupoice.com
http://www.grupoice.com
http://www.etap.com
http://www.etap.com
http://www.etap.com
https://www.udec.cl/pexterno/
https://www.udec.cl/pexterno/
http://www.ingeteam.com
http://www.ingeteam.com
https://www.hs-anhalt.de/en/start-page.html
https://www.hs-anhalt.de/en/start-page.html
http://www.ciemat.es
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 
different 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 fuel 
consumption effect, 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 
efficiency 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 simplificado 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
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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 Office approach for muda identification 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 efficiency in buildings: Experimental test about 
the thermal behavior of mortars with different 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 - Effect 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 - Classification 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 
efficiency 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 final 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 fields 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 different 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 Villafafila 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. Artificial 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 - Artificial 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 fuentes 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 Transesterification of Recycled Oil for the 
Production of Biodiesel

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

2874 - Identificación 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

Planificación 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

Quantification 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 Efficiency: 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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un aerogenerador 31
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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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10 
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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4 Gilson D. Malo Méndez, Carlos E. Rivas Vásquez, y Luis I. Minchala

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,
!ref , 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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Esquema de control auto-optimizado aplicado a un aerogenerador 5

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:

✏zz = ✏0
zz

+[y(s)�n cos↵(s)]x+[x(s)+n sin↵(s)]y +[!(s)�nq(s)]w (1)

�sz = �sz + 2nxy (2)
donde, ✏zz es la deformación axial en la superficie a lo largo del eje (z), �sz 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; x, y, xy, !

son las curvaturas de la superficie en las direcciones xz, yz, tasa de torsión y
curvatura de torsión, respectivamente; ✏0

zz
es la tensión axial de primer orden en

la línea axial. �sz 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 (�zz) y cortante (�sz) en la capa k en cualquier posición del aspa utilizando
una ley constitutiva ortogonal de tensión plana, así:


�zz

�sz

�

k

=


Q11 Q12

Q12 Q66

�

k


✏zz
�zz

�
(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:

2

4
�11

�22

�12

3

5

k

= [R]
k


✏zz
�sz

�

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 (⇠) 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).

⇠i,j =
�i,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 (⇠) 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, �, 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 = ↵ (Pnom � Pcal)
2 + ✓⇠2 (6)

donde, Pnom es la potencia nominal, Pcal es la potencia calculada, ⇠ es el estrés
máximo de (5) calculado a lo largo del aspa, ↵ y ✓ 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 = [!r]
T , y = [!r,�, Isq, Igq, Pg, ⇠]T , d = [vw]

T (7)

donde, !r es la velocidad angular del generador, � 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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Esquema de control auto-optimizado aplicado a un aerogenerador 7

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 =
(
F̃F̃

T

)�1
G

y

(
G

y
T
(
F̃F̃

T

)�1
G

y

)�1

J
1/2
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 G

y es la matriz de ganancias
correspondiente a y frente a u.

F = G
d

y
−G

y
J
�1
uu

Jud (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, G
y, 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:

G
y =

∂y

∂u

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

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

G
d
y =

∂y

∂d
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             (  
  

) (  
  

) (3) 

      
 

 (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). 

       
 
(          

     
) (5) 

    

[  (
                       

  
     )]

 (6) 

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

                           (7) 

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 “j” corresponde a un parámetro calculado para cada cambio 
de pendiente en el segmento según Ec. (8) donde “s” es el parámetro de ajuste por 
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). 

       
 

 (8) 

          (     
   

) (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). 

         (  
  

) (         

      
)
   

     (10) 

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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         (  
  
)
      

(          

            
)
      

        (11) 

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). 

       (  
  
)
    

(          

           
)
    

      (12) 

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-
ró la configuración de un gasoducto de 34” de diámetro y 408 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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6 

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 

 
Razón por la cual se determina que para el gasoducto modelo de 34” de diámetro y 

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. Para el caso de un gasoducto de 34” de diámetro, 408 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. 
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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 

 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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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. 
“Ecotechnologies are human interventions in social ecological systems in the form of biological, physical 
and chemical practices and/or processes designed to minimize damage to the environment and provide 
ser-vices of value to society” [13]. 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): 

                                          𝑉̇𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔 = 𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

                                                             (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 (𝐴𝑑) and wind speed (𝑣) and is calculated by equation 2: 

 

                                                                𝑉̇𝐴𝑖𝑟 = 𝐴𝑑 ∗ 𝑣                                                                       (2) 

In this equation, 𝑉̇𝐴𝑖𝑟  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). 

                                                              𝑁𝐷 =
𝑉̇𝐶𝑙𝑖𝑚𝑎𝑡𝑖𝑧𝑎𝑐𝑖ó𝑛

𝑉̇𝐴𝑖𝑟𝑒
                                                                   (3) 

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

                                                        𝑇𝑚 = 𝑇𝑒+𝑇𝑠
2

                                                                                       (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: 

                                                   𝑅𝑐𝑜𝑛𝑑 =
Є
𝑘
                                                                                             (5) 

Where:  

𝑅𝑐𝑜𝑛𝑑: conduction resistance (m2 /W) 

Є:  duct wall thickness (m) 

k: Duct thermal conductivity (W m2/K) 

The convection resistance is calculated with equation 7: 

                                                   𝑅𝑐𝑜𝑛𝑣 =
1

5.55∗(𝑣0.8)
                                                                                 (6) 

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

                                                   𝑞𝑚 = 𝑇𝑠𝑢𝑒𝑙𝑜−𝑇𝑚
𝑅𝑡

                                                                                     (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): 

                                 𝐸𝑅 =
ℎ𝑠

(𝑉𝑠)𝑜𝑢𝑡
− ℎ𝑒

(𝑉𝑠)𝑖𝑛
                                                                                               (8) 

In equation 8: 

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

ℎ: enthalpy of dry air (kJ/kg) 

𝑉𝑠: Specific volume of air (m3/kg) 

 

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

                                                           𝐴𝐼𝐶 =
𝐸𝐶∗𝑉̇𝑐𝑙𝑖𝑚𝑎𝑡𝑖𝑧𝑎𝑐𝑖ó𝑛

𝑞𝑚
                                                                  (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) 

                                                        𝐿 = 𝐴𝐼𝐶
𝜋 𝐷

                                                                                          (10) 

2.4 Feasibility of implementation of an EAHE 

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

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

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

 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: 

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

βopt = 3.7 + 0.69|∅|                                                    (11) 

Where: 

𝛽𝑜𝑝𝑡: Optimum inclination angle (sexagesimal degrees). 

|∅|: 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. 

Tc = T amb + C1 ∗ G                                                    (12) 

Where:  
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Tc: Panel temperature 

T amb.: Maximum temperature of Jojutla, Morelos 

C1: nominal temperature of the cell when subjected to radiation of 800 𝑊/𝑚2 spectral distribution of 
𝐴𝑀 1.5, ambiental temperature of 20 °C and wind velocity of 1 𝑚/𝑠, (𝑇𝑂𝐶𝑁 = 45°𝐶). 

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

For the calculation of C1, equation 13 is used. 

C1 = 45−20
800

= 0.03125                                                          (13) 

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

 

                                ∆P = (0.47 %/°C ) ∗ (∆T)                                                     (14) 

Where:  

ΔT: temperature difference (°C) 

To obtain the temperature differential, Equation 16 must be applied 

ΔT = Tc − Tce                                                              (15) 

Donde:  

Tce: Temperature at standard condition (°C) 

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

Maximum power = (Pot. panel) − (ΔT)                                (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= 
Maximum power
Nominal power 

                                                         (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: 

𝑃𝑃 = 𝐸𝑅
𝑅𝑆∗𝑅𝑇∗𝜂𝑡

                                                            (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: 

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

 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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Power Systems’, Revista Tecnoloǵıa en Marcha, 2021, pp 95–105.

22. Waqfi, Rashed R. and Nour, Mutasim: ’Impact of PV and wind penetration into a
distribution network using Etap’, 7th International Conference on Modeling, 2017.

23. A. Sharma and B. K. Panigrahi: ’Phase Fault Protection Scheme for Reliable Op-
eration of Microgrids,’ IEEE Transactions on Industry Applications, vol. 54, no. 3,
pp. 2646-2655, May-June 2018

24. E. G. Luna, R. F. Manrique and E. L. Palacios Bocanegra: ’Monitoring and Control
System Using ETAP Real-Time on Generation Plant Emulation Using OPAL-RT,’
2018 IEEE ANDESCON, 2018, pp. 1-6

25. Operador del Sistema Honduras, ‘Plan Indicativo de Expansión de la Generación
2022 – 2031’ (GERENCIA DE PLANIFICACIÓN DEL SISTEMA)
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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]. 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 97

pmoreno
ISBN 978-9942-44-109-6



 
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]: 

 BEV are battery electric vehicles 
 PHEV are plug-in hybrid electric vehicles. 
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 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: 
 Type of vehicle 
 Average anual travel distance (Xp) 
 Number of vehicles(Nº) 
 Type of fuel 
 Lower heating value (PCI) 
 Vehicle performance with internal combustion engine (RCI) 

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

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

 Average annual fuel consumption (Dc) 
 Annual energy demand (DEvehículo) 
 Energy saving (kWh) 

 

𝐷𝐸𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝐶𝐼 (
𝑘𝑊ℎ

𝑦𝑒𝑎𝑟 ∗ 𝑣𝑒ℎ𝑖𝑐𝑙𝑒) = 𝑋𝑝 (
𝑘𝑚

𝑦𝑒𝑎𝑟) ∗ 𝑅𝐶𝐼 (
𝐿

100𝑘𝑚) ∗ 𝑃𝐶𝐼 (
𝑘𝑊ℎ

𝐿 ) 

𝐷𝑐 (
𝐿

𝑦𝑒𝑎𝑟) = 𝑋𝑝 (
𝑘𝑚

𝑦𝑒𝑎𝑟) ∗ 𝑅𝐶𝐼 (
𝐿

100𝑘𝑚) ∗ 𝑁º 

𝑫𝑬𝒕𝒐𝒕𝒂𝒍 𝑪𝑰 (
𝒌𝑾𝒉
𝒚𝒆𝒂𝒓) = 𝑫𝑬𝒗𝒆𝒉𝒊𝒄𝒍𝒆 𝑪𝑰 (

𝒌𝑾𝒉
𝒚𝒆𝒂𝒓 ∗ 𝒗𝒆𝒉𝒊𝒄𝒍𝒆) ∗ 𝑵º 

 

𝐷𝐸𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑀𝐸 (
𝑘𝑊ℎ

𝑦𝑒𝑎𝑟 ∗ 𝑣𝑒ℎ𝑖𝑐𝑙𝑒) = 𝑋𝑝 (
𝑘𝑚

𝑦𝑒𝑎𝑟) ∗ 𝑅𝑀𝐸 (
𝑘𝑊ℎ

100𝑘𝑚) 

𝑫𝑬𝒕𝒐𝒕𝒂𝒍 𝑴𝑬 (
𝒌𝑾𝒉
𝒚𝒆𝒂𝒓) = 𝑫𝑬𝒗𝒆𝒉𝒊𝒄𝒍𝒆 𝑴𝑬 (

𝒌𝑾𝒉
𝒚𝒆𝒂𝒓 ∗ 𝒗𝒆𝒉𝒊𝒄𝒍𝒆) ∗ 𝑵º 

 

𝑨𝑬𝒕𝒐𝒕𝒂𝒍 (
𝒌𝑾𝒉
𝒚𝒆𝒂𝒓) = 𝑫𝑬𝒕𝒐𝒕𝒂𝒍 𝑪𝑰 (

𝒌𝑾𝒉
𝒚𝒆𝒂𝒓) − 𝑫𝑬𝒕𝒐𝒕𝒂𝒍 𝑴𝑬 (

𝒌𝑾𝒉
𝒚𝒆𝒂𝒓) 

 

%𝑨𝑬𝒕𝒐𝒕𝒂𝒍 (
𝒌𝑾𝒉
𝒚𝒆𝒂𝒓) =

𝑨𝑬𝒕𝒐𝒕𝒂𝒍 (𝒌𝑾𝒉
𝒚𝒆𝒂𝒓)

𝑫𝑬𝒕𝒐𝒕𝒂𝒍 𝑪𝑰 (𝒌𝑾𝒉
𝒚𝒆𝒂𝒓)

∗ 𝟏𝟎𝟎 

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: 

 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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 The model considers the values of the Intergovernmental Panel on Climate Change (IPCC) 
differentiated by country and type of fuel: gasoline and electric. 

 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]. 

 

𝑮𝑬𝑰𝒈𝒂𝒔𝒐𝒍𝒊𝒏𝒆 = (𝒆𝒃𝒂𝒔𝒆)𝑫𝑬𝒈𝒂𝒔𝒐𝒍𝒊𝒏𝒆 

𝑮𝑬𝑰𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄 = (𝒆𝒑𝒓𝒐𝒑)𝑫𝑬𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄(𝟏 − 𝝀𝒑𝒓𝒐𝒑) 

∆𝑮𝑬𝑰= (𝑮𝑬𝑰𝒈𝒂𝒔𝒐𝒍𝒊𝒏𝒆 − 𝑮𝑬𝑰𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄)(𝟏 − 𝒆𝒄𝒓)  

Where: 

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

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

𝐷𝐸𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒, energy demand through gasoline consumption (kWh thermal) 

𝐷𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐, demand for electrical energy (kWh electric) 

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

𝑒𝑐𝑟, rate or benefit for GHG emission reduction (%) 

∆𝐺𝐻𝐺, 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: 

 The initial investment year is year 0 
 Costs and credits are given in terms of year 0, so the inflation rate applies from year 1 onwards 
 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 

 

𝐷 = 𝐶𝑓𝑑
𝑖𝑑

1 − 1
(1 + 𝑖𝑑)𝑁

  

𝐶, total initial cost of the project 
𝑓𝑑, debt ratio 
𝑖𝑑, bank interest rate 
𝑁, duration of debt 
𝐷, debt payment 

 
 
Asset depreciation 

 
𝐶𝐶𝐴0 = 𝐶(1 − 𝜕) 

 

𝜕, 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). 
𝑁𝑑, depreciation period 
𝐶, total inversion 
𝐶𝐶𝐴0, zero year depreciation 
𝐶𝐶𝐴𝑛, depreciation in subsequent years 

 

𝐶𝐶𝐴𝑛 =
𝐶𝜕
𝑁𝑑

 

Internal rate of 
return (IRR) 0 = ∑

𝐶𝑛

(1 + 𝐼𝑅𝑅)𝑛

𝑁

𝑛=0

 
𝐶𝑛, cash flow for year n 
𝑁, project life in years 
𝐼𝑅𝑅, internal rate of return 

Simple recovery 
period – PayBack 
(PB) 

 

𝑃𝐵 =
𝐶 − 𝐼𝐺

𝐶𝑛
 

𝐼𝐺, incentives and subsidies 
𝐶, total inversion 
𝐶𝑛, cash flow for year n 
𝑃𝐵, Simple PayBack 

Net Present Value 
(NPV) 𝑁𝑃𝑉 = ∑

𝐶𝑛

(1 + 𝑟)𝑛

𝑁

𝑛=0

 
𝑟, discount rate 
𝑁, project life in years 
𝐶𝑛, cash flow for year n 
𝑁𝑃𝑉, Net present value 

Annual Life Cycle 
Savings (ACV) 𝐴𝐶𝑉 =

𝑁𝑃𝑉
1
𝑟 (1 − 1

(1 + 𝑟)𝑁)
 

𝑟, discount rate 
𝑁, project life in years 
𝑁𝑃𝑉, Net present value 
𝐴𝐶𝑉, annual life cycle savings 

Cost benefit 
relation 

 

𝐵/𝐶 =
𝑁𝑃𝑉 + (1 − 𝑓𝑑)𝐶

(1 − 𝑓𝑑)𝐶  

𝑓𝑑, debt ratio 
𝐶, total inversion 
𝑁𝑃𝑉, Net present value 
𝐵/𝐶, cost benefit relation 

GHG emission 
reduction cost 

 

𝐺𝐸𝐺𝐻𝐺 = −
𝐴𝐶𝑉
∆𝐺𝐻𝐺

 

 

𝐴𝐶𝑉, annual life cycle savings 
∆𝐺𝐸𝐼, reduction of GHG to the environment (ton 
CO2) 
𝐺𝐸𝐺𝐻𝐺 , 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: 

 Motorcycle with internal combustion engine: 2.86 l/100 km 
 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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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.
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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 di↵erence 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 e�ciency 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-

tween both sources of supply, conclusion of this article. 
   

 

Fig. 1. Workflow diagram of the methodology used. 
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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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Abstract: Microgrids (MG) are a compilation of loads, distributed 
generation (DG) elements and storage systems (SSs), they are a green 
and reliability solution to generate and supply electricity. Alternating 
current (AC) MGs are the most researched at the moment. Direct current 
(DC) MGs have gained a lot of interest in recent years as researchers 
have determined a number of advantages of DC MGs over AC ones. 
Furthermore, hybrid microgrids (HMGs) compile the advantages of both 
types turning them into a very interesting field of study. Nevertheless, 
the development of DC and HMGs is more recent, topic that is being 
investigated in an extensive way in recent years. This paper presents the 
state-of-the-art on DC and HMGs compiling the most actual and 
fundamental information and compares it with the basic knowledge on 
AC MGs. The most important advantages and disadvantages of AC, DC 
and HMGs are presented. Different aspects of the proper operation of 
these MGs are exposed, such as several methods of interconnection in 
HMGs. Also, a review of the current situation of DC and HMGs, as well 
as certain aspects to be improved in the coming years and future trends 
are described. Some examples have been presented in different sections 
with the aim of creating a broader view of the subject under discussion. 

Keywords: Hybrid AC/DC microgrid, control methods, microgrid, 
interconnection, future trends. 

1 Introduction  

Due to the climate emergency and the current energy crisis, the development and 
implementation of MGs is becoming necessary. MGs are capable of producing energy 
using renewable energy sources (RES) such as wind energy and photovoltaic (PV), so 
their use is optimal for reducing greenhouse gas emissions, decreasing the consumption 
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of fossil fuels, saving energy, improving supply reliability, producing clean energy and 
reducing costs [1]. MGs are the future of electric distribution networks. 

A microgrid is a small power system that can supply power self-sufficiently. The 
U.S. Department of Energy defines it as: “A group of inter-connected loads and 
distributed energy resources (DERs), with clearly defined electrical boundaries, 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 modes” 
[2]. MGs can collect and analyse information in real time, thus optimizing its 
consumption. They mainly include these elements: loads, DG and SSs [3] .  

There are several types of DGs, so a classification can be made [4]. On the one hand, 
there is energy generation from RES such as ocean waves, tides, geothermal, biomass, 
wind turbines or PV systems. On the other hand, there are clean alternative energy (AE) 
such as microturbines or fuel cells (FCs). Finally, there are traditional rotational 
machine-based technologies such as diesel generators. 

 There are also two categories of ESSs, presented in Table 1. 
 

Table 1. Categories of energy SSs [4]. 

 

Loads, distributed generation elements and SSs can be classified depending on the type 
of current (AC or DC) from which they are fed [3], [5], [6].  Several examples of these 
types of elements are exposed below. Some examples of AC loads can be: washing 
machines, coffee pots or microwaves; some DC examples of loads are: electric vehicles, 
TVs, PCs or air conditioners. Examples of DC DGs elements are: wind turbines, gas 
turbines or diesel generators; AC DGs elements can be: PV or fuel cells. Finally, some 
DC SSs elements are flywheels or battery energy storage system (BESS). 

Three types of MGs have been developed so far, so they can be differentiated 
between: 1) AC MGs, 2) DC MGs, and 3) HMGs. AC MGs have already been 
extensively investigated, they mainly include AC loads and sources. DC MGs are rising 
and have not been as developed as AC ones, they are made of DC loads and sources. 

Categories Description/function Examples 
Capacity-
oriented 

Slow response time   
Balance long-term energy  
Dampen low-frequency power oscillation 
Respond to the intermittence of the RES 

Batteries, pumped 
hydroelectric 
systems, 
compressed air 
energy storage or 
hydrogen storage. 

   
Access-
oriented 

Fast response time 
Generate the short duration disturbances in 
the MGs, providing the high frequency 
energy component 
Supply or absorb the high-power transients 
with high-power density 

Supercapacitors, 
flywheels or 
superconducting 
magnetic energy 
storage 
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In recent years, HMGs have gained great relevance as they combine the advantages of 
AC and DC MGs.  

The HMGs can be classified depending on the configuration of AC and DC buses 
and on the connection of sources and loads to the system [4], [5], [7]:  

 HMGs with AC coupling: they have a considerable number of DC loads 
connected to a common AC coupling bus via interface DC/AC power 
converters (IPCs). 

 HMGs with DC coupling: they are made up of a remarkable number of AC 
loads that are connected to a common DC coupling bus via AC/DC IPCs.  

 HMGs with AC and DC coupling: these types of MGs are formed by the two 
previously mentioned MGs, commonly interconnected by Bidirectional 
Interlink Power Converters (BILPCs).  

We can see an example of a hybrid AC/DC microgrid with AC and DC coupling 
in Figure 1: 

 

Figure 1. Hybrid AC/DC microgrid with AC and DC coupling example. 

Figure 1 is an example of a hybrid microgrid, it is made up of storage elements, AC 
and DC loads and DGs connected to the AC and DC buses by means of power 
converters. These power converters are called interface power converters (IPCs) [5], 
depending on the type of current IPCs transform, there are different structures: AC/AC, 
DC/DC, AC/DC and DC/AC. This hybrid microgrid can be understood as the 
connection of an AC microgrid with a DC microgrid through the interlinking converter 
(IC). The IC allows power exchange between the AC and DC sub-grid.  Different types 
and forms of interconnection of these MGs will be studied in Section 0. 

The development of the article continues in Section 2, which presents some 
advantages and drawbacks of the MGs. In Section 0, some interconnection methods for 
HMGs are presented. Different control methods are shown in Section 4. Section 5 talks 
about some future trends. Finally, Section 6 shows the conclusions. 
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Although AC MGs were the first to be developed, they present a series of benefits [8]: 
 High efficiency: The voltage of AC MGs can be stepped up and down with 

high-efficiency transformers for distribution purposes or for local loads use. 
 Stable voltage: It can be obtained when reactive power is controlled 

independently. 
 Security: If any fault occurs in grid-tied mode, the AC microgrid disconnects 

itself. The load will not be influenced from the disturbances that occur in the 
main grid. 

 Protection: There is natural zero crossing of the current in AC grids, so 
protection schemes are advantageous because current can be interrupted in a 
safer way than in a DC grid. 

The use of AC microgrid also presents certain drawbacks [8]: 
 Harmonics: The use of power electronic converters introduces harmonics in 

the main grid. 
 Complexity: It is complicated to interconnect DC RESs because inverters must 

be used to convert DC output to AC. 
 Conversions: There is a loss of efficiency when AC power needs to be 

converted for DC loads such as computers, TVs, battery charging, DC 
fluorescent lamps, electric vehicles, etc. 

 

Research and development of AC MGs is greater than for DC MGs. Despite this, 
starting to implement DC MGs brings a series of advantages:  

 Reduction of CO2 emissions: DC MGs use a fewer number of energy 
converters, minimizing CO2 emissions [9]. 

 Effective integration of DC loads: There is no need to convert AC power to 
DC for DC loads. Because of this, the quality of the energy is higher, reducing 
costs and losses [9]. 

 Easier integration of RESs and Energy Storage Systems (ESSs): Most of RES 
and ESS produce DC power, so they are easily integrated into a DC microgrid 
than into an AC one. 

 No need for synchronization: The operational complexity of the system can 
be reduced because, in DC systems, there is no need to synchronize the grid-
connected renewable energy systems with the main AC grid [10]. 

 No skin effect: In DC systems, skin effect is not produced. The current can 
flow through the entire cable and not just through the outer edges. Because of 
this, power losses are reduced and smaller cables can be used in DC 
distributions [9]. 
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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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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 

Optimum inclination angle (ᵒ) 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. 
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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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 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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Deep Neural Networks for Global Horizontal Irradiation 
Forecasting: A comparative study 
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Abstract. In order to contribute to the integration of photovoltaic renewable 
energy into power system, this paper addresses the problem of forecasting solar 
irradiance or Global Horizontal Irradiation (GHI). The collection, adjustment 
and processing of meteorological data used as input is carried out, in addition 
various Deep Neural Networks (DNN) models are implemented and analyzed, 
among which are the Artificial Neural Networks (ANN) of type as Transformer, 
LSTM, GRU, and mixed between Convolutional ANN (CNN)-LSTM, and 
CNN-GRU. These ANN variants are implemented, and a comparative study are 
made. Finally, the results obtained show that the ANN transformer has less er-
ror in the GHI forecasting. 

Keywords: Deep Neural Networks, Artificial Neural Network, Global Horizon-
tal Irradiation Forecasting, Transformer, LSTM, GRU, Convolution. 

1 Introduction 

Electrical energy has become a fundamental support for modern society that uses 
technology powered by it, constituting itself as the essential hub in the development 
of daily activities worldwide. Electricity is used in sectors such as industrial, agricul-
tural, domestic and many others, making it a primary and fundamental service for the 
global economy. Due to aforementioned, electricity consumption worldwide main-
tains a constant growth; therefore, technologies focused on energy efficiency and the 
management of the renewable resources for electricity generation have been devel-
oped in the last decades [1]. 

1.1 Background 

As the consumption of electricity increases globally, it is a challenge to supply this 
demand without generating additional environmental impacts. In addition, the infra-
structure of electricity systems and conventional technologies of electricity generation 
must be adapted to achieve an energy transition towards sustainable and more envi-
ronmentally friendly technologies.  Due to the above, the energy sector has been driv-
en to develop and to integrate alternatives of non-conventional technologies for elec-
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tricity generation such as renewable energies, which allow diversifying the energy 
matrix and energy transition. This without neglecting environmental responsibility 
and guaranteeing competitive and accessible prices in the electricity market [2]. 

In the many countries, there has been an increase in the use of non-conventional 
technology for electrical energy generation, whose availability of natural resources is 
intermittent, for example, photovoltaic solar energy or wind energy. Also the imple-
menting costs of these technologies have been greatly reduced in the last decades, 
making those options cost-effective electricity sources. In addition, these reduce 
greenhouse gas emissions and have lower environmental impacts [2]. Unlike of the 
conventional technologies, one of the biggest challenges presented by intermittent 
technologies are to determine exactly how much energy will be generated at each 
moment of the day [3].  

One of the tasks in the power system operation, is to dispatch of power plants, in 
order to meet the electricity demand. For conventional power plants, it can be quanti-
fied very precisely how much energy can be generated in the future, considering the 
amount of fuel available in a thermal power plant, or from the water stored in the case 
of a hydroelectric power plant [3]. On the other hand, the electricity production from 
photovoltaic and wind power plants may be affected by weather conditions, such as 
solar radiation, wind speed, geographical location, temperature, humidity, atmospher-
ic pressure, among other weather factors. These factors cannot be controlled and do 
not allow to forecast with precise accuracy how much energy will be available in the 
future. Therefore, a challenge arises when it make planning of energy dispatch in 
power systems that includes intermittent energy sources electricity generation [4]. 

For photovoltaic (PV) power plants, the challenge is to determine the availability 
of the solar irradiance or Global Horizontal Irradiation resource (GHI) to estimate the 
energy production. There exist several forecasting models for solar irradiance are 
classified into physical models, statistical and Machine Learning (ML) models. 

1.2 Literature review 

Physical models, such as numerical weather prediction (NWP), are computationally 
expensive because they consider several environmental aspects to calculate the future 
irradiance. Statistical models, such as the autoregressive integrated and moving aver-
age model (ARIMA) perform temporal mappings over past data and produce forecasts 
and have been used in several irradiance forecasting applications [5].  

Machine Learning (ML) models are one of the most promising computational 
methods  for forecasting GHI and energy production, because they are more suitable 
for mapping nonlinear patterns [5]. ML models are not only capable of performing 
nonlinear mappings in the data but also present some flexibility regarding noisy data 
[5]. 

A ML model can be described as a group of mathematical expression to find pat-
terns or make predictions. Once a ML model is built to forecast the GHI, a training 
process is carried out from a set of historical data, called a training set. After the train-
ing process is completed, the performance of the model is evaluated with another set 
of data, called test set. If the performance metrics have adequate values, it moves on 

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 177

pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



pmoreno
ISBN 978-9942-44-109-6



Sustainable Production Planning Optimization

Using Integer Programming

Fernando Zanella1[0000000314686771] and Clara Bento Vaz1,2,3[0000000198626068]

1 Research Centre in Digitalization and Intelligent Robotics (CeDRI), Instituto
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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 e�cient 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 e�cient 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 e�cient resource usage and responsible production. Usually, production
planning can be separated into three di↵erent 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 e�cient 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 di↵erent 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 e�cient.

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 di↵erent 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
10P
i=1

4P
j=1

MP Ci · Xij+

10P
i=1

4P
j=1

IHCi ·(Xij+IIij−Dij)+ (1)

10P
i=1

4P
j=1

UMC.(7.25 ·Sj−Pij ·Xij)

s.t. SSi + Dij − IIij ≤ Xij (C1)

4P
j=1

Xij ≤ Mi
(C2)

10P
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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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:  

 La implementación de desarrollo tecnológico; 
 Adquisición de parques vehiculares; 
 Compra de infraestructura; 
 Incentivos; 
 Generación de alianzas estratégicas; 
 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 

“Predial por basura”, se realiza la 
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 
“puntos verdes” de acopio de PET, 
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 

“Base Cero”, 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 
-- 

“Súmate”, a través de acciones de 
voluntarios (empresas, ONG’s, 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 

“Veracruz Puerto Limpio”, con 
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 a↵ect 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-o↵-hour tra�c to determine what
e↵ect 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-o↵-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 tra�c conditions and average driving distance for safety [2].

Tra�c-related emissions, such as CO2, CO, NOx and HC, have negatively
a↵ected 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 di�cult-to-
build infrastructure. In this context, eco-driving becomes a cost-e↵ective 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-
o↵-hour tra�c to determine its e↵ect 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-o↵-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 tra�c
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-o↵-hour tra�c to determine what e↵ect 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-o↵-hour.
Likewise, the duration of stops is larger during rush hour than peak-o↵-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-o↵ hours are between 9 am and 10 am
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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 
quantitatively measure the cities’ evolution. 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 that a smart city “makes 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, the ECLAC states that “the 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. 
It resulted in the following keywords: ‘Smart, Cit*, index*, metric*, indicator*, Latin 
America, LAC region, and LATAM region. In the literature review, following equation 
(1), 18 papers were identified as relevant to support this paper’s research gap and 
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 cities’ 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 cities’ 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 
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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 

needs. According to the IMD index, the main concerns of high ranked 
cities are related to housing, and environment
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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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. 
  
En los principales países más grandes de América Latina (Argentina, Brasil, Chile, 
Colombia y México) pero también en algunos otros (Ecuador, Uruguay) ya existen 
diferentes experiencias en la elaboración de idea de la Ciudad Inteligente, los 
ejemplos de pruebas de su implementación y por consecuencia nace la pregunta 
¿si se puede hablar de un modelo latinoamericano de la Ciudad Inteligente? La 
hipótesis de este trabajo es que no existe tal modelo y los diferentes países siguen 
diferentes pautas en la implementación. Sin embargo, ya después de 
aproximadamente veinte años de tales políticas se puede hablar de algunas 
experiencias comunes que deben servir como indicaciones de las futuras políticas 
públicas urbanas. 
 
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?   
 
La metodología que se emplea consiste en la revisión de la literatura y los 
documentos disponibles sobre el tema, la sistematización de los datos y de la 
información y, la exposición crítica del tema.  
 
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. 

 
1. La característica de la red de asentamientos humanos en América Latina. 
 
Las condiciones geográficas de América Latina son bastante heterogéneas y por 
esa razón también el sistema de asentamientos humanos tiene características 
diferenciadas. En primer término, hay que mencionar relativa polarización de los 
elementos de la red de asentamientos humanos ya que en América Latina además 
de mega-metropolis3 que en este momento ya son entre 6 y 8 (para 2018 estos 
fueron, Ciudad de México, Sao Paulo, Buenos Aires, Rio de Janeiro y Lima), zonas 

 
3 Por mega-metropolis se entiende las grandes zonas metropolitanas que cuentan con más de 10 
millones de habitantes. 
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metropolitanas4 y el resto de la estructura se caracteriza por relativamente 
pequeños ciudades que muchas veces no sobrepasan 100 mil habitantes. Esta 
característica probablemente produce que la mayoría de la población urbana que 
conforma aproximadamente 80% de la población, vive en mega-metropolis y zonas 
metropolitanas. 
 
Sin embargo, por esa razón también las ciudades latinoamericanas presentan gran 
polarización dentro de sus áreas. Son tanto las concentraciones de la población, 
actividad económica y riqueza, así como presentan amplias áreas de zonas pobres 
y marginadas que en diferentes países obtienen diferentes nombres (favelas, zonas 
marginadas, asentamientos irregulares, etc.). 
 
Todo esto crea la situación específica para la implementación de la idea de la Ciudad 
Inteligente, ya que prácticamente fuera de megaciudades y grandes ciudades es 
muy difícil hablar sobre desarrollos maduros de implementación. La mayoría de las 
pequeñas ciudades latinoamericanas sufre falta de recursos económicos, poca 
organización de la vida urbana y por consecuencia es muy difícil hablar de la 
implementación de la idea de ciudad avanzada. Sin embargo, todo esto no nos 
libera de considerar cuáles podrían ser las líneas futuras de implementación de la 
idea de Ciudad Inteligente, también en ambientes de ciudades pequeñas y 
medianas. 
 
2. La existencia de las estructuras organizativas supranacionales en apoyo de 
Ciudades Inteligentes 
 
 
En la búsqueda, para las necesidades de este trabajo, de las estructuras 
organizativas supranacionales en apoyo a la implementación de idea de la ciudad 
inteligente, en primer término, se encontró una plataforma de la CEPAL - La 
Plataforma Urbana y de Ciudades de América Latina y el Caribe. La División de 
Desarrollo Sostenible y Asentamientos Humanos de la Comisión Económica para 
América Latina y el Caribe (CEPAL), elabora estudios, proyectos y programas de 
investigación en el tema de Ciudades Inteligentes y Sostenibles.  
 
Por otro lado, parece que la más conocida iniciativa de promover la idea de la 
Ciudad Inteligente es la de asociación privado-gubernamental (PPP) que produjo 
una serie de Congresos de Ciudades Inteligentes Expo-LATAM. Los congresos se 
realizan desde el año 2016, primero por cuatro años en Puebla y los últimos tres 
años en Mérida, Yucatán. Smart City Expo LATAM Congress es el evento que 
impulsa la colaboración e implementación de las acciones que, a través de 
tecnología e innovación, se requieren para la transformación y evolución de la 
región, todo bajo el eje rector “activar, actual, acelerar”. 
 

 
4 Por zonas metropolitanas se entiende las áreas urbanas donde vive entre 1 y 10 millones de 
habitantes. 
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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 

Desde hace algunos años se realizan los Congresos Iberoamericanos de Ciudades 
Inteligente (ICSC-CITIES) patrocinados por el Programa Iberoamericano de Ciencia 
y Tecnología para el Desarrollo (CYTED)6. El siguiente Quinto Congreso tendrá 
lugar en la ciudad de Cuenca, Ecuador, en noviembre de este año. 
 
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 
en el marco del evento “EXPERIENCIA PUERTO RICO 2022” cuya temática de este 
año eran las ciudades inteligentes y sostenibles. 

 
3. Las características generales de las ciudades inteligentes latinoamericanas 
 
En esta parte del trabajo analizaremos diferentes casos de países latinoamericanos 
donde se implementa la idea de la ciudad inteligente, por lo menos de manera 
declarativa. Lo interesante es que, por lo menos en algunos países, funcionan o se 
declaran programas gubernamentales como son los casos de Argentina, Brasil o 
Colombia. 
 
ARGENTINA 
 
En Argentina en 2019 apareció un documento elaborado para las necesidades de 
SMART CITY EXPO CURITIBA 2019, titulado: Estrategia argentina de Ciudades 
Inteligentes, de la autoría de Catalina Palacio Cortés, de la Dirección de 
Investigación, Innovación y Control, Subsecretaría País Digital, Secretaría de 
Modernización de la Nación, Presidencia de la Nación. (Palacio Cortés, 2019)  
 

 
5 Los principales organizadores del Congreso son: LATAM, Fira Barcelona México y la Universidad 
Panamericana Campus México (UP). 
6 El Programa Iberoamericano de Ciencia y Tecnología para el Desarrollo (CYTED) es un programa 
que promueve la cooperación en temas de ciencia, tecnología e innovación para el desarrollo 
armónico de Iberoamérica. El Programa CYTED fue creado en 1984 mediante un Acuerdo Marco 
Interinstitucional, el cual fue firmado por el gobierno de los 21 países de lengua hispano--
portuguesa (Argentina, Bolivia, Brasil, Chile, Colombia, Costa Rica, Cuba, Ecuador, El Salvador, 
España, Guatemala, Honduras, México, Nicaragua, Panamá, Paraguay, Perú, Portugal, República 
Dominicana, Uruguay y Venezuela). Este Programa se encuentra incluido a partir de 1995 entre los 
Programas de Cooperación de las Cumbres Iberoamericanas de Jefes de Estado y de Gobierno. 
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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En este documento se presenta un diagnóstico que se hace por medio de la 
aplicación del “Modelo de Ciudades Inteligentes de País Digital”. El modelo está 
compuesto por 5 dimensiones: Gobernanza, Ambiente, Desarrollo Humano, 
Planeamiento Urbano y Competitividad. Cada dimensión está estructurada por 3 
Ejes (exceptuando Desarrollo Humano que tiene 4 ejes) y cada Eje está compuesto 
por Factores (un promedio de 3 Factores por cada Eje). La unidad mínima de 
medida es el indicador y el modelo cuenta con más de 300 de ellos entre cualitativos 
y cuantitativos internacionalmente usados y reconocidos. (Ibid.) Sin embargo, en 
este documento no se presentan ningunos casos específicos de las Ciudades 
Inteligentes.  
 
Este tipo de evaluación de la situación en Argentina encontramos en otra fuente 
donde se presenta el siguiente diagnóstico: “Según el ranking Cities in Motion, la 
ciudad de Buenos Aires ocupa el puesto 85 de ciudades inteligentes en el mundo. 
Los especialistas coinciden en resaltar que la tecnología ayuda, pero no suma, ya 
que la capital ha mantenido este lugar en las últimas tres ediciones.  El ámbito 
porteño posee buenas puntuaciones en materia de “gobernanza” pero falla en ítems 
como la “gestión pública” y la “economía”. (Tridia, 2022) 
 
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 cualquier otro país del mundo. “Nos 
falta ese gran paso que es que se tome una decisión de gran escala” (Ibid.). Se 
puede entender que el entrevistado se refiere a las decisiones que ampliarían la 
idea de Ciudad Inteligente a otras ciudades argentinas. Siguiendo “El 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. 
 
BRASIL 
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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) 

En este contexto es interesante el “Ranking de Ciudades Inteligentes Conectadas” 
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 humano.” 
(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. 

Sao Paulo (1), Florianópolis (2), Curitiba (3), Brasil (4), Rio de 
Janeiro (7), Campinas (8), Niterói (9), Salvador (10), Campo 
Grande (13), Belo Horizonte (15), Goiania (18), 

entre 100 y 500 
mil hab. 

Vitória (5), Sao Caetano do Sul (6), Barueri (11), Balneario 
Camboriu (12), Santos (14), Blumenau (16), Jaragua do Sul (17), 
Jundaí (20). 

entre 50 y 100 
mil hab. 

Jaguariúna (19) 

Fuente: (Ranking Connected Smart Cities, 2021) 
 
La Tabla 4 de la clasificación de los primeros 20 municipios del Ranking de Ciudades 
Inteligentes Conectadas, realizado para 2021 proporciona una buena orientación 
sobre el rumbo del desarrollo de este tipo de ciudades. En primer término, se puede 
notar que predominan las ciudades grandes por arriba de medio millón, mucho 
menos representados son las ciudades del tamaño mediano (entre 100 y 500 mil 
habitantes) y prácticamente no aparecen las ciudades pequeñas por abajo de 100 
mil. En segundo término, notamos que entre los primeros 20 municipios sólo se 
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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 
“Infrastructure network for milling and other uses in Soria province rivers” (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.  

 “CNIG” database: “CNIG” is the geographic information national centre in Spain. 
This centre has a watermill database throughout the territory of Spain.  

 Historical bibliographic sources: different historical sources have been used for the 
water mill localization. Among them we find the following ones.  
─ Madoz: It is a statistical dictionary that was carried out between 1835 and 1850. 
─ 1910 document: a document about the industrial infrastructures in Soria in 1910 

has been found.  
 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.  

 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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 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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─ Identify potential sites for micro-mini hydropower applications. 
─ Restore ancient watermills for other uses such as rural hotels, restaurants, or muse-

ums. 
─ 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 the day they took seven curves’ characteristics to 
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 
hour’s data. Finally, a two-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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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)

Proceedings of the V Ibero-American Conference on Smart Cities (ICSC-CITIES 2022)                                                                 Page 295

pmoreno
ISBN 978-9942-44-109-6



6 

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: 
                                                      𝒚(𝑺𝑶𝟒

𝟐−) = [𝒂(𝝀) − 𝒂]/𝒃     (1) 
 
b: corresponds to slope. 
a: origin. 
α(λ): Absorbance reading of sulfate ion samples at wavelength λ. 
y γ(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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Mass concentration = Abs ∗ alicuota = mg ∗ (1E−6 kg
mg

) = [kg] 

Area = (π ∗ r2) = cm2 ∗  (1E−8 ha
cm2) = [ℎ𝑎] 

Exposure time = period = [years] 

Flux =
Concentration
area ∗ period

= [
kg

Ha year
] 

 

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: 
                                                       m = V ∗  [ ]                           (2) 

𝐦 = mass of pollutant in milligrams 
𝐕 = volume of fuel consumed in liters 

[ ] = concentration of the solute 
 
Conversion factors were used to arrive at required units. 

m = V ∗  𝞀 
𝐦m = mass of fuel in kilograms  
V = volume of fuel consumed in liters  
ρ = density of fuel in kilograms per liter  

 
                                            Ei = ∑ (FCm ∗ EFi, m)m                (3) 

𝐄𝐢 = pollutant emission in kilograms  
𝐅𝐂𝐦 = fuel mass  
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 20 kg
tonn

  , 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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�P =
aW�W + aE�E + b

aP

(17)

Summarizing, Jacobi’s method consists of the following steps:

1. a distribution of the variable (�⇤
P
) is guested in the computational domain

2. coe�cients of computational nodes are calculated: aW , aE , aP , b

3. �P is calculated by Eq. 17 using guest values of step one �P = aW �
⇤
W

+aE�
⇤
E
+b

aP

;
it applies to all discrete nodes, one by one

4. a convergence criterion is applied; if the criterion is satisfied, then �P is the
problem solution; otherwise, the � variable is renamed �

⇤
P

= �P , 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,�, Cp, TA, TB , "

Result: Temperature Matrix �

1 Set variables (T ), properties and boundary conditions of system
2 Fill matrix � = Tguest

3 Generate mesh �x = Hx

Nx�2

4 k = 0
5 while t  tmodeling do
6 Rename matrix � = �

t

7 t = k�t

8 while R
k

� � " do
9 Computing coe�cients aW , aE , aP , b

10 Jacobi solver aP = aW �W +aE�E+b

aP

11 Rename matrix �
⇤ = �

12 Compute residual Rk

� =
P

i=Nx

i=1 [aP�P � (aE�E + aW�W + b)]

13 end
14 k = k + 1

15 end
16 Print temperature matrix �

In Algorithm 1, aE corresponds to the terms of the right side of the main
diagonal of the coe�cient matrix, aW represents the terms of the left side of
the main diagonal of the coe�cient 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 coe�cients 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 di↵usion. Also, the development and execution
platform are described. Finally, the computational e�ciency 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 � = 2.0 WmK�1, density was ⇢ = 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 e↵ectiveness 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 di↵erent 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 di↵erent 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 di↵erence [%]=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 di↵erence [%]=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 di↵erence [%]=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 di↵erence [%]=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
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analytical solution in 6.81% for time step t=0.1s. The percent di↵erence was
reduced in 0.006% when using a time step of t=0.0001s.

Fig. 3 graphically summarizes the profile temperatures for di↵erent 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

Di↵erent 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 di↵erence 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 e�ciency buildings
analysis.

The results were also a↵ected 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 e↵ect of high-order approximations of the di↵erential 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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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: 

 All EVs must be fully charged (100%) at 06h00. 
 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. 

 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  (𝐻𝑎𝑏𝐶). 

Knowing that the area of the city (𝐴𝐶) is 70.59 km2 and the study area (𝐴𝐸)  is 0,413 
km2, you get 2 407 inhabitants in the study area (𝐻𝑎𝑏𝐸)  by  the Eq. (1). 

 

𝐻𝑎𝑏𝐸 =
(𝐴𝐸)(𝐻𝑎𝑏𝐶)

𝐴𝐶
 (1) 

The ratio 𝐻𝑎𝑏 𝑉𝑒ℎ⁄  (Inhabitants / vehicle) is given by the 92 601 vehicles registered 
for the year 2019 in Cuenca 𝐻𝑎𝑏 𝑉𝑒ℎ⁄  [31] and the number of inhabitants previously 
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obtained, resulting in 4,435 𝐻𝑎𝑏 𝑉𝑒ℎ⁄  while the ratio between inhabitant and customer 
in the study area (𝐻𝑎𝑏 𝐶𝑙⁄ ) is 1.103. Relating these factors is obtained 4.02 𝐶𝑙 𝑉𝑒ℎ⁄  by 
Eq. (2). 

 
𝐶𝑙

𝑉𝑒ℎ
=

𝐻𝑎𝑏 𝑉𝑒ℎ⁄
𝐻𝑎𝑏/𝐶𝑙

 (2) 

Finally, in the Eq. (3) the quantity of vehicles per DT (𝑉𝑒ℎ𝑇𝑖), knowing the custom-
ers connected to each one 𝑉𝑒ℎ𝑇𝑖(𝐶𝑙𝑇𝑖): 

 

𝑉𝑒ℎ𝑇𝑖 =
𝐶𝑙𝑇𝑖

𝐶𝑙 𝑉𝑒ℎ⁄  (3) 

Obtaining in the study area 539 vehicles (𝑉𝑒ℎ𝐸), according to the Eq. (4). 
 

𝑉𝑒ℎ𝐸 = ∑ 𝑉𝑒ℎ𝑇𝑖

42

𝑖=1

 (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 → 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 (𝑁𝑃) the EVs are calculated per DT (𝐸𝑉𝑇𝑖), this being 
an integer, using the Eq. (5). 

 
𝐸𝑉𝑇𝑖 = (𝑁𝑃) (𝑉𝑒ℎ𝐸) (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).  

 
𝐶𝐸𝑘 = 𝐶𝐵103

𝐴𝑢⁄  (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). 

 

𝑆𝑜𝐶𝑟 = (1 −
(𝑅𝑝)(𝐶𝐸𝑘)

𝐶𝐵103 ) ∗ 100% (7) 

 
𝐸𝑟 = (𝑆𝑜𝐶𝑟)(𝐶𝐵) (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: 

 
𝐸𝑉2𝐺 = (𝑃𝑉2𝐺)(𝑡𝑉2𝐺) (9) 

4. So, the state of charge (SoCV2G) and remaining energy (ErV2G) after V2G are 
calculated using Eqs. (10)and (11)respectively. 

 
𝐸𝑟𝑉2𝐺 = 𝐸𝑟 − 𝐸𝑉2𝐺  (10) 

 

𝑆𝑜𝐶𝑉2𝐺 =
𝐸𝑟𝑉2𝐺

𝐶𝐵
(100%)  (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). 

 

𝑡𝐺2𝑉 =
𝐶𝐵 − 𝐸𝑟𝑉2𝐺

𝑃𝐺2𝑉
 (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 

𝐶𝐵(𝑘𝑊ℎ) 27 27 60.5 

𝐴𝑢 (𝑘𝑚) 200 200 400 

𝐶𝐸𝑘(𝑊ℎ/𝑘𝑚) 135 135 151.25 

𝑅𝑝 (𝑘𝑚) 36 36 36 

𝑆𝑜𝐶𝑟 (%) 82% 82% 91% 
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𝐸𝑟 (𝑘𝑊ℎ) 22.14 22.14 55.055 

𝑃𝑉2𝐺 (𝑘𝑊ℎ) 5.83 5.83 5.83 

𝑡𝑉2𝐺 (ℎ) 2.64 2.64 4 

𝐸𝑉2𝐺 (𝑘𝑊ℎ) 15.39 15.39 23.32 

𝑆𝑜𝐶𝑉2𝐺 (𝑘𝑊ℎ) 25% 25% 52% 

𝐸𝑟𝑉2𝐺 (𝑘𝑊ℎ) 6.75 6.75 31.74 

𝑃𝐺2𝑉 (𝑘𝑊) 5.83 3.375 4.794 

𝑡𝐺2𝑉 (ℎ) 3.47 6 6 

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: Funcionamiento del esquema de control

A =
1

T
(6)

B = ↵T ; con 0 < a < 1 (7)

Offset = A · M (8)

M =
E � ↵T CWF

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 o↵set 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 Di↵erential 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.
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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
.
O↵set
.

El o↵set y M (margen de o↵set)
impiden que el SOC alcance sus
ĺımites operativos

MW

.
M
.

–

↵
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 + �mBESS (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 � es una variable, en el rango
0 < �  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 o↵set (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 Di↵erential 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 o↵set (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 � 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 � (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 �, 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
�. Se observa que alrededor del valor � = 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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3 

 The minimum melting curve (as the lower limit), which detects the mini-
mum overcurrent that causes the initiation of fusing of the link. 

 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: 

 For faults on the main line, fuse F2 will not detect any fault current, with 
fuse F1 acting as the main protection. 

 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*: 

 
1

2

*2

0

*2

0

;
1

;

iN

i
i

iN
ES

i
i

I I I

t
I I I

        (2) 

 
For the lower envelope it is expressed by equation 3: 
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         (3) 

 
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. β1,i and β2,i are characterization parameters of the upper bound-
ary curve of the fuse acting as the main protection. β 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: 

 
𝑚𝑚𝑚𝑚𝑚𝑚 𝛼𝛼

�𝑘𝑘𝑖𝑖,𝑗𝑗�
𝛽𝛽−1

 ∑ �∑ TMS𝑖𝑖,𝑗𝑗 − TMS𝑖𝑖+1,𝑗𝑗+1
𝑚𝑚
𝑗𝑗=1 �𝑛𝑛

𝑖𝑖=1       (5)  

 
where α and β 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 α y β 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 α β 
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 20ºC [Ω·km-1] 0.614 
Electrical reactance at 20ºC [Ω·km-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. 

0.0
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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:  

 
 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). 

 A new and simple way to simulate fuse operation was described. 
 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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