190620_book cover_outlines.indd 1

20/06/2019 16:54:23

Energy sustainability
of smart cities
Manuel Villa-Arrieta
ADVERTIMENT La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents
condicions d'ús: La difusió d’aquesta tesi per mitjà del r e p o s i t o r i i n s t i t u c i o n a l UPCommons
(http://upcommons.upc.edu/tesis)
i
el
repositori
cooperatiu
TDX ( h t t p : / / w w w . t
d x . c a t / ) ha estat autoritzada pels titulars dels drets de propietat intel·lectual únicament per a
usos privats emmarcats en activitats d’investigació i docència. No s’autoritza la seva reproducció
amb finalitats de lucre ni la seva difusió i posada a disposició des d’un lloc aliè al servei
UPCommons o TDX. No s’autoritza la presentació del seu contingut en una finestra o marc aliè a
UPCommons (framing). Aquesta reserva de drets afecta tant al resum de presentació de la tesi com
als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona
autora.
ADVERTENCIA La consulta de esta tesis queda condicionada a la aceptación de las siguientes
condiciones de uso: La difusión de esta tesis por medio del repositorio institucional UPCommons
(http://upcommons.upc.edu/tesis) y el repositorio cooperativo TDR (http://www.tdx.cat/?localeattribute=es) ha sido autorizada por los titulares de los derechos de propiedad intelectual
únicamente para usos privados enmarcados en actividades de investigación y docencia. No se
autoriza su reproducción con finalidades de lucro ni su difusión y puesta a disposición desde un
sitio ajeno al servicio UPCommons No se autoriza la presentación de su contenido en una ventana
o marco ajeno a UPCommons (framing). Esta reserva de derechos afecta tanto al resumen de
presentación de la tesis como a sus contenidos. En la utilización o cita de partes de la tesis es
obligado indicar el nombre de la persona autora.
WARNING On having consulted this thesis you’re accepting the following use conditions: Spreading
this thesis by the i n s t i t u t i o n a l r e p o s i t o r y UPCommons (http://upcommons.upc.edu/tesis)
and the cooperative repository TDX (http://www.tdx.cat/?locale- attribute=en) has been authorized
by the titular of the intellectual property rights only for private uses placed in investigation and
teaching activities. Reproduction with lucrative aims is not authorized neither its spreading nor
availability from a site foreign to the UPCommons service. Introducing its content in a window or
frame foreign to the UPCommons service is not authorized (framing). These rights affect to the
presentation summary of the thesis as well as to its contents. In the using or citation of parts of the
thesis it’s obliged to indicate the name of the author.

UNIVERSITAT POLITÈCNICA DE CATALUNYA
DEPARTAMENT D´ENGINYERIA ELÈCTRICA
Doctoral Thesis

ENERGY SUSTAINABILITY
OF SMART CITIES
Thesis by compendium of publications

Author: Manuel Villa-Arrieta
Director: Dr. Andreas Sumper

Barcelona, 2019

Universitat Politècnica de Catalunya
Departament d’Enginyeria Elèctrica
Av. Diagonal, 647
08028 Barcelona
All Rights Reserved, Copyright © Manuel Villa-Arrieta, 2019
Book cover and back design by Manuel Villa-Arrieta and María Sánchez Foz
Photographs by Manuel Villa-Arrieta

Dedicada a la memoria de mi padre,
el artífice de todos mis logros,
Ricardo Villa Peláez (1956-2015).

v

ACKNOWLEDGMENTS
[Background music: The Numbers by Radiohead]
I want to thank my mother, Clara Inés Arrieta, in the first instance; as well
as my sister Laura and my brother Mauricio for all the support they have
always given me. I extend the dedication of this Thesis to them, as well as
to my niece Valentina and my nephew Tomás.
To my thesis director, Dr. Andreas Sumper, my gratitude for his
contribution along these years of research. Likewise, I would also want to
thank Dr. Joan Batalla, even though he is not officially the director of this
Thesis, he has always accompanied me as such.
I gratefully acknowledge the technical and financial support provided
by

the

Foundation

for

Energy

and

Environmental

Sustainability

(FUNSEAM).
I want to thank my colleague and friend, Deborah Pugach, enormously.
To the rest of the FUNSEAM team and the Chair of Energy Sustainability of
the University of Barcelona, my thankfulness. To Professor Maria Teresa
Costa, to Dr. Elisenda Jové, and to Dr. Elisa Trujillo I want to specially
extend my greatest gratitude.
In addition, special thankfulness and thoughts to Judit Tobella, her
personal support has been crucial in these years. Also, to Nuria Ribera for
her support, as well as the entire Tobella Ribera family. Their
companionship through these has been wonderful and I will always be
grateful to them for their love.

vi

To my great friends María Fernanda Jiménez, Diego Saavedra, Jaime
Giraldo, Oscar Merchancano, Alejandro Villegas, and my cousin Daniel
Romero, I thank them so much for their support and friendship.
To María Sánchez, for her collaboration in the design of the cover of this
Thesis and for her company during these months, my special thanks.
To the people who have accompanied me since the first moment I
settled in Barcelona, my friends Anna Belén Morales and Carme Gómez,
Alberto Eljarrat, Guillermo Gerling, Jordi Samà, José Luis Cárdenas and
Miquel Martí, I want to thank them immensely.
To all of you, I not only express my gratitude but also my admiration.
Without you this Thesis would not have end point.

vii

AGRADECIMIENTOS
[Música de fondo: The Numbers de Radiohead]
Agradezco en primera instancia a mi madre, Clara Inés Arrieta, a mi
hermana Laura y a mi hermano Mauricio por todo el apoyo que siempre
me han brindado. Extiendo la dedicatoria de esta Tesis a ellas y a él, así
como a mi sobrina Valentina y a mi sobrino Tomás.
A mi director de Tesis, el Dr. Andreas Sumper, le agradezco el aporte
que me ha brindado a lo largo de estos años de investigación.
Asimismo, agradezco enormemente al Dr. Joan Batalla por sus aportes;
aunque no figura oficialmente como codirector de esta Tesis, me ha
acompañado como tal.
Agradezco asimismo a la Fundación para la Sostenibilidad Energética y
Ambiental (FUNSEAM). La culminación de esta Tesis ha sido posible
gracias al soporte técnico y económico que esta fundación me ha
brindado.
Quiero agradecer enormemente a mi compañera de trabajo y amiga,
Deborah Pugach. También al resto del equipo de FUNSEAM y de la
Cátedra de Sostenibilidad Energética de la Universitat de Barcelona,
especialmente a la Catedrática Maria Teresa Costa, a la Dra. Elisenda
Jové, y a la Dra. Elisa Trujillo les extiendo mi más grande agradecimiento.
También quiero agradecer especialmente a Judit Tobella, su apoyo
personal ha sido crucial en estos años. Igualmente, a Nuria Ribera por
este apoyo, así como a toda la familia Tobella Ribera. La compañía que
me han brindado ha sido maravillosa. Se los agradezco inmensamente.

viii

A mi gran amiga María Fernanda Jiménez, a mis grandes amigos Diego
Saavedra, Jaime Giraldo, Oscar Merchancano, Alejandro Villegas, y a
mi primo Daniel Romero les agradezco enormemente por su apoyo.
A María Sánchez, por su colaboración en el diseño de la portada de
esta Tesis y por su compañía en estos meses le agradezco fuertemente.
A las personas que me han acompañado desde el primer momento en
el que me establecí en Barcelona, mis amigas Anna Belén Morales y
Carme Gómez, y mis amigos Alberto Eljarrat, Guillermo Gerling, Jordi
Samà, José Luis Cárdenas y Miquel Martí, les agradezco inmensamente.
A todos ustedes no solo les expreso mi agradecimiento sino también mi
admiración. Sin ustedes esta tesis no tendría punto final.

ix

ABSTRACT
The increase in the energy consumption of cities forecasted for the
coming years makes these urban areas tend to be representative of the
energy sustainability of their countries. In this sense, on the basis of the
analysis of the management model and technological development
Smart City, the objective of this Thesis is to study the scalability from
buildings to country level of the reduction in the energy consumption
and the increase of the photovoltaic self-consumption.
The contribution of this Thesis is based on its relevance in the process of
energy transition towards a decarbonised economy, specifically, in the
study of the flexibilization of the functioning of the electrical system
through the empowerment of the consumer. Thus, divided into six
chapters this Thesis addresses a broad research focused on identifying
the relationship between Energy Sustainability and Smart Cities from the
study of active demand management and the evaluation of the
technical-economic performance of buildings and cities almost zero
energy consumption.
The main conclusion of this research is that to maintain the balance of
the security of electricity supply, equity in access to energy and
environmental sustainability of the city-country, the evaluation of energy
sustainability should be addressed from the effectiveness of the electric
systems of Smart Cities.
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RESUMEN
El aumento del consumo energético de las ciudades previsto para los
próximos años hace que estas urbes tiendan a ser representativas de la
sostenibilidad energética de sus países. En este sentido, en base al
análisis del modelo de gestión y desarrollo tecnológico para áreas
urbanas Smart City, el objetivo de esta Tesis es estudiar la escalabilidad,
desde edificios hasta el nivel de país, de la reducción del consumo
energético y el incremento del autoconsumo fotovoltaico.
La contribución de esta Tesis se basa en su relevancia en el proceso de
transición

energética

hacia

una

economía

descarbonizada.

Específicamente, en el estudio de la flexibilización del funcionamiento
del sistema eléctrico a través del empoderamiento del consumidor. Así,
dividida en seis capítulos esta Tesis aborda un amplio trabajo de
investigación centrado en identificar la relación entre la sostenibilidad
energética y las Smart Cities desde el estudio de la gestión activa de la
demanda y la evaluación del desempeño técnico-económico de
edificios y ciudades de consumo energético casi nulo.
La principal conclusión de esta investigación es que para mantener en
equilibrio la seguridad del suministro eléctrico, la equidad en el acceso
a la energía y la sostenibilidad ambiental del binomio entre ciudad y
país, la evaluación de la sostenibilidad energética debe abordarse
desde la efectividad de los sistemas eléctricos de las Smart Cities.
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CHAPTER 1
INTRODUCTION
1 Background and Motivation
Humanity is currently facing the challenge of mitigating and adapting to
climate change of an anthropogenic origin. This "change" is understood
to be the variation of the state of the climatic system of the planet due
to global warming caused by greenhouse gases (GHG); for which the
production and use of energy are responsible for the emission of more
than two thirds of the total [1]. Because they are home to just over half of
the world's population [2], cities are responsible for between 60 and 80%
of global energy consumption and for 75% of total CO 2 emissions [3].
They are at the centre of relevant actions needed to face this challenge;
especially since the buildings, responsible for 31.43% of total energy
consumption [4], have the greatest margin of action to increase energy
efficiency and take advantage of renewable energies in cities to the
detriment of the consumption of external fossil resources.
Even so, the future panorama of the energy and environmental
sustainability of the cities and the planet tends to be worse. As seen in
the United Nations projections for up to 2050, if the current trend of urban
population growth continues, global urbanization will represent 67% [5]
and cities will demand a greater amount of energy to cover the energy
needs of this population. Guaranteeing the security and quality of the
energy

supply

to

provide

urban

services

such

as

housing,

telecommunication, transportation, lighting, health, mobility, and leisure
with the resources of the planet will pose an enormous challenge in
terms of our ability to manage and restore the natural assets on which all
life depends [6]. If the increase in the average temperature of the planet
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is not limited well below 1.5ºC, climate change will bring not only
environmental but also economic and social consequences throughout
the world in the coming decades [7].
Faced with this problem, many countries in the world are in the process
of transforming their energy system’s structure and functioning. The
transformation process is called Energy Transition and it aims to achieve
a low carbon economic model through the increase of electrification,
energy efficiency, inclusion of carbon capture and storage technologies
in the high emission economic sectors as well as the replacement of fossil
energy sources by renewable energies [8]. Therefore, the main socioeconomic focus of action of the energy transition is the city [9].
A strategy aimed at addressing competitiveness and confronting the
efficiency and limitation of the economic and natural resources of cities
is the concept of urban management Smart City [10,11]. Although this
strategy surfaced during the last decade to address the limitation of
energy resources in cities and the inherent production of GHG, today it
covers other fields that include the provision of urban services, and
governance, knowledge, and behaviour of citizens. Technically, Smart
Cities are cities with a high degree of penetration of Information and
Communication Technologies (ICT) to create synergies [12] between
technological components and economic agents.
Within the framework of the energy transition, the electric energy
component of Smart Cities seeks to make the running the system more
flexible: empowering the consumer in terms of managing demand, and
moving from the current model of centralized generation to a distributed
one. This will allow the creation of new services for the system and new
agents in the electric market, in favour of the energy sustainability of

Energy Sustainability of Smart Cities

Manuel Villa-Arrieta

cities. Empowerment of the consumers means allowing them to exercise
control of their energy demand. By means of components of advanced
metering infrastructure, namely Smart Meters, the consumer can know
the energy and price information they need to be able to manage their
demand according to their consumption patterns and non-linear prices
of electricity in real-time [13]. This help that the system adjusts the
electrical demand to periods of greater renewable energies generation
during periods of greater renewable energies generation [14].
Distributed generation is the installation of generation systems within the
electricity distribution network, bringing with it the use of renewable
resources in situ at loading points [15]: energy self-consumption in
buildings, mostly through photovoltaic (PV) self-consumption, for creation
of Nearly / Net Zero Energy Buildings. These buildings have a high degree
of energy efficiency that allows them to reduce their consumption of
primary energy and therefore cover their remaining demand with selfconsumption systems, and store or, depending on the regulatory and
market characteristics, inject their surplus electricity into the network [16].
With the synergies between Smart Metering technology and buildings
with almost zero consumption, consumers will be able to become
Prosumers

of

electric

energy

and

participate

not

only

in

the

management of demand but also in the distribution of this energy vector
in communities and cities. Thus, the flexibilization of the electrical system
revolves around the consumer, and therefore the energy transition
depends on the link of this agent in the energy management activities of
the Smart Cities towards their energy sustainability.
According to the World Energy Council (WEC), Energy Sustainability at a
country level relies on a balance between three pillars: energy security,
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energy equity and the mitigation of environmental impact. The balance
between all these requires complex interconnections between agents
from the public and private sectors [17]. Due to the trend of global
population growth and its concentration in cities, these urban centres
tend to be representative of the population of their countries and
therefore of their energy consumption and responsible for GHG
emissions. Therefore, the energy sustainability of cities tends to be
representative of the energy sustainability of their countries.
The difficulty of carrying out energy transition with the end of energy
sustainability in cities depends on actions on a scale in which a greater
number of agents, such as consumers, must be interconnected. In this
sense, if there are not enough market indications that favour the
investment in buildings with almost zero consumption and the lack of
reaction to feedback on energy information and energy costs to modify
their demand curve, the Smart City model and the energy transition
cannot become a reality. Therefore, based on this hypothesis, energy
sustainability is not inherent in the Smart City model: it depends on the
participation of the consumer to be effective in this city model. Thus, it is
essential to study energy sustainability from an urban perspective,
analysing consumer participation in the management of demand and
energy self-consumption alongside a decrease in the consumption of
external energy resources that compromise the balance between the
three pillars of the energy sustainability of their countries.
The current situation of the study of both energy sustainability and that of
Smart Cities is extensive [18–20]. Energy sustainability is a field of
knowledge studied in depth. Similarly, the Smart City strategy has
attracted the economic interest of the technological, industrial and
service

sectors,

and

of

the

governmental

and

supranational
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organizations in search of the competitiveness of cities and as a strategy
to face climate change [21,22]. In this way, there are several
methodologies for assessing Smart Cities as rankings of benchmarking
between cities (see [23,24]). Furthermore, the evaluation of the energy
sustainability of cities at the level of rankings is extensive (see [25]). These
studies analyse the Smart Cities from the approach of compliance with
local indicators. As another contribution within these two broad fields of
knowledge, the objective and contribution of this Thesis is explained
below.

2 Objective, scope and contribution
The objective of this Thesis was to study the contribution that the Smart
City management strategy can make to the energy sustainability of
cities and countries. The main contribution of this study is the approach
of analysing the scalability of urban energy sustainability up to the
country level (see Figure 1), as a new evaluation approach based on the
hypothesis that cities tend to be representative of the population,
consumption energy and the emission of GHG from the countries.
The scope of this research was to describe the common characteristics
between the Smart City urban management strategy and the
evaluation of energy sustainability, in order to explain the contribution of
Smart technology elements to the increase of energy efficiency and
urban self-consumption of cities ―key components of the energy
transition to face climate change-.
The objectives and specific tasks of this research were to analyse the
response of the demand side by the deployment of Smart Meters and to

5
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analyse the scalability of PV self-consumption of buildings to cities. Thus,
the specific contributions of this Thesis are:
 The description of the link between Energy Sustainability and Smart
Cities to address the margin of action of urban PV self-consumption
in the self-consumption of the countries.
 The review of the impact of energy information feedback in the
reduction of energy consumption as a benefit of the Demand Side
Response (DSR), and the deployment of Smart Meters in the
residential sector.
 The description and validation with empirical data of a technicaleconomic evaluation model of the energy self-consumption of cities
and the participation of consumers, prosumers and energy
producers in the urban distribution of electricity. A model that,
based on the Zero Energy concept, proposes the evaluation of
Nearly Zero Energy Cities: scalability from buildings to cities of
distributed generation to the detriment of the consumption of
external energy resources.
Energy Sustainability

Country level

City level

Smart Grid

External energy

Demand Side Response
Energy self-consumption

SM

SM

SM

Local renewable energy resources
External energy resources

Smart Grid
External energy

Smart City

Flexible energy system

Figure 1. Scalability of the study of the energy sustainability of this Thesis.

PE consumption

SM

Country

Self-consumption

PE consumption

Smart
Meter (SM)

PE consumption

Nearly Zero Energy Communities/Cities (nZEC)

Self-consumption

Building level
Nearly/Net/Plus
Zero Energy
Buildings (nZEB)

Self-consumption
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3 Outline of the Thesis
This is a Thesis by compendium of publications that contains six chapters,
including the chapter of conclusions. Figure 2 describes the sequence of

Increase
in population
Concentration of the urban population

City Scale

Country scale

Context

the chapters organized according to the context of the field of study.
Issue

Solution

Climate change

Energy transition towards
a decarbonized
economy

Dependence
on fossil energy resources
and need for economic
growth

Energy Sustainability:
Energy security, Energy
equity and Environmental
sustainability
Chapter 2

Demand for urban
services: energy,
education & health,
Lighting & leisure, housing,
transport & mobility,
communications, industry
& commerce,
governance
Limitation of natural
and economic resources
Need to efficiently
manage
the economic resource

Smart City model:
Effectiveness
of urban development

Smart Energy Systems
Smart Grids

Chapter 3

Smart Meters
Nearly Zero Energy
Buildings (nZEB)

Chapter 4
(Paper Applied Energy 1)

Nearly Zero Energy Cities
(nZEC)

Chapter 5
(Paper Applied Energy 2)

Figure 2. Thesis overview: Research context, chapters and publications.

The current chapter 1 serves as a preface to the research on climate
change, energy sustainability and energy and urban transition under the
Smart City concept. Chapters 2 and 3 extend the theoretical concepts
and the state-of-the-art of the flexibilization of the functioning of urban
energy systems with the application of Smart systems towards achieving
the objectives of energy sustainability. Then, chapters 4 and 5 present a
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model of technical-economic evaluation of energy systems, based on
the scalability from buildings to cities of the Zero Energy concept.
At the beginning with chapter 2, "Contribution of Cities to Transition and
Energy Sustainability", a review of the state-of-the-art of the study of
Energy Sustainability and Smart Cities, and the analysis of the relationship
between these two concepts is presented. The main contribution of this
chapter is the presentation of the hypothesis of the representativeness of
the energy sustainability of cities in the energy sustainability of their
countries, due to the worldwide trend of population concentration in
these urban areas. Based on this hypothesis, this chapter contributes to
the analysis of the theoretical contribution that the PV self-consumption
of cities can have in their countries’ energy sustainability, which is
presented as the work margin of the Smart Cities energy management
model. The capacity for PV self-consumption of the main cities of the 125
countries classified in 2017 in the energy sustainability indicator Energy
Trilemma Index (ETI) of the WEC is analysed to this end.
With chapter 3, "Electricity strategic conservation through Smart Meters
and Demand Side Response: A review"1, the contribution of the
consumer in the flexibilization of the electrical system operation is
studied. According to the research hypothesis of this Thesis, this
contribution is an indispensable part of the Smart City model. In this
chapter, this Thesis presents, from a broad systematic review of
references, the analysis of the empirical works carried out in the world to
evaluate the benefits in the reduction of the load curve that are
achieved with the DSR in the residential sector. This chapter presents

This research forms part of a project of the Foundation for Energy and Environmental
Sustainability (FUNSEAM) and the Chair of Energy Sustainability of the University of
Barcelona (CES-UB). Its objective is experimentational study of the behaviour patterns of
the electricity consumer (Spain) with Smart Meters.
1
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three main contributions. The first is the identification of the existing
methodological approaches, and the characteristics of the elements of
their designs to empirically evaluate the DSR. The second contribution is
the tabulation of the percentage ranges that in terms of electricity
savings have been obtained experimentally by the impact of energy
information feedback. Finally, the third contribution of this chapter is the
identification of the gaps in the empirical study of the DSR. The
preliminary results of this research have been presented at two
academic conferences: the VII International Academic Symposium:
Smart Energy Systems from a New Energy Policy Approach 2, and the
International Conference on Renewable Energy 3 (ICREN) 2019.
Chapters 4 and 5 correspond to the two publications that have served
as a requirement for the presentation of this Thesis. The two papers were
published in the scientific journal Applied Energy (Energy & Fuels
category of Journal Citation Reports, JCR) of the Elsevier publishing
house. Table 1 presents the metric characteristics of this journal.
Table 1. Journal Metrics of Applied Energy (Energy & Fuels category of JCR).
JIF Quartile
(2018)

Cite Score
(2018)

Impact Factor
(2017)

5-Year Impact Factor
(2017)

Q1

9.54

7.900

7.888

Chapter 4, "A model for an economic evaluation of energy systems using
TRNSYS"4, contributes with the description and validation of the
Batalla-Bejerano, J., Trujillo-Baute, E., Villa-Arrieta M., Smart Meters and Consumer
Behaviour: insights from empirical literature. Barcelona, February 5, 2019. Conference
organized by the CES-UB and Institut d´Economia de Barcelona (UB).
3 Villa-Arrieta, M., Batalla-Bejerano, J., Trujillo-Baute. Smart Meters and Consumer Behaviour:
insights from empirical literature. UNESCO, Paris, 24-26 April 2019. Conference organized by
the University of Southampton (UK).
4 Villa-Arrieta M, Sumper A. A model for an economic evaluation of energy systems using
TRNSYS. Appl Energy 2018;215:765–77. doi:10.1016/j.apenergy.2018.02.045. (Received in
revised form 18 December 2017; Accepted 8 February 2018).
2

9
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economic calculation methodology of a model proposed to evaluate
distributed generation systems such as Nearly Zero Energy Cities. The
model was created with the TRaNsient System Simulation Tool (TRNSYS)
and works in parallel to the technical simulations in this software. This
model links in hourly time intervals technical and economic variables
that can determine the functioning of energy systems and the
investment required for their implementation. The economic calculation
procedure, as described in the European standard EN 15459:2007, of the
Energy Performance of Buildings Directive (EPBD) of the European
Commission, has been adapted to the characteristics of TRNSYS to
develop the calculation methodology of this model. A preliminary
version of this model was presented at the II Congreso Edificios Energía
Casi Nula in Madrid in 20145.
In chapter 5 "Economic evaluation of Nearly Zero Energy Cities" 6, the
economic evaluation model is applied to an energy performance
model of a Nearly Zero Energy City, where self-consumption of energy is
based on the concept of Urban Energy Transition: the distribution of
electric energy among consumers, prosumers and energy producers,
and the increase in the consumption of local renewable energy
resources to the detriment of external sources. Together with the
presentation of this evaluation model, the contribution of this chapter is
the presentation of its application in the study of energy selfconsumption in Barcelona. In this case study, several packages of
energy rehabilitation measures are analysed in 17% of the residential
buildings (37,800) in the city in a hypothetical peer-to-peer community of
Villa Arrieta M, et al. Herramienta de evaluación económica de proyectos energéticos. II
Congreso Edificios Energía Casi Nula, Grupo TECMA; Madrid 2014.
6 Villa-Arrieta M, Sumper A. Economic evaluation of Nearly Zero Energy Cities. Appl Energy
2019;237:404–16. doi:10.1016/j.apenergy.2018.12.082. (Received 18 September 2018;
Received in revised form 17 December 2018; Accepted 30 December 2018.) Paper
published in the Special Issues “Integration of solar energy in Buildings”.
5
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prosumers. This chapter also includes another parallel case study, in
which the participation of consumers and energy producers in the
distributed generation of the same city is analysed. This second study
was published in the communications book of the IV Congresos de
Ciudades Inteligentes, Madrid 20187, and presented at the 3rd APEEN
Conference & 5th Meeting on Energy and Environmental Economics ME3, on October 18, 2018 in Braga, Portugal 8. Additionally, the results of
these two studies were presented at the ENERDAY 2019 conference, in
Dresden, Germany9.
Chapter 6 describes the conclusions, contributions and future work that
opens with this research. This Thesis states that it is crucial to study the
energy sustainability of the countries from the study of the electric
systems of cities with the inclusion of Smart technologies. For this, this
research contributes with the approach of the study of the scalability of
the evaluation of buildings and cities with nearly zero energy
consumption. And, it opens the possibility to evaluate the effectiveness
of Smart Cities to improve energy security, energy equity and
environmental sustainability of the binomial between city and country.

Villa-Arrieta M, Sumper A. Costes de consumidores-prosumidores y productores de
energía en el marco de la autosuficiencia energética de Barcelona como ciudad
inteligente. Libro de Comunicaciones del IV Congreso Ciudades Inteligentes, Grupo
TECMA. May 6th; Madrid, Spain 2019.
8 Villa-Arrieta M, Sumper A. Global Cost and Optimal-Cost of Nearly Zero Energy Cities. 3rd
APEEN Conference & 5th Meeting on Energy and Environmental Economics – ME3; 18–19
October 2018; Universidade do Minho, Braga, Portugal.
9 Villa-Arrieta M, Sumper A. Nearly Zero Energy Cities: Scalability of energy self-consumption
from buildings to large urban areas. ENERDAY 2019 - 13th International Conference on
Energy Economics and Technology. 12th April 2019; Technische Universität Dresden, Faculty
of Business and Economics, Dresden, Germany.
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CHAPTER 2
CONTRIBUTION OF CITIES TO TRANSITION
AND ENERGY SUSTAINABILITY
1 Introduction
The rhythm of the technological change of the systems of transformation
of primary energy to final energy has marked the pace of development
and economic growth of humanity. This final energy has mainly been
earmarked to meet the energy demand of cities; and the main energy
sources used for this purpose have been sources of fossil origin which
emit greenhouse gases (GHG) in their exploitation. Therefore, their
consumption mainly as electricity has improved humanity’s quality of life
in the modern era, but this has had repercussions on the state of the
climate and environmental.
Due to population agglomeration, urban settlements have assumed the
political, administrative and economic functions to become city. In this
sense, urban population have been the greatest focus of energy
consumption on the planet. As seen in Figure 1 (which includes data
from after the 1973 oil crisis), electricity consumption has a greater
correlation with the growth of urban population rather that with the total
population growth. Therefore, urban energy consumption has been
linked to the emission of GHG. As a further handicap, by 2040 the global
demand for energy will have risen by more than a quarter due to the
increase of people residing in urban areas in developing economies to
1.7 billion [1].
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Electric
energy
consumption

Pearson
correlation
coefficient (r )
Population, total
Urban population
Population density
GHG emissions

0.9900
0.9981
0.9900
0.9913

Figure 1. Correlation between urban population and electric energy consumption. Source:
Created by author using data from [2].

The consumption of fossil resources has generated growth and
development up until now but with the environmental consequences of
climate change, these very same achievements are at risk. Among these
consequences

are

droughts

and

damage

to

crops

and

food

production, an increase in human health complaints and a higher
frequency of natural disasters and extreme meteorological phenomena.
The rise in sea level due to the progressive melting of glaciers will also put
urban coastal areas at risk. That 90% of all urban areas are coastal
means that the damage from rising levels and severe storms will only
increase with time [3].
Because energy consumption is transversal to economic activity,
mitigation and adaptation measures towards climate change are
marked by a process of the transformation of the current economic
model

to

one

of

decarbonisation,

which

is

competitive

and

economically sustainable. This process is called Energy Transition and
within it, the idea of decarbonisation is based on the inclusion of CO2
capturing and storage technology, an increase in energy efficiency and
electrification, and the coverage of the energy demand with 100%
renewable energy [4] in order to reduce the use of fossil energy sources.
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When broken down into economic sectors using figures from the
International Energy Agency, world energy consumption is concentrated
in buildings (31.43%), Industry (29.45%), Transport (28.82%) and Other
(10.3%)[1]. Given that they are the prime consumers of energy, energy
transition focuses on taking action at a city level and within this
framework, the greatest potential for saving lies in buildings [3]. Such
actions seek to make the operation of the electrical system more flexible
by empowering the consumer in the management of the demand and
the participation of urban energy generation using energy selfconsumption in buildings. Making the electrical system more flexible
involves an optimal combination of demand and renewable energy
generation. However, the main sources of this type of energy, such as
solar and wind, are intermittent: the intraday periods of higher
generation of such non-polluting sources usually occur during periods of
higher residential energy demand. Therefore, in order to take full
advantage of these sources, that is to say use 100% of these renewable
energies, it is necessary to implement mechanisms that optimize the
functioning of the system in terms of demand, and the main focus of this
would be the link to cities: distribution.
This is how Smart City urban management strategy techniques aim to
promote these mechanisms and contribute to the sustainability1 of the
planet [3]. These technologies are based on the integration of
Information and Communication Technologies (ICT) for the prevision of
urban services to make them more efficient. Figure 2 shows a graphic
representation of the Energy Transition characteristics needed to meet
the energy demands of a growing world and urban population. The
Furthermore, the transition from the current energy model to a decarbonized one meets
the Sustainable Development Goals (SDG), to which a large number of countries in the
world have committed themselves. It is hoped that several of the SDG will become
effective in cities.
1
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limitations of the Why? attempt to identify the amount of effort needed
to face the challenge of mitigation and adaptation to climate change.
Also, the application of the Smart concept aims to digitalize the energy
sector and install ICT to help manage resources (including economic
ones) efficiently and create new opportunities for development and
growth for countries, cities, companies and people.

Energy transition
Environmental, economic and social consequences of the Climate Change

Current moment

What limitations are there?

Economic, environmental and social balance of the energy supply

Application of the "Smart" concept to digitize the energy sector

How?
What economic implications
does it bring?

Changes and opportunities in countries, cities, companies and people

What technical implications
does it bring?

Moving from a centralized electrical system to a decentralized one and flexible

[Millions]

10.000
8.000

Decarbonized economy

Why?

6.000
4.000
2.000
0
2015

2020

2025

2030

2035

2040

2045

2050

Prospects population at Mid-Year
Total Population
Urban Population

Figure 2. Conceptual diagram of the Energy transition vs population growth prospects for
2050. Source: Created by author using data from [5].

Although the Smart City urban management strategy has been
promoted as a solution to the unsustainable nature of cities, according
to [6], the application remains unclear: cities can be made sustainable
without the use of smart ICT, and smart technologies can be used in
cities

without

contributing

to

sustainable

development.

Smart

technologies can also be used for sustainable development in locations
other than cities. Based on this hypothesis, several authors have put
forward the concept of Smart Sustainable Cities (SSC) to refer to cities in
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which these three aspects are combined in order to create more
sustainable cities [6].
In this regard, this chapter provides a review and discussion of the
relationship between the Smart City urban management strategy and
Energy Sustainability. The chapter is divided into three parts before
drawing

conclusions.

The

first

part

analyses

the

effect

of

the

concentration of the urban population and the use of solar resources in
cities in terms of their countries’ Energy Sustainability. The second part
provides a complete overview of the Smart City concept. And finally, the
third part presents the common elements that these two concepts share.

2 Energy Sustainability
In terms of development, progress in the social, economic, political and
cultural aspects of human life, sustainability2 promotes the improved
living conditions for the present generation without jeopardizing those of
future ones. Thus, Sustainable Development is defined as the balance
between variables of economic, social and environmental protection
[7]. When this balance is achieved, sustainable energy becomes the
principal source of energy used in the development and growth of
societies.
According to the World Energy Council (WEC), the definition of energy
sustainability is based on three core dimensions: energy security, energy
equity and environmental sustainability. Together, they make up a
trilemma and achieving high performance in all three dimensions entails
complex,

interwoven

links

between

public

and

private

actors,

According to the Brundtland Report, sustainable development is one that guarantees
that the needs of present generations are met but without compromising the possibilities of
future generations to meet their own needs [8].
2
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governments and regulators, economic and social factors, national
resources, environmental concerns and individual behaviours [9]. In
order to evaluate the performance of this energy sustainability trilemma,
the WEC uses the Energy Trilemma Index (ETI ) for countries.
Working with the ETI as a starting point, the sections below analyse the
following: 1) the characteristics of the urban population concentration of
countries classified in the ETI and 2) the theoretical effect of these
countries using urban solar resources with respect to their results in terms
of Energy Sustainability.

2.1

Energy Trilemma Index of World Energy Council

The ETI is a complete, rigorous and widely-recognized indicator for
decision-making on energy policy [10]. The definition of the three pillars
that make up the ETI are as follows:
 Energy

security

(Energy

Security

Ranking,

ESR *):

Effective

management of primary energy supply from domestic and external
sources, reliability of energy infrastructure, and ability of energy
providers to meet current and future demand.
 Energy equity (Energy Equity Ranking, EQR *): Accessibility and
affordability of energy supply across the entire population.
 Environmental sustainability (Environmental Sustainability Ranking,
EVR*): Achievement of supply- and demand-side energy efficiencies
and development of energy supply from renewable and other lowcarbon sources.

*

Abbreviations used for the purpose of this Thesis.
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The latest calculation methodology, published in 2016, increased the
number of indicators related to electricity3. In addition to these pillars, the
ETI includes the result of the contextual performance 4 analysis of the
countries evaluated. Generally speaking, a country is awarded a better
rating and position in the ranking when it demonstrates a better energy
and contextual performance. In this Thesis, only energy performance is
analysed.
The ETI studies the results of 125 countries according to region and their
Gross

Domestic

Product

per

capita

(Group

GDP

or

Group-

Roman_number). The regions are Europe (E), Sub-Saharan Africa (SubSaharan, S), Asia (A), Latin America and the Caribbean (LAC, L), the
Middle East (MENA, M) and North Africa (North-America, N). The GDP is
divided into Group-I (more than 33,500USD), Group-II

(between

14,300USD and 33,500USD), Group-III (between 6000USD and 14,300USD)
and Group-IV (less than 6000USD). The ETI also has an interactive tool, the
Pathway Calculator, that can be used to determine what is necessary to
improve

the

ranking

position

and

understand

the

impact

of

policymaking on achieving a sustainable energy future [11]. Figure 3
presents the indicators of this virtual tool.
In the context of this research the results in 2017 of this index were
organized in Figure 4. Group-I does not contain any countries form the
LAC or Sub-Saharan regions and Group-IV does not contain countries in
MENA, North America. Group-II is the only group with has countries from
all six regions of study.

Appendix 2.1 outlines the evolution of the indicators used in the calculation of the ETI.
The contextual indicators consider the broader circumstances of energy performance,
including a country’s ability to provide coherent, predictable and stable policy and
regulatory frameworks, initiate R&D and innovation, and attract investment [10].
3
4
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Concentration (reduced diversity) of total primary energy supply
Change in energy consumption in relation to GDP growth

Energy
security

Import dependence
Concentration (reduced diversity) of electricity generation

Energy
Trilemma
Index

Access to electricity (% population)

Energy equity
Industry electricity price (US cents per KWh)
CO2 intensity (kCO2 per US$)

Environmental
sustainability

GHG emissions from energy sector (MtCO2e)

Figure 3. Structure of the indicators of the Pathway-calculator of the WEC. Source: Created
by author using data from [11].
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6: Philippines (PH), Indonesia (ID), Sri
Lanka (LK), India (IN), Vietnam (VN),
Mongolia (MN)

5: Tajikistan (TJ), Pakistan (PK),
Bangladesh (BD), Cambodia (KH),
Nepal (NP)

Group III
North America
Sub-Saharan

Group IV

Figure 4. Distribution of the 125 countries of the ETI 2017 by regions and GDP groups per
capita. Notes: Regions are divided (greatest to least presence) into Europe with 41
countries (32.8%), Sub-Saharan 25 (29%), Asia 22 (17.6%), LAC 19 (15.2%), MENA 15 (12%)
and North-America 3 (2.4%). The GDP groups are divided as: Group-I has 34 countries
(27.2%), Group-II has 38 (30.4%), Group-III has 27 (21.6%) and Group-IV has 26 (20.8%).
Source: Created by author using data from [10].

2.1.1 ETI and Urban population in the period 2014-2017
In this section, the relationship between the concentration of the urban
population

and

the

energy

sustainability

of

the

countries

is

characterized. Using the results of the ETI during the period 2014-2017,
and data from the United Nations [5] on the percentage of urban
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population, Figure 5 was constructed to analyse the relationship
between these two variables (Appendix 2.2. shows the results of each
country). The positions 1 to 125 of the ETI ranking organized into five
segments of 25 countries run along the horizontal axis. The vertical axis on
the left shows the percentage of population concentration (UP) and the
results of ETI standardized between 0-100, while the vertical axis on the
right shows the urban population of the five segments. The results
obtained are described below.
There is a positive correlation between the best results in energy
sustainability and the UP of the 125 countries classified in the ETI 2017 as
well as with each of its three pillars: from greatest to least, this correlation
(r) between the UP and EQR, ETI, ESR and EMR is 0.73, 0.68, 0.33, and 0.23
respectively. The first three of the five country segments (positions 1-75)
on average have an UP of above 73% (segments 1 to 3 respectively:
77.4%, 75.86%, and 73.16%). Despite the fourth segment (positions 76-100)
having an average UP of 54.17%, it has the highest urban population
value (1.56 billion) of all segments and it is almost the sum of the first
three segments. As for the fifth segment (positions 101-125), it has the
lowest average UP (38.53%) and the lowest value of urban population.
The first 25 countries in the ETI ranking are rich countries in Europe with the
highest %UP, over 75%, and the final segment is mostly made up of
countries of the Group-IV and have an %UP of below 25%. The second
segment is made up of countries from the groups Groups-GDP II and III of
Europe, Asia and MENA. The third segment has a more balanced
distribution between countries in Europe, LAC and MENA of the GroupsGDP I, II, and III. In the fourth segment, the largest in urban population, it
is made up of Asian, LAC and countries of the sub-Saharan region. Most
of the latter are found in the fifth segment.
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Figure 5. Correlation between the percentage of urban population and the ETI during the
period 2014-2017. Source: Created by author using data from [5,10,12–14].

Energy Sustainability of Smart Cities

Manuel Villa-Arrieta

To analyse these results in depth, Figure 6 was constructed, which shows
the variation of the 125 countries in their ranking positions and the
percentage of urban population (%UP) from 2014 to 2017. This variation is
plotted in the four quadrants of a Cartesian axis in which the horizontal
axis represents the UP (growth in the positive axis and decrease in the
negative) and the vertical axis represents the variation of the position in
the ETI ranking (the higher positions on the positive axis and a lower
position on the negative). Each of these four axes is divided into
segments of positive correlations (0.5> r≤1 and 0≥r≤0.5) and negative
correlations (-0.5≥r <0 and -1≥r> -0.5). The table on the right shows the
percentage of countries in each quadrant in relation to the total number
of countries, distributed in each regions and Group-GDP.

0.5>r≤1
14: I:7,
II:6, III:1
0≥r≤0.5

1:
III:1

-0.5≥r<0
1:
III:1
1:
II:1

-1≥r>-0.5

5: I:3,
III:2

1II:1

8: I:1, II:2,
III:2, IV:3
10: II:4,
2: I:1,
III:4, IV:2
III:1
6: III:1,
1:
IV:5
III:1
4: I:3,
1:
III:1
II:1
1:
I:1

GDP/C

Q1

Region

Table

ETI Rank Improve

Graph
Q2

Q1

Quadrants (100%)
Q2
Q3
Q4

[%]

[%]

[%]

[%]

Asia (A) I

3.2

II

1.6

0.8

1.6

III

3.2

0.8

0.8

IV

2.4

I

6.4

1.6

II

5.6

3.2

III

0.8

0.8

Europe
(E)

1.6

1.6
7.2
1.6

3.2
1.6

2: II:1,
III:1
1:
II:1

1:
IV:1

LAC (L)

6: I:2,
II:4

UP Increase

-1≥r>-0.5

-0.5≥r<0

0≥r≤0.5

0.5>r≤1

UP Decrease

IV

13: I:7, II:3, 12: II:1,
III:2, IV:1 II:2, IV:9
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II:2, III:2 III:3
4:
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1:
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IV:3
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II:1 I:1
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III:1 II:1
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II:1
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1.6
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Figure 6. Variation of the 125 countries in the ETI ranking and the percentage of urban
population (%UP) from 2014 to 2017. Source: Created by author using data from [5,10,12–
14].
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In 110 of these countries, the urban population percentage increases
and of these, 48% move higher up in the ETI and the remaining 52% go
down. There is a large number of countries (57) in the fourth quadrant
(Q4) that go down in the ETI rankings but increase their UP; 42 of these
countries have a negative correlation between -1 and -0.5 (mainly
countries from the regions of Europe and Sub-Saharan), which places
them close to the first quadrant (Q1). This quadrant is in second position
by number of countries (53) which have gone up in the ETI rankings as
well as UP; 43 of these countries have a positive correlation between 0.5
and 1. The European countries of Group-GDP I and II are primarily found
in this quadrant. In the second quadrant (Q2), there are 9 countries that
move up the ETI but their UP decreases. In the third quadrant (Q3), there
are 6 countries that go down in the ETI and have a reduction in UP.
According to these results, in specific terms there is no clear indication
that the increase in urban population percentage has a causative effect
on the ETI ranking and therefore better energy sustainability. However, 43
countries which do move up in the ranking do so with a high positive
correlation (Q1). Furthermore, most of the countries that move down in
the ranking do so with a high negative correlation (Q4). This suggests that
these countries are close to being in Q1. This indicates that there is a link
between a higher ranking in the ETI and the increase of UP.
In conclusion, the concentration of the urban population of a country
influences its energy sustainability. The countries with the highest
concentration of urban population have a better position in the ETI
ranking, and the variation to a better position goes hand in hand with
the increase in the percentage of urban population. This implies that the
countries respond to their energy sustainability from the management of
the energy requirements of their cities.

Energy Sustainability of Smart Cities

Manuel Villa-Arrieta

2.1.2 Photovoltaic generation in cities and ETI 2017
As mentioned above, cities are at the centre of the energy transition due
to their high electricity consumption and the high energy saving
capacity of buildings. Also, given the uniformity of the distribution of the
solar resource on a global scale [15], cities have the capacity to
generate electricity near the same consumption points. By deploying
photovoltaic (PV) systems in urbanized areas, cities can cover part of
their electricity demand and contribute to the use of local energy
resources in their countries. Thus, PV generation is the main technology to
move towards the energy sustainability of cities.
PV is the fastest growing renewable energy technology in the last
decade. Its generation capacity has grown from 2026 MW in 2009 to
480357 MW in 2018 [16]. [17] Estimates that by 2023 this growth path will
double, with a significant acceleration in the growth of distributed
generation.

Beyond

the

environmental

benefits

and

energy

independence of many regions, the deployment of PV technology
could generate EUR 6.67 billion gross value added to Europe and 9
million jobs to 2050 worldwide [18].
The use of solar energy in cities is an objective already underway 5. On a
voluntary basis, 65 cities from 56 countries in the world have reported in
2018 to the CDP6 organization their objectives for the use of renewable
energies to be met in the next 30 years. Thirty-one of these cities include
the use of solar energy, and 21 aims to reach 100%7.

[20] Reports the commitment of 100 cities in the United States to cover 100% of their
energy consumed with renewable energies. [21] Reports the same objective for cities of
the United Kingdom. [22,23] Study the feasibility of this possibility for the entire planet.
6 CDP is a not-for-profit charity that runs a disclosure system on environmental data [19].
7 The Appendix 2.3 present this selection of data.
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Based on the great importance of PV generation in the energy transition,
this section presents an analysis of the urban PV generation contribution
to the energy sustainability of the ETI 2017 countries. The specific
objective was to study the effect of the increase of this generation in the
indicators "Concentration (reduced diversity) of electricity generation",
"Concentration (reduced diversity) of total PE supply" (PE, Primary
Energy), "Import dependence", and "GHG emissions from energy sector"
of the Pathway Calculator (WEC).
The hypothesis followed for this analysis is that the use of the urban PV
would allow these countries to obtain a better energy sustainability.
Before addressing the description of the calculation and analysis
procedure followed, the results obtained in the manipulation of the four
Pathway-calculator indicators from which this hypothesis was raised are
described below. Table 1 shows these results.
Reducing the concentration of electricity generation would allow 113 of
the 125 countries to obtain a better position in the ETI and therefore
better energy sustainability. The reduction of the concentration in the
total supply of primary energy would allow 106 countries to obtain a
better position in the ranking. The reduction of the dependence on
energy imports would also allow the 125 countries to obtain a better
position in the ranking (only Denmark would retain the same position as
in the other three indicators, because having the position 1 in the ranking
I could not increase it more). For the last, the reduction of GHG emissions
in the energy sector would allow all these countries to obtain a better
position in the ranking.
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Table 1. Results obtained in indicators of the Pathway-calculator (WEC). Source: Created
by author using data from [11].
Variation to the minimum
Concentra
tion
(reduced
diversity) of
electricity
generation
(0 - 100)*
Concentra
tion
(reduced
diversity) of
total PE
supply (0 100)**
Import
dependen
ce (1 - 100)

GHG
emissions
from
energy
sector
(MtCO2e)
(0 10000)***

Variation to the maximum

Worst

Same

Best

N/A

Worst

Same

Best

N/A

ETI-1

0

9

16

0

25

0

0

0

ETI-2

0

0

25

0

20

5

0

0

ETI-3

1*

0

24

0

17

8

0

0

ETI-4

0

1

24

0

19

6

0

0

ETI-5

0

1

24

0

16

9

0

0

Total

1

11

113

0

97

28

0

0

ETI-1

0

6

19

0

25

0

0

0

ETI-2

0

3

22

0

25

0

0

0

ETI-3

1*

1

23

0

23

1

1

0

ETI-4

0

1

23

1

21

3

0

1

ETI-5

0

2

19

4

18

3

0

4

Total

1

13

106

5

112

7

1

5

ETI-1

0

1

24

0

23

1

1

0

ETI-2

0

0

25

0

22

3

0

0

ETI-3

0

0

25

0

21

2

2

0

ETI-4

0

0

25

0

22

2

1

0

ETI-5

0

0

25

0

21

4

0

0

Total

0

1

124

0

109

12

4

0

ETI-1

0

7

18

0

25

0

0

0

ETI-2

0

2

22

1

23

1

0

1

ETI-3

0

0

25

0

24

0

1

0

ETI-4

2**

0

22

1

23

0

1

1

ETI-5

0

1

20

4

17

4

0

4

Total

2

10

107

6

112

5

2

6

* Results of the variation to the minimum: 11 countries would maintain the same position
(Denmark, Sweden, Switzerland, Germany, Finland, Spain, Portugal, Belgium, Romania,
Guatemala, Honduras), and an only country (Peru) would fall in the ranking.
** Results of the variation to the minimum: 13 countries (Benin, Denmark, Dominican
Republic, Greece, Kuwait, Lithuania, Netherlands, Niger, Romania, Slovakia, Sweden,
Switzerland, and Venezuela) would maintain the same position, and one country (Peru) it
would make it worse.
*** Results of the variation to the minimum: 2 countries (Dominican Republic and Iraq)
would obtain a lower position, and 10 countries would maintain the same position
(Denmark, Greece, Hungary, Netherlands, Niger, Portugal, Romania, Sweden, Switzerland,
and United Kingdom).
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2.1.2.1 Description of the empirical approach used
The procedure followed first sought to calculate the PV generation
capacity of the rooftops of the cities (one or two) most representative of
the ETI 2017 countries; Subsequently, the amount of energy that this solar
generation replaced fossil fuel, nuclear and hydroelectric generation
was calculated, in that order, and increasing the country's renewable
generation

without

increasing

the

balance

of

its

electric

mix.

Subsequently, between the generation values obtained from each
source within the electric mix, the Herfindahl and Hirschman Index 8 (HHI)
was calculated in order to obtain the concentration of the generation.
Finally, the results in this index were normalized between 0 and 100 to
compare them with the values published for each country in the 2017
ConcentrateEG.
The cities (variable City in equations (1), (2) and (3)) of each country
were selected based on their population and economic representation,
using World Development Indicators of the World Bank Group [2]. Data
on the PV generation capacity of the rooftops of the cities of the world
are not available, so to supplement this information in the calculations,
the usable area of the rooftops of the city of Barcelona (BCN) 9 was used
as a reference. To be able to analyse the useable rooftop area of each
of the selected cities, the ratio 0.0512 was used (see equation (3)). This is
the ratio between the usable rooftop area of Barcelona, a figure
The HHI is defined as the sum of the squares of the market shares of the
firms/sectors/resources, wherein the market shares are expressed as fractions. The result is
proportional to the average market share and weighted by market share. Increases in the
HHI generally indicate a decrease in competition and an increase of market power,
whereas decreases indicate the opposite.
9 “Barcelona, Spain’s second city in terms of population, economic development and
activity, has been optimising its urban flows for years. Its political vision is to become energy
self-sufficient by 2050. The associated roadmap makes the “100% renewable” objective an
integral part of the city’s official strategy by promoting energy savings and energy
production based on solar energy, small-scale wind power and district heating“ [27].
8
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obtained from the map of Barcelona’s renewable resources map
[24,25], and the area of the city. The solar generation capacity data for
each of the selected cities were obtained from the Global Tilted
Irradiation (GTI) from the Global Solar Atlas of the World Bank Group [26],
using a figure of 16% efficiency to calculate the PV generation (see
equation (2)). The equations calculations are the following:
𝑃𝑉_𝑈𝑟𝑏𝑎𝑛_𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(Country) = ∑ 𝑃𝑉_𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝐶𝑖𝑡𝑦

(1)

𝐶𝑖𝑡𝑦

𝑃𝑉_𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(City) = µ × 𝐺𝑇𝐼𝐶𝑖𝑡𝑦 × 𝑅𝑜𝑜𝑓𝑡𝑜𝑝_𝐴𝑟𝑒𝑎𝐶𝑖𝑡𝑦

(2)

𝑅𝑜𝑜𝑓𝑡𝑜𝑝_𝐴𝑟𝑒𝑎(City) = 𝐴𝑟𝑒𝑎𝐶𝑖𝑡𝑦 × 𝑅𝑜𝑜𝑓𝑡𝑜𝑝_𝐴𝑟𝑒𝑎𝐵𝐶𝑁 ⁄𝐴𝑟𝑒𝑎𝐵𝐶𝑁

(3)

As a result of this selection of countries and cities, 183 cities were
identified from 123 countries (Finland and Iceland were not included
because there were no results for them in the GTI indicator): Sixty-seven
of these countries were represented by means of one city and 59 with
two cities10. Data from the International Energy Statistics of the U.S.
Energy Information Administration (EIA) [28] were used to calculate the
distribution of the electricity generation mix of the study countries. And,
in the calculation of CO2 emissions, emission factors calculated by [29]
(based on data from the International Energy Agency, IEA) were used.

2.1.2.2 Results and discussion
Figure 7 the distribution of the electricity generation mix and the
hypothetical urban PV generation of each segment of the ranking
countries. According to these results, in each segment generation with

Appendix 2.4 shows results of the usable area capacity of the rooftops and PV
generation of the selected cities.
10

31

Chapter 2: Contribution of cities to Energy Sustainability
32

fossil fuels has a majority presence and the first segment has the lowest
hypothetical urban PV generation
ETI Ranking segments
Electricity generation

1

2

3

4

5

Total [%]

By segment:
Fossil fuels [%]

54.54

70.88

63.65

78.39

58.75

65.84

Nuclear [%]

23.82

15.97

1.72

2.13

1.26

13.23

Hydroelectricity [%]

13.66

10.65

30.69

16.68

38.94

16.07

Renewables [%]

7.98

2.50

3.94

2.79

1.04

4.86

Total [%]

100

100

100

100

100

100

Fossil fuels [%]

32.35

20.88

9.95

35.62

1.20

100

Nuclear [%]

70.30

23.41

1.34

4.83

0.13

100

Hydroelectricity [%]

33.19

12.86

19.65

31.05

3.25

100

Renewables [%]

64.18

10.00

8.35

17.18

0.29

100

Total [%]

39.05

19.40

10.29

29.92

1.34

100

6.05

27.50

18.14

24.48

23.84

100

By source:

Hypothetical PV-urban [%]

Figure 7. Share of the electricity generation mix and share with urban PV generation by ETI
Ranking segments 2017. Note: Renewables: Biomass and waste, Geothermal, Solar, tide
and wave electricity, and Wind.

The 125 ETI 2017 countries would vary on average the concentration
(reduced diversity) of electricity generation by -15.94% due to the
hypothetical increase in their urban PV generation. This would have an
impact on the reduction of 56.31% of the power electric generation from
fossil fuels, and consequently on the reduction of 64% of the CO2
emissions of these countries. According to these results and based on the
hypothesis, the urban PV generation of these countries would allow them
to improve their energy sustainability (excluding from this conclusion the
countries that worsen their position by the variation to the minimum in the
four indicators used of the Pathway-calculator).
Also, the use of the local solar resource would allow these countries to
improve their sustainability due to the reduction of the dependence on
energy imports. Although the diversity (towards concentration) of the
primary energy supply would be reduced in some countries, the increase
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in consumption of renewable resources would allow them to reduce CO 2
emissions.
Table 2 summarizes the averages of the results obtained, and Figure 8
presents graphically the results of each segment of countries in the
ranking. As indicated this table, the first segment of the ranking shows the
lowest variation of fossil-based electricity generation (-30.93%) and the
fifth segment the largest variation (-91.41%): the first segment is occupied
by countries with 32.35 % of the fossil generation, on the other hand the
fifth segment only represents 1.2% of this generation; This indicates that in
this segment PV generation has a broader scope to replace fossil-based
electricity.
Table 2. Average results of the effect of the diversification of the electric generation with
urban PV generation in the ETI 2017 countries.
ETI Ranking segments
Total

1

2

3

4

5

Number of countries analysed

125

25

25

25

25

25

Average concentration
(reduced diversity) of electricity
generation (0 - 100)

66.41

44.92

65.40

71.76

76.76

73.20

… after the urban PV
generation (0 - 100)

55.16

28.23

44.98

55.53

61.37

85.71

Average variation

-15.94

-42.49

-32.33

-20.91

-14.29

30.32

87

25

21

18

16

7

-42.44

-42.49

-43.30

-45.08

-42.51

-32.70

Number of countries that
diversity electricity generation
Average variation of
concentration (reduced
diversity) [%]
Number of countries that
concentrate electricity
generation

38

0

4

7

9

18

Average variation of
concentration (reduced
diversity) [%]

44.73

0.00

25.25

41.25

35.90

54.83

Average variation of the
consumption of fossil fuels [%]

-56.31

-30.93

-50.24

-51.08

-57.88

-91.41

Average variation in CO2
emission [%]

-64.00

-40.72

-59.62

-61.09

-65.29

-93.29
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The results of the variation in the concentration of electricity generation
divide the countries into two groups: a first group of countries that
increases the diversity of their electricity generation and a second group
of countries that concentrate it.
 Countries that diversify their electricity generation (green columns
with negative results in Figure 8): 87 countries that on average vary
the concentration of electricity generation by -42.44%. This means
that the initial concentration value of electricity generation
decreases due to the increase in PV generation. Within these
countries are the 25 countries with the best energy sustainability in
the ETI ranking, and with a variation in the concentration of
electricity generation (-42.49%) above the total average. On the
contrary, the last segment of the ranking is made up of only 7
countries and with the lowest value in the variation of the
concentration of electricity generation (-32.7%).
 Countries which reduce the diversity of their electricity generation
(green columns with positive results in Figure 8): This group is made
up of 38 countries that on average focus their electricity generation
on one single source by 97.57%. This group is comprised of countries
in the last segment of the ranking. The diversity of its generation is
concentrated in generation from renewable resources, mostly from
hydroelectric energy. Although in terms of the Energy Security
Ranking, this low level of diversity leads to a lower position in the ETI,
the concentration of generation from renewable resources would
lead to a reduction in the emission of GHG and therefore a higher
position in the Environmental Sustainability Ranking.
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In conclusion, urban PV generation would have a direct effect on
improving the energy sustainability of countries: it would reduce energy
dependence, allow diversifying the mix of electricity generation, and
reduce CO2 emissions in the energy sector. Analyzing the three pillars of
the ETI has made it possible to identify this effect. Also, through this
technology, cities have the capacity to respond to the electrical
requirements demanded by the growing population. With this, the
energy policy of the countries and mainly those of the countries
dependent on external energy resources, should consider the power
generation capacity of their cities to avoid increasing the import of
energy. In this sense, although energy security would be affected by the
concentration of electric generation in renewable local resources with a
high

variability

and

a

difficult

prediction,

the

improvement

in

environmental issues would be notable. To counteract the imbalance of
energy security, Smart technologies in cities would allow to optimize the
management of resources and demand. The characteristics of these
technologies are detailed below.

3 Smart Cities
The SMART criterion emerged in the 1980s and is an acronym of the
objectives of a business management proposal: Specific, Measurable,
Achievable, Relevant, Time-bound [30]. Later these criteria became a
concept which was applied to different disciplines of study with the
intention of improving results in terms of increased efficiency in resource
management by coordinating information between different systems.
From an organizational point of view, information control in cities would
allow cross-communication between the

actors involved in the

management of cities and citizens [31]. Thus, through the advancement
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of ICT, the coordination of information between systems improves the
SMART management approach towards its application in more complex
systems such as cities [32–36].
From an integral and holistic point of view, the Smart City concept brings
together a series of strategic proposals which seeks for the development
and future growth of cities in order to make them competitive,
sustainable and able to offer a high quality of life to urban population
[37–39]. With the control of information, the crux of these urban
management proposals is to find out the modus operandi of the
demand for urban services in order to efficiently manage the resources
available:

natural

resources

(energy,

water,

air),

infrastructures,

economic resources, people and knowledge.
Since the early 1990s, the Smart City concept has been a subject of
study11. From this time until the middle of the current decade, various
authors have published their views on the definition without reaching an
agreement about the scope of this concept [37,40–42] Even so, the
definitions presented included proposals for the working taxonomy of this
type of city, such as in [40], evaluation and classification methodologies
as in [43,44], planning in [45], suggestions for strategies to successfully
implement the Smart model in cities in [42,46,47], and in the case of [48],
a reference initiative for this purpose, in this case it was Barcelona. These
publications also included methods to integrate technological devices
into the services that are to be provided in cities, such as [49].

A search for the term "Smart City" in the Web of Science (WOS) and Scopus return the first
references to it in 1991 and 1997 respectively:
- WOS: Drohojowska, H. San-Francisco Style, Art-Deco Elements Inform A Smart City
Residence + Interior-Design By Arnold,Val. Architectural Digest 1991;48-5: 114-121.
- Scopus: Shetty, V; A tale of smart cities. Communications International 1997;24-8:16.
11
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Working with the same concept, to date, the study of the Smart City
concept has been done by international12 organizations [38] and tech
companies [50], companies in the financial sector [51], as well as centres
for economic, financial, technological and social studies. The large
number of parties involved in defining of Smart City concept shows the
magnitude of its importance in the future of cities and its ability to catch
the attention of the different parties involved in urban growth and
development. The ultimate aim of these parties is to work on two closely
related

aspects

of

contemporary

cities:

quality

of

life

and

competitiveness [52]. In being competitive, cities seek to attract greater
investments and offer a higher level of quality of life to its inhabitants and
they will be able to get the best out of human capabilities, thus in turn
making them increasingly competitive [53].
To reach these goals, the working sectors of Smart Cities can be
classified into Hard and Soft domains, depending on the importance of
ICT systems operating within them [40]. According to this classification,
the Hard domain includes the sectors in which ICT help to configure cities
at a technical level. These are energy grids; public lighting; natural
resources and water management; waste management; environment;
transport, mobility, and logistics; office and residential buildings;
healthcare and public security. As for the Soft domains, the presence of
ICT is limited since they are sectors that do not necessarily require realtime information, processing and integration. These sectors include
education

and

culture,

social

inclusion

and

welfare,

public

administration and (e-)government and economy.
The European Union’s approach to the Smart City concept considers Energy
Sustainability to be a priority on the basis of the main energy resource being energy
efficiency [54], and the conception, development and integration of urban energy
production and use. Its objective is to improve efficiency as well as reduce energy
consumption and the emission of GHG [53]. The technological innovation that will push this
development forward seeks to promote competitiveness of European cities [55].
12
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The inclusion of ICT in the systems and technological elements makes
them Smart13 Technologies [56] and examples of these are sensors,
electric meters and other elements interconnected via the Internet
under the concept of the Internet of Things [57,58]. These technologies
allow interoperability between components that capture and demand
signals and provide a continuous response to service management. In
this sense, since the energy service is a transversal element in the
efficient provision of the services of cities, the Smart Cities are found
within the framework of the urban energy transition. Figure 9 summarizes
this approach in the sense that the integration of ICT in cities allows the
application of Smart Technologies to provide the services demanded by
the urban population with the aim of improving the city’s quality of life,
competitiveness and sustainability. The components in the energy
dimension of Smart Cities are described in more detail below.

Centralized electrical system

Urban Energy Transition

City

Smart City

Resources
Natural (Energy, water, air, land)
Infrastructures
Economic
Resources

People and knowledge
Management
City servicies: Energy,
Education & Health, Lighting
& Leisure, Housing, Transport &
Mobility, Communications,
Industry & Commerce,
Governance

Integration
of ICT

Smart
technologies

Sensors
IOT

Improvement of
management
due to the
increase in
efficiency

Quality of living

Competitiveness
Energy
Sustainability

Flexible (decentralized) electrical system

Energy Transition

City
servicies

Figure 9. Integration of ICT in urban management towards Smart Cities in the framework of
the Urban Energy Transition.

Authors such as [59] and [60] go one step further and consider the potential of Smart
Technologies as a solution to the problems of environmental unsustainability, which is
determined by the size of the carbon footprint and the environmental and energy impact
that these technologies will cause during the improvement of other processes.
13
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3.1

Energy systems in Smart Cities

The energy dimension of Smart Cities is called the Smart Energy System.
Technically, this is a system in which the technological elements of the
energy system and the economic agents of the market (consumers,
producers, system and market operators, etc.), are combined to identify
synergies between them in order to achieve an optimal solution for each
individual sector as well as for the overall energy system [61]. Through
these synergies, the Smart Energy Systems can reduce the primary
energy consumption of cities and cover the remaining demand by
taking advantage of the local renewable energy resources, depending
on the climatic characteristics of each city and the profitability of the
energy vectors [62]. The complexity of Smart Energy Systems is wide. In
this sense, the scope of this research specializes in the study of some
characteristics of electric power system.

3.1.1 Electric power system in Smart Cities
As seen above, the increase in efficiency14 is an objective of the
flexibilization of the electricity supply value chain through empowering
consumers in the power generation and management of demand [63].
The main technological components of a flexible electrical system are
Smart Meters, storage systems, Distributed Generation systems and Smart
Grids in order to link all of these components together. The following
describes the characteristics of these networks, the Smart Meters and the
Distributed Generation systems, in order to subsequently focus this
research on the study of reduction electric consumption and PV selfconsumption without storage.
However, work on finding a way to increase efficiency is not new for the electricity
sector. As a result of an industrial process, the electric sector has always been looking for
increased efficiency in order to avoid economic losses.
14
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3.1.1.1 Smart Grids
Smart Grids are electrical distribution grids that, by integrating ICT into
their operation, allow for the bidirectional flow between the other
technological components of a Smart Energy System, and the
intercommunication between the economic agents of the electric
markets, such as consumers, producers and the system operator [64,65].
Energy Transition to an electricity supply without CO 2 emissions depends
on the input of Smart Grids [66]. These networks are essential for
achieving energy security, affordable energy and climate change
mitigation — the three elements of the energy trilemma of energy
sustainability [67]. This energy sustainability approach through the
development of Smart Grids has been carried out differently the main
economic regions15 in the world [68]. However, the technical benefits of
Smart Grids will require specific regulation for new electricity market
conditions with the entry of new players and incentives for investment in
transmission grids [69].
Compared to traditional electricity grids, Smart Grids allow for the limits
of penetration of renewable energies to be exceeded, and grant
greater efficiency based on operational control and reliability [70,71].
Smart Grids ensure an economically efficient and sustainable power
system with low losses but high levels of quality, security of supply and
safety [72,73]. The points that are interconnected via the Smart Grids
have double or triple functionality: buildings, lighting systems and
vehicles go from simply consuming energy to being able to generate,
For the countries of the European Union (and the regulatory proposal "Clean energy for
all Europeans"), the United States and Canada, the main drivers in the development of
Smart Grids have been decarbonisation and energy efficiency. For Japan and Korea, it has
been the "Green economy growth agenda". For emerging countries, it has been the rapid
growth of their infrastructure [67].
15
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store and export it, thus providing support to the intermittent nature of
renewable energies [74]. In this way, Smart Grids adapt the holistic
concept of Smart City in terms of flexibility through Smart Meters and
electrical generation in buildings.

3.1.1.2 Smart Meters
Smart

Meters

are

electricity

meters

that

replace

traditional

electromechanical meters. In front of these, the Smart Meters measure
for the flows of electrical energy imported and/or exported to the grid at
time intervals of less than an hour [75]. They also allow the consumer to
view this information in real-time via telemetry and obtain new services
such as Demand Side Management [76]. This mechanism allows the
consumer to respond (Demand Side Response, DSR) to the energy
information feedback and non-linear pricing schemes that the market
offers. The objective is for the consumer to modify their energy
consumption and receive economic benefits in return while the system
benefits in the management of electricity generation. Three of the
responses that the consumer can give to these signals are the Peak
Clipping, which is the reduction of the consumption in the Peak periods;
Load shifting, which is the change of the consumption of the Peck
periods to the Off-Peak periods; and Strategic Conservation, which is the
change in consumption patterns that reduce energy consumption [77].

3.1.1.3 Distributed generation and Zero Energy concept
Distributed Generation16 (DG) can be defined as electric power
generation within distribution grids or on the customer side of the network
The first electric generation systems, smaller in size and capacity, were "decentralized"
systems that generated power to carry out urban economic activities. Due to the
subsequent increase in demand and use of hydroelectric and thermal generation, power
16
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[78]. Through this type of generation, it is possible to take advantage of
the renewable energy resources in cities, either in situ, at loading points
or in urban spaces. This improves the system efficiency by reducing the
losses incurred by the electric transport grid. On-site generation is based
on energy self-consumption under the Zero Energy concept, which is a
determining factor in the management of energy resources in Smart
Cities.
When applying this concept to the level of buildings, the idea of Zero
Energy Buildings emerges. Because buildings account for a substantial
portion of the CO2 emissions, this could provide significant and
sustainable reductions and help to realize more energy efficient buildings
and cities [79]. As shown in Figure 10, the Zero Energy concept is made
up of three parts, which are divided based on the balance between
demand and the "credits" obtained from energy self-consumption.
Nearly Zero Energy is when demand is low but even so it exceeds selfconsumption. Net Zero Energy occurs when demand equals selfconsumption. Plus Zero Energy is the result of local generation exceeding
the demand and the energy can be stored or exported to the grid,
depending on market conditions or distribution grid techniques. The
advancement of Zero Energy Buildings and ICT in buildings creates Smart
Buildings: residential buildings, offices, commercial or industrial buildings
and Smart Homes (homes with a high level of comfort which are
technologically and architecturally integrated into their surroundings –
also called Green Buildings [80]) [81]17.

generation became centralized. Nowadays, Distributed Generation relocates generation
close to the consumer.
17 According to [82], the studies carried out on the benefits of Smart Homes only consider
the analysis during building lifespan and not on the energy invested in the manufacture of
materials or the social aspects of a holistic concept such as the Smart City.
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Figure 10. Zero Energy Concept in buildings and cities.

With the presence of Smart Meters connecting each point of
consumption and generation to the Smart Grid, Zero Energy Buildings
can share electricity to other Distributed Generation systems in
communities or cities. Therefore, referring back to Figure 10 and taking
the Zero Energy Concept to a community (building or city) level, it is
possible to consider the idea of Nearly Zero Energy in Communities or
Cities; that is to say urban systems made up of Zero Energy Buildings and
other systems of generation in which, based on the consumption of
locally generated (endogenous) energy, the consumption of external
(exogenous) energy is reduced.
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3.1.1.4 New services in the distribution energy systems
From the Smart technological development in the distribution grids, new
services emerge which will help to increase the energy efficiency of the
system by means of the economic incentive to new market agents.
Regarding the consumer, although the DSR is a strategy dating from
before the development of Smart technologies, with Smart Meters the
consumer can manage electric demand in real time. Similarly, from Zero
Energy Buildings, the consumer can become a prosumer of electric
energy by adding their surplus energy to the grid and receiving an
economic benefit in return.
On the other hand, through the advance of distributed generation, PV,
and small wind energy have a large margin for growth. This means that
energy producers can take advantage of urban spaces or rooftops to
generate electricity near consumers. Likewise, Demand Aggregator
comes into play. This is an agent that can bring together the interests of
consumers, prosumers and small producers of electrical power to offer
services to the system operator [83].

4 Smart City strategy to Energy Sustainability
This section reviews the shared aspects of Energy Sustainability and the
Smart City urban management strategy arising from the analyses above.
The energy transition in cities seeks to change the current model of
centralized generation, which is dependent on the consumption of
external energy resources, to a distributed one. In this new distributed
system, the energy pillar of the Smart Cities makes the electricity supply
more flexible, increasing the efficiency of the distribution value chain,
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allowing for the integration of renewable energies into the grid and
empowering the consumer in the management of demand. Figure 11
shows the process of decentralization of the electrical system within the
Smart City urban management model.

Energy Transition
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Figure 11. Decentralization of the power electric system within the Smart City urban
management model.

The exploration of the Smart City concept indicates that this model or
city strategy is presented as the urban management solution that has
effectiveness as the aim. Combining efficacy and efficiency, the
operation of the Smart City energy system hopes to:
 Guarantee the efficacy of the energy service in cities, based on the
safety and quality of the electricity supply (meaning no interruptions
in service) in order to provide services (mobility, lighting, heating,
cooling, health, etc.) as demanded by the urban population.
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 Manage efficiently the resources needed to provide the energy
service to the city: energy resources, economic resources, and the
existing infrastructures.
Energy technologies have always focused on efficacy. However, with
the superposition of the SMART and ICT criteria, the electric power system
gains efficiency to obtain economic and environmental benefits. Figure
12 presents a summary of the results of the analysis of the relationship
between effective provision of the energy service and the achievement
of the objectives cities and countries have in terms of energy
sustainability.

Effective
approach

Efficacy in the
provision of
services

Energy
security

Efficiency in the
management of
resources

Energy
Sustainability

Energy
dimension

Energy and ICT
services

Energy,
infrastructures and
economic resources

Energy
equity

Country
level
Smart City
Demand Side Response
&
Energy Self-Consumption
Environmental
sustainability

Figure 12. Effectiveness of the energy dimension of Smart Cities to achieve energy
sustainability in urban areas and countries.

5 Conclusions
The main relevant advance of the energy sector in the coming years will
be the empowerment of the consumer. Making the electric sector more
flexible with the aim of increasing the system’s energy efficiency and the
penetration of renewable energies relies on the consumer and more
specifically the residential sector. One of the major nuclei of energy
consumption, and therefore party responsible for GHG emissions, is the
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building. However, it is one of the areas where there is the greatest
potential for increasing energy efficiency.
According to the analysis of the urban population and the results of the
ETI, the population growth of cities tends to influence the energy
sustainability of countries. Therefore, it is relevant to consider studying
energy sustainability of the link between city and country.
The inclusion of smart technologies will allow integrating the parties
involved in the management of the cities to find the balance between
the pillars of energy sustainability: energy security, energy equity, and
environmental sustainability. Additionally, Smart City model includes a
series of elements that will make it possible to provide the energy service
citizens require as well as efficiently manage the resources needed to
provide them. Specifically, the deployment of Smart Meters in
households and the energy self-consumption of buildings and cities are
two key strategies to be able to increase energy saving and efficiency
and make the most of the local renewable energy resources.
According to the results for the theoretical capacity of PV urban use in
the ETI countries, the scope of action for self-consumption is vast.
Following the approach of [84], the development of energy sustainability
objectives and the installation of Smart systems in distribution networks
must be aligned with national objectives. Thus, coordination between
central and local governments is crucial if cities, in which ICT are an
integral part in achieving the aim of Smart Cities [85], are to be
successful worldwide.
The structured analysis on the relationship between the sustainability of
energy and the Smart City model presented in this chapter, it is the
introduction to deal in depth in the following chapters two of the
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essential elements to achieve decarbonisation of the electrical system:
the reduction of the primary energy consumption, and the PV selfconsumption. The first of these is addressed by analysing the energy
savings achieved in empirical works of DSR and Smart Meters; and the
second, it is addressed through the technical-economic evaluation of
the Zero Energy concept in buildings and cities.
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Appendix 2.1 Indicators of the ETI 2011-2017
2011-2012

2013-2015

2016-2017

Axes | Dimension | Indicator

Axes | Dimension | Indicator

Axes | Dimension | Category | Indicator

1. Energy performance (75%)

1. Energy performance (75%)

1. Energy performance (75%)

1.1. Energy security (25%)

1.1. Energy security (25%)

1.1. Energy security (25%)

1.1.1. Consumption growth (2011)

1.1.1. Ratio of total energy production to
consumption

1.1.1. Security of supply and energy
delivery (15%)

1.1.2. Ratio of energy production to
consumption

1.1.2. Diversity of electricity generation

1.1.1.1. Diversity of primary energy supply

1.1.3. Wholesale margin on gasoline

1.1.3. Distribution losses as a percentage of
generation

1.1.1.2. Energy consumption in relation to
GDP growth

1.1.4. Diversity of electricity production

1.1.4. Five-year CAGR of the ratio of TPEC
to GDP

1.1.1.3. Import dependence

1.1.4. Five-year energy consumption
growth (2012)

1.1.5. Days of oil and oil product stocks

1.1.2. Resilience (15%)

1.1.5a Exporters - Dependence on and
diversity of energy exports

1.1.6a. For importers – Net fuel imports as a
percentage of GDP

1.1.2.1. Diversity of electricity generation

1.1.5b Importers – Oil reserve stocks

1.1.6b. For exporters – Fuel exports as a
percentage of GDP

1.1.2.2. Energy storage
1.1.2.3. Preparedness (human factor)

1.2. Social equity (25%)

1.2. Energy equity (25%)

1.2. Energy equity (25%)

1.2.1. Affordability of retail gasoline

1.2.1. Affordability of retail gasoline

1.2.1. Access (10%)

1.2.2. Affordability of electricity relative to
access

1.2.2. Affordability and quality of electricity
relative to access

1.2.1.1. Access to electricity
1.2.1.2. Access to clean cooking
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1.2.2. Quality of supply (10%)
1.2.2.1. Quality of electricity supply
1.2.2.2. Quality of supply in urban vs rural
areas
1.2.3. Affordability and competitiveness
(10%)
1.2.3.1. Electricity prices
1.2.3.2. Gasoline and diesel prices
1.2.3.3. Natural gas prices
1.3. Environmental impact mitigation (25%)

1.3. Environmental sustainability (25%)

1.3. Environmental sustainability (30%)

1.3.1. Energy intensity (2011)

1.3.1. Total primary energy intensity

1.3.1. Energy resource productivity (10%)

1.3.1. Energy intensity per capita per GDP
(2012)

1.3.2. CO2 intensity

1.3.1.1. Final energy intensity

1.3.2. Emissions intensity (2011)

1.3.3. Effect of air and water pollution

1.3.1.2. Efficiency of power generation and
T&D

1.3.2. Emissions intensity per capita per GD
(2012)

1.3.4. CO2 grams/kWh from electricity
generation

1.3.2. GHG emissions (10%)

1.3.3. Effects on air and water (2011)

1.3.2.1. GHG emissions trend

1.3.4. Efficiency of electricity production
(2011)

1.3.2.2. Change in forest area

1.3.3. CO2 emissions from electricity & heat
generation (2012)

1.3.3. CO2 emissions (10%)

1.3.4. Effect of air and water pollution
(2012)

1.3.3.1. CO2 intensity
1.3.3.2. CO2 emission per capita
1.3.3.3. CO2 from electricity generation
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Appendix 2.2 ETI and Urban population in 2014-2017
Notes: A: Average Urban population (UP) 2013-2016 [M]; B: % Urban population (%UP);
C: Average ETI Ranking 2014-2017 standardized 0-100; D: Average ESR Ranking 20142017 standardized 0-100; E: Average EQR Ranking 2014-2017 standardized 0-100; F:
Average EMR Ranking 2014-2017 standardized 0-100.
No.

Country (Code);

A

B

C

D

E

F

Region; Group GDP per capita
1

Denmark (DK); E; I

4.96

87.47

100.00

100.00

90.71

96.77

2

Switzerland (CH); E; I

6.07

73.71

98.99

90.93

97.98

98.59

3

Sweden (SE); E; I

8.43

86.40

98.38

92.34

78.99

93.74

4

Germany (DE); E; I

62.85

77.20

96.77

94.56

85.86

77.58

5

Netherlands (NL); E; I

15.21

89.92

96.16

89.72

98.18

67.88

6

Norway (NO); E; I

4.17

80.89

95.56

76.01

82.02

96.36

7

Finland (FI); E; I

4.66

85.20

95.35

98.79

81.41

42.42

8

France (FR); E; I

52.84

79.53

94.14

83.47

91.92

92.73

9

United Kingdom (GB); E; I

53.51

82.49

93.74

74.60

92.32

89.70

10

New Zealand (NZ); A; I

3.94

86.31

93.54

88.10

83.43

70.30

11

Austria (AT); E; I

4.96

57.62

92.53

83.87

95.56

81.01

12

Slovenia (SI); E; II

1.11

53.67

91.31

98.79

79.60

63.84

13

Iceland (IS); E; I

0.31

93.68

89.90

60.89

86.87

95.76

14

Spain (ES); E; I

36.97

79.49

89.49

82.86

77.37

88.08

15

Portugal (PT); E; II

6.57

63.22

86.87

75.20

75.56

90.30

16

United States (US); N; I

260.92

81.58

86.67

93.35

88.89

38.38

17

Slovakia (SK); E; II

2.93

53.96

86.26

88.71

83.84

75.35

18

Ireland (IE); E; I

2.93

62.44

85.45

38.91

88.69

95.35

19

Canada (CA); N; I

29.00

81.24

85.25

97.38

90.30

21.62

20

Italy (IT); E; I

42.06

69.42

84.65

84.07

74.14

87.88

21

Czech Rep. (CZ); E; I

7.74

73.43

84.44

88.91

94.14

54.75

22

Belgium (BE); E; I

11.01

97.85

84.24

78.43

89.09

71.11

23

Hungary (HU); E; II

6.93

70.36

83.84

89.52

72.93

80.81

24

Singapore (SG); A; I

5.50

100.00

81.41

40.93

61.21

93.54

25

Latvia (LV); E; II

1.35

67.97

81.01

89.92

66.67

60.00

26

Azerbaijan (AZ); A; II

5.23

54.58

79.60

81.05

64.44

87.07

27

Lithuania (LT); E; I

1.96

67.17

77.98

67.34

73.94

59.60

28

Uruguay (UY); L; II

3.25

94.99

77.37

65.12

57.58

89.29

29

Japan (JP); A; I

116.20

91.34

76.97

40.32

80.20

69.09

30

Croatia (HR); E; II

2.36

56.05

76.36

67.34

65.66

76.57

31

Israel (IL); M; I

7.65

92.14

75.76

40.73

71.31

74.75

32

Romania (RO); E; II

10.70

53.91

74.95

86.49

49.70

74.14

33

Australia (AU); A; I

20.28

85.65

74.75

69.15

68.69

22.22

34

Greece (GR); E; II

8.46

77.87

73.33

48.19

63.84

84.65

35

Poland (PL); E; II

22.93

60.35

72.93

53.83

76.77

47.47

36

Chile (CL); L; II

15.45

87.33

71.72

62.50

50.51

62.83

37

Hong Kong; China (HK); A; I

7.26

100.00

70.71

6.25

76.97

84.44

38

Malaysia (MY); A; II

22.51

73.89

69.49

58.67

69.09

37.98
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39

Costa Rica (CR); L; II

3.65

76.38

67.88

30.56

48.28

96.97

40

Qatar (QA); M; I

2.39

98.90

67.68

72.58

98.79

8.48

41

Estonia (EE); E; II

0.90

68.34

66.46

78.63

60.61

13.33

42

Korea (Rep.) (KR); A; I

41.54

81.67

66.06

43.55

74.75

30.71

43

Colombia (CO); L; III

38.21

79.59

65.25

68.55

35.35

92.53

44

Mauritius (MU); S; II

0.52

41.06

64.65

43.35

49.29

76.36

45

United Arab Emirates (AE); M; I

7.80

85.52

64.44

72.18

85.25

8.69

46

Russian Federation (RU); E; II

106.53

74.01

63.03

93.15

66.87

7.47

47

Turkey (TR); E; II

56.96

73.34

62.83

42.54

62.42

55.96

48

Saudi Arabia (SA); M; I

25.87

83.07

62.22

71.77

91.72

11.11

49

Bulgaria (BG); E; II

5.31

73.82

61.21

55.85

53.13

44.24

50

Montenegro (ME); E; II

0.41

65.64

58.99

60.69

43.64

56.36

51

Kuwait (KW); M; I

3.84

100.00

58.38

48.59

86.67

20.81

52

Bahrain (BH); M; I

1.21

88.96

57.78

40.12

94.95

18.79

53

Ecuador (EC); L; III

10.15

63.33

57.37

58.27

60.81

40.81

54

Tunisia (TN); M; III

7.61

67.92

57.17

20.56

64.04

70.91

55

Brazil (BR); L; II

175.59

85.63

56.36

45.97

45.66

65.45

56

Mexico (MX); N; II

98.97

79.14

56.16

51.61

44.24

57.98

57

Georgia (GE); E; III

2.14

57.26

54.75

57.86

35.56

71.72

58

Luxembourg (LU); E; I

0.51

90.02

53.33

4.03

100.00

15.96

59

Argentina (AR); L; II

39.50

91.44

52.73

58.87

46.67

45.25

60

Armenia (AM); E; III

1.84

63.11

52.73

44.96

52.32

39.19

61

Ukraine (UA); E; III

31.22

69.01

52.12

82.06

51.52

13.54

62

Peru (PE); L; III

24.09

77.26

51.31

56.85

33.74

72.53

63

Algeria (DZ); M; II

27.85

70.53

50.91

31.25

71.72

43.64

64

Philippines (PH); A; III

46.61

46.19

48.28

54.23

26.46

100.00

65

Cyprus (CY); E; II

0.78

67.00

48.08

8.27

53.54

71.52

66

Macedonia (Rep.) (MK); E; II

1.19

57.36

47.47

52.82

36.57

54.95

67

Malta (MT); E; I

0.42

94.38

46.06

1.01

58.79

79.60

68

Egypt (Arab Rep.) (EG); M; III

39.72

42.81

45.66

26.21

51.72

66.46

69

Venezuela (VE); L; II

27.28

88.15

45.45

81.85

42.83

29.49

70

Serbia (RS); E; II

3.96

55.64

43.84

58.47

42.22

28.89

71

Albania (AL); E; III

1.64

56.92

42.22

29.64

31.72

87.27

72

El Salvador (SV); L; III

4.36

69.28

42.02

31.85

33.33

82.22

73

Iraq (IQ); M; II

24.83

69.84

41.98

45.56

56.97

22.83

74

Jordan (JO); M; III

8.06

89.97

41.90

16.13

59.19

36.57

75

Gabon (GA); S; II

1.67

87.87

41.82

85.69

21.82

63.03

76

Panama (PA); L; II

2.62

66.54

40.20

13.10

41.82

60.40

77

Thailand (TH); A; II

32.43

47.32

38.99

23.79

45.05

40.40

78

Morocco (MA); M; III

20.92

60.53

37.58

9.88

52.53

42.02

79

Dominican Rep. (DO); L; II

8.18

78.11

36.77

3.02

39.60

90.51

80

Iran (Islamic Rep.) (IR); M; II

57.65

73.09

36.57

41.73

70.51

5.66

81

Kazakhstan (KZ); A; II

9.95

57.15

36.36

52.62

56.77

3.03

82

Indonesia (ID); A; III

135.96

52.97

35.15

52.22

31.52

39.39

83

South Africa (ZA); S; III

35.46

64.57

34.55

48.99

34.75

14.95
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84

Oman (OM); M; I

3.29

80.72

33.94

20.97

92.53

2.42

85

Sri Lanka (LK); A; III

3.81

18.25

33.74

38.51

23.23

81.62

86

China (CN); A; II

750.76

54.88

30.71

45.77

38.79

6.26

87

Tajikistan (TJ); A; IV

2.26

26.71

30.10

21.17

30.10

67.27

88

Lebanon (LB); M; III

5.00

88.03

29.90

9.07

40.20

50.91

89

Paraguay (PY); L; III

4.00

60.61

29.49

22.78

31.31

51.52

90

Trinidad & Tobago (TT); L; II

0.72

53.38

28.69

21.37

60.40

1.41

91

India (IN); A; III

424.16

32.59

27.07

55.04

24.65

23.64

92

Moldova (MD); E; IV

1.51

42.51

26.06

10.48

37.98

19.39

93

Vietnam (VN); A; III

31.15

33.47

25.66

48.39

27.07

17.98

94

Swaziland (SZ); S; III

0.30

23.23

25.45

62.90

17.78

49.29

95

Botswana (BW); S; II

1.46

66.76

23.23

15.93

27.47

25.86

96

Guatemala (GT); L; III

8.01

49.81

23.03

16.73

24.85

46.46

97

Jamaica (JM); L; III

1.57

54.72

22.63

8.06

28.89

47.68

98

Ghana (GH); S; IV

14.67

53.75

22.42

74.40

15.76

38.18

99

Namibia (NA); S; III

1.11

46.36

21.01

12.90

20.00

59.80

100

Bolivia (BO); L; III

7.26

68.22

20.20

44.76

23.84

13.94

101

Angola (AO); S; III

17.29

63.08

18.38

75.40

16.97

17.37

102

Pakistan (PK); A; IV

67.35

35.92

17.98

40.93

21.01

26.06

103

Nigeria (NG); S; IV

84.84

47.41

17.37

83.67

13.13

20.61

104

Côte d’Ivoire (CI); S; IV

11.24

49.23

17.37

77.62

14.95

25.45

105

Cameroon (CM); S; IV

12.24

54.28

16.36

71.37

9.49

62.22

106

Kenya (KE); S; IV

11.87

25.44

15.76

72.78

7.47

50.71

107

Nicaragua (NI); L; IV

3.50

57.80

15.56

30.44

16.57

48.89

108

Zambia (ZM); S; IV

6.61

41.65

13.33

30.85

7.27

56.16

109

Senegal (SN); S; IV

6.74

45.65

12.32

30.65

12.53

27.68

110

Mongolia (MN); A; III

2.01

68.20

11.52

10.69

24.44

1.21

111

Honduras (HN); L; IV

4.87

54.84

11.31

12.70

18.99

6.87

112

Bangladesh (BD); A; IV

54.39

33.92

10.30

13.51

12.73

48.69

113

Mozambique (MZ); S; IV

9.44

34.14

9.49

18.95

8.28

32.53

114

Madagascar (MG); S; IV

8.35

34.87

8.89

27.62

2.83

60.61

115

Mauritania (MR); S; IV

2.09

50.64

7.47

25.60

8.48

39.60

116

Zimbabwe (ZW); S; IV

5.06

32.46

6.46

63.31

3.43

15.15

117

Congo (Dem. Rep.) (CD); S; IV

31.86

42.46

6.06

24.60

8.08

32.73

118

Malawi (MW); S; IV

2.81

16.23

5.86

16.94

3.64

49.49

119

Ethiopia (ET); S; IV

18.97

19.22

4.85

14.11

7.27

28.48

120

Chad (TD); S; IV

3.10

22.45

3.84

22.98

0.81

57.78

121

Cambodia (KH); S; IV

3.39

22.00

3.03

7.26

12.93

9.09

122

Tanzania (TZ); S; IV

16.61

31.26

2.83

36.09

3.03

10.30

123

Nepal (NP); A; IV

5.24

18.37

2.63

0.00

12.53

32.93

124

Niger (NE); S; IV

3.17

16.24

0.40

4.23

0.00

3.84

125

Benin (BJ); S; IV

4.74

45.43

0.00

6.65

2.02

0.00
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Appendix 2.3 Renewable energy goals in cities
Notes: Selection of data reported to the CDP organization in 2018. Data used: Citywide; Target year %RE reported; Use of solar energy included; *of total energy or
electricity. Source: Created by author using data from [86].
City

Country

Base
year

Base
year
%RE*

Target
year

Target
year
%RE*

% of
target
achieved

Solar
energy
included

Adelaide

Australia

N/A

N/A

2025

50

97

Ok

Canberra

Australia

2011

14

2020

100

29.1

Ok

City of Melbourne

Australia

2014

N/A

2018

12.15

48.6

Ok

City of Sydney

Australia

2006

5

2030

50

17

Ok

Calgary

Canada

2006

N/A

2036

30

N/A

N/A

Edmonton

Canada

N/A

N/A

2035

10

0.01

Ok

London, ON

Canada

2012

0

2018

0

100

N/A

Toronto

Canada

1990

N/A

2050

75

N/A

Ok

Vancouver

Canada

2014

31

2050

100

31

N/A

Windsor

Canada

2014

N/A

2041

0.00016

21.7

Ok

Egedal

Denmark

2007

0.5

2020

8

N/A

Ok

Gladsaxe

Denmark

2010

7

2035

100

N/A

N/A

Espoo

Finland

N/A

N/A

2030

100

N/A

N/A

Turku

Finland

N/A

N/A

2025

80

N/A

N/A

Paris

France

2004

10

2050

100

31

Ok

Athens

Greece

2014

0.5

2030

9

0.6

Ok

Tokyo

Japan

N/A

N/A

2030

30

N/A

Ok

Kisumu

Kenya

2015

46.24

2020

100

70

Ok

Kisumu

Kenya

2009

0.86

2022

5.8

1.7

N/A

Vilnius

Lithuania

2013

16.2

2020

36

N/A

N/A

Nijmegen

Netherlands

2008

0.5

2020

8.3

2.1

Ok

Rotterdam

Netherlands

1990

0

2018

2

60

N/A

Rotterdam

Netherlands

1990

0

2020

14

40

N/A

The Hague

Netherlands

N/A

N/A

2020

20

N/A

Ok

Auckland

New Zealand

2009

72.7

2025

90

N/A

N/A

Oslo

Norway

2009

N/A

2016

100

99

N/A

Oslo

Norway

1990

N/A

2020

100

N/A

N/A

Warsaw

Poland

N/A

N/A

2020

20

N/A

Ok

Wroclaw

Poland

1990

15

2020

15

4

N/A

Seoul

Rep. of Korea

2017

0.3

2022

3

10

Ok

Suwon

Rep. of Korea

2016

4.1

2021

10

N/A

N/A

Cape Town

South Africa

2012

0

2022

10

N/A

N/A

Abasan Al-Kabira

St. of Palestine

N/A

N/A

2030

60

N/A

N/A

Malmö

Sweden

2004

17.6

2030

100

6.19

Ok
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Zürich

Switzerland

N/A

N/A

2020

25

N/A

N/A

Zürich

Switzerland

N/A

N/A

2035

50

N/A

Ok

Zürich

Switzerland

N/A

N/A

2050

80

N/A

N/A

New Taipei

Taiwan, G.C.

2010

6

2025

12

N/A

Ok

Taipei

Taiwan, G.C.

2015

3

2025

10

3.45

Ok

Bournemouth

UK

2011

1

2020

8

N/A

N/A

Leicester

UK

N/A

N/A

2020

20

N/A

N/A

London

UK

N/A

N/A

2030

15

6

N/A

Manchester

UK

N/A

N/A

2050

100

N/A

N/A

Arlington

USA

2007

0.1

2050

15

N/A

Ok

Atlanta

USA

2017

100

2035

100

6

N/A

Austin

USA

N/A

N/A

2027

65

N/A

N/A

Baltimore

USA

2010

0

2020

15

N/A

Ok

Broward

USA

2015

0

2040

20

1

N/A

Chula Vista

USA

2017

43

2035

100

43

Ok

Columbia, MO

USA

2014

10

2017

15.7

100

Ok

Encinitas

USA

2012

35

2030

35

N/A

Ok

Evanston

USA

2005

0

2035

100

24

Ok

Fayetteville

USA

2010

0

2050

100

N/A

N/A

Iowa City

USA

2010

1.7

2025

100

40

N/A

Lake Forest

USA

N/A

N/A

2015

20

N/A

N/A

Lakewood

USA

2010

12

2025

45

28

N/A

Las Vegas

USA

1997

1

2025

25

93

Ok

Medford

USA

N/A

N/A

N/A

5

N/A

N/A

Minneapolis

USA

2018

26

2030

100

26

N/A

New Bedford

USA

2014

0

2030

100

75

N/A

Palo Alto

USA

2002

N/A

2030

50

100

N/A

Park City

USA

2032

100

2032

100

N/A

N/A

Portland, OR

USA

2009

N/A

2030

50

N/A

Ok

Portland, OR

USA

2017

N/A

2035

100

N/A

N/A

Portland, OR

USA

2017

N/A

2050

100

N/A

N/A

Rochester

USA

2010

0

2030

50

10

Ok

Salt Lake City

USA

2015

5

2032

100

N/A

N/A

San Francisco

USA

2012

41

2030

100

61

N/A

San José, CA

USA

2017

33

2050

100

33

Ok

Santa Monica

USA

2015

25

2030

100

33

N/A

Seattle

USA

N/A

N/A

2020

15

52

N/A

Tacoma

USA

2006

15

2020

15

100

N/A

Washington, DC

USA

2012

7.6

2032

50

27.2

Ok
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Appendix 2.4 Usable area capacity of the rooftops and PV
generation of the selected cities
No.; City (Country); Rooftops area [km2]; PV generation [TWh/Year].
1. Tirana (AL); 2.19; 0.64

24. Rio de Janeiro (BR);
63.88; 19.27

47. Copenhagen (DK);
4.62; 0.91

70. Reykjavík (IS); 14.28; 0

2. Durrës (AL); 2.42; 0.73

25. Sofia (BG); 25.74; 6.71

48. Santo Domingo (DO);
67.8; 22.91

71. Delhi (IN); 77.63; 23.14

3. Algiers (DZ); 14.28; 4.42

26. Phnom Penh (KH);
35.49; 11.32

49. Guayaquil (EC); 18.02;
4.81

72. Bombay (IN); 31.57;
10.46

4. Oran (DZ); 3.35; 1.06

27. Yaoundé (CM); 9.42;
2.64

50. Quito (EC); 16.95; 5.43

73. Jakarta (ID); 34.61;
9.53

5. Luanda (AO); 5.91; 1.84

28. Douala (CM); 10.99;
3.03

51. Cairo (EG); 27.62; 10.4

74. Surabaya (ID); 18.34;
5.86

6. Huambo (AO); 136.49;
48.83

29. Toronto (CA); 32.96;
8.54

52. Alexandria (EG); 0.5;
0.18

75. Tehran (IR); 38.19;
13.64

7. Buenos Aires (AR);
10.62; 3.36

30. Montréal (CA); 19.1;
4.85

53. San Salvador (SV);
3.78; 1.33

76. Mashhad (IR); 17.16;
5.8

8. Córdoba (AR); 30.13;
10.19

31. N'Djaména (TD); 5.23;
1.88

54. Tallinn (EE); 8.33; 1.63

77. Baghdad (IQ); 10.68;
3.72

9. Yerevan (AM); 11.67;
3.62

32. Santiago (CL); 43.83;
15.96

55. Addis Ababa (ET);
27.57; 9.59

78. Mosul (IQ); 9.42; 3.18

10. Sydney (AU); 647.01;
189.13

33. Valparaíso (CL); 21.01;
6.87

56. Helsinki (FI); 9.65; 0

79. Dublin (IE); 6.02; 1.07

11. Melbourne (AU);
522.75; 140.85

34. Shanghai (CN);
331.67; 75.78

57. Paris (FR); 5.51; 1.18

80. Tel Aviv-Jaffa (IL); 2.72;
0.96

12. Vienna (AT); 21.69;
4.82

35. Beijing (CN); 878.95;
229.79

58. Lyon (FR); 2.5; 0.61

81. Haifa (IL); 3.33; 1.14

13. Baku (AZ); 14.91; 4

36. Hong Kong (HK);
57.96; 14.12

59. Libreville (GA); 3.42;
0.96

82. Rome (IT); 67.22; 19.96

14. Manama (BH); 1.41;
0.52

37. Bogotá (CO); 92.86;
22.67

60. Tbilisi (GE); 37.98; 10.23

83. Milan (IT); 9.51; 2.53

15. Dhaka (BD); 16.03;
4.55

38. Medellín (CO); 19.98;
6.26

61. Berlin (DE); 46.65; 9.31

84. Kingston (JM); 25.11;
7.73

16. Chittagong (BD); 8.79;
2.7

39. San José (CR); 2.33;
0.68

62. Hamburg (DE); 39.5;
7.5

85. Tokyo (JP); 114.46; 30.6

17. Brussel (BE); 8.44; 1.67

40. Abidjan (CI); 110.85;
30.54

63. Kumasi (GH); 13.29;
3.65

86. Osaka (JP); 11.67; 3.04

18. Antwerp (BE); 10.7;
2.09

41. Bouake (CI); 3.76; 1.09

64. Accra (GH); 3.14; 0.91

87. Amman (JO); 87.89;
33.09

19. Abomey-Calavi (BJ);
34; 9.79

42. Zagreb (HR); 33.53;
7.93

65. Athens (GR); 16.02;
5.02

88. Irbid (JO); 1.57; 0.58

20. Santa Cruz (BO);
70.36; 21.98

43. Nicosia (CY); 5.81; 1.99

66. Guatemala City (GT);
36.2; 12.78

89. Almaty (KZ); 35.68;
9.88

21. La Paz (BO); 24.69;
9.35

44. Prague (CZ); 25.95;
5.39

67. Tegucigalpa (HN);
79.2; 25.64

90. Astana (KZ); 37.77;
9.05

22. Gaborone (BW); 8.84;
3.28

45. Kinshasa (CD); 521.31;
152.14

68. San Pedro Sula (HN);
43.94; 13.41

91. Nairobi (KE); 36.41;
11.2

23. São Paulo (BR); 79.58;
23.06

46. Lubumbashi (CD);
39.08; 13.97

69. Budapest (HU); 27.48;
6.46

92. Mombasa (KE); 15.42;
5.13
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No.; City (Country); Rooftops area [km2]; PV generation [TWh/Year].
93. Seoul (KR); 31.66; 8.35

116. Maputo (MZ); 18.14;
5.59

139. Lisbon (PT); 5.23; 1.64

162. Mwanza (TZ); 15.69;
5.39

94. Busan (KR); 40.28;
11.12

117. Matola (MZ); 19.51;
6.11

140. Porto (PT); 2.17; 0.64

163. Bangkok (TH); 82.08;
24.11

95. Kuwait City (KW);
10.46; 3.7

118. Windhoek (NA);
268.53; 108.7

141. Doha (QA); 6.91; 2.58

164. Samut Prakan (TH);
52.52; 16.33

96. Riga (LV); 16.95; 3.37

119. Kathmandu (NP);
2.59; 0.81

142. Bucharest (RO);
11.93; 3.01

165. Chaguanas (TT); 3.12;
1.02

97. Beirut (LB); 4.45; 1.49

120. Amsterdam (NL);
11.47; 2.23

143. Moscow (RU); 131.36;
26.27

166. Tunis (TN); 8.56; 2.65

98. Vilnius (LT); 20.98; 4.03

121. Rotterdam (NL);
17.04; 3.37

144. Saint Petersburg (RU);
75.28; 14.39

167. Istanbul (TR); 80.51;
21.52

99. Luxembourg City (LU);
2.69; 0.55

122. Auckland (NZ); 56.81;
14.28

145. Riyadh (SA); 94.06;
36.35

168. Ankara (TR); 131.62;
39.55

100. Skopje (MK); 29.9;
8.05

123. Managua (NI); 13.98;
4.7

146. Jeddah (SA); 83.7;
31.78

169. Kiev (UA); 43.89; 9.57

101. Antananarivo (MG);
4.6; 1.6

124. Niamey (NE); 12.52;
4.38

147. Dakar (SN); 4.34; 1.51

170. Kharkiv (UA); 18.31;
4.14

102. Lilongwe (MW);
38.07; 13.01

125. Lagos (NG); 61.26;
17.27

148. Belgrade (RS); 18.83;
4.65

171. Dubai (AE); 162.86;
59.54

103. Blantyre (MW); 11.93;
3.77

126. Kano (NG); 26.1; 9.29

149. Singapore (SG);
36.46; 9.51

172. Sharjah (AE); 135.49;
51.31

104. Kuala Lumpur (MY);
12.71; 3.38

127. Oslo (NO); 23.75; 4.53

150. Bratislava (SK); 19.23;
4.4

173. London (GB); 82.24;
15.72

105. Johore Bahru (MY);
11.51; 2.98

128. Muscat (OM); 183.1;
70.19

151. Ljubljana (SI); 8.57;
1.99

174. Manchester (GB);
6.05; 1.03

106. Valletta (MT); 0.04;
0.01

129. Karachi (PK); 197.75;
68.09

152. Johannesburg (ZA);
86.06; 30.47

175. New York (US); 41;
11.377

107. Nouakchott (MR);
54.2; 19.64

130. Lahore (PK); 92.7;
27.51

153. Cape Town (ZA);
20.94; 7.04

176. Los Angeles (US);
68.11; 24.71

108. Port Louis (MU); 2.44;
0.78

131. Panama City (PA);
14.39; 0.41

154. Madrid (ES); 31.61;
10.27

177. Montevideo (UY);
10.46; 3.22

109. Mexico City (MX);
77.69; 28.53

132. Asunción (PY); 6.7;
2.14

155. Barcelona (ES); 5.34;
1.64

178. Caracas (VE); 40.65;
12.93

110. Guadalajara (MX);
12.32; 4.72

133. Lima (PE); 139.78;
49.27

156. Colombo (LK); 1.95;
0.59

179. Maracaibo (VE);
28.77; 9.87

111. Chișinău (MD); 6.43;
1.56

134. Arequipa (PE);
152.92; 63.91

157. Mbabane (SZ); 4.28;
1.35

180. Ho Chi Minh City
(VN); 107.82; 32.03

112. Ulaanbaatar (MN);
246.09; 79.97

135. Manila (PH); 2.24;
0.62

158. Stockholm (SE); 9.84;
1.93

181. Hà Noi (VN); 174.16;
37.79

113. Podgorica (ME); 5.65;
1.62

136. Davao City (PH);
127.86; 38.85

159. Zurich (CH); 4.6; 1.03

182. Lusaka (ZM); 21.87;
7.75

114. Casablanca (MA);
11.51; 3.83

137. Warsaw (PL); 27.05;
5.52

160. Dushanbe (TJ); 6.52;
2.04

183. Harare (ZW); 50.22;
17.85

115. Rabat (MA); 6.12;
2.01

138. Cracow (PL); 17.11;
3.58

161. Dar es Salaam (TZ);
83.18; 26.74
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CHAPTER 3
ELECTRICITY STRATEGIC CONSERVATION
THROUGH SMART METERS AND DEMAND SIDE
RESPONSE: A REVIEW

The research around this chapter was presented at the following
conferences1:

1.

Batalla-Bejerano J, Trujillo-Baute E, Villa-Arrieta M. Smart Meters and
Consumer

Behaviour:

insights

from

empirical

literature.

VII

International Academic Symposium: Smart Energy Systems from a
New Energy Policy Approach. February 5, 2019; Barcelona, Spain.
-

2.

http://ieb.ub.edu/event/vii-international-academic-symposium/
Villa-Arrieta M, Batalla-Bejerano, J., Trujillo-Baute. Smart Meters and
Consumer Behaviour: insights from empirical literature. International
Conference on Renewable Energy (ICREN) 2019. April 24, 2019;
UNESCO Paris, France.

-

https://icren2019.exordo.com/programme/sessions/2019-04-25

1 Introduction
The transition to a decarbonised economy forces us to rethink the
functioning of the current power electric system current [1]. For decades,
electricity grids have played a passive role, which consisted of bringing
energy from the power plant to consumption. However, with the
penetration of renewable energies, the electric vehicle, energy
efficiency and, ultimately, the electrification of the entire economy, their
function and relevance are being revolutionized and they are acquiring
The author thanks organisers and participants of these conferences for comments and
suggestions.
1
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a leading role. The key element of this change is the management of the
different energy flows in order to provide the system with "flexibility". The
driver of this change is the data around the electrical system and the
associated services, along with the networks and the Smart Meters to
improve the efficiency, reliability and security of the system [2].
In the framework of this transition and with the aim of fulfilling the
objectives in the fight against climate change, the use of renewable
energy resources is essential to reduce greenhouse gas emissions (GHG).
However, one of the drawbacks of electricity from renewable energy
sources is that its generation takes place when residential demand is
relatively low. In fact, solar radiation is maximal around noon, when
many homes are empty. On the contrary, household electricity usage
peaks in the evening, when there is no solar radiation. This mismatch can
be mitigated in different ways: grid expansions would help in transporting
electricity for remote consumption; storage capacities would allow
delayed

consumption;

demand-response

measures

may

be

implemented so that electricity is used when and where it is produced.
While the first two solutions are supply-side measures requiring high
installation costs and involving losses, Demand Side Management (DSM)
might prove relatively inexpensive and easy to implement. An additional
advantage

of

demand-side

interventions

is

that

they

can

be

implemented rapidly, while deployment of new technologies on a large
scale can only be achieved in the long run [3].
Through DSM consumers exercises active management over their
demand. This is a process in which the response to price signals or
feedback of the energy information can be reflected in the decrease of
peak demand (Peak Clipping), the change of consumption from the
peak periods to the off-peak periods (Load Shifting), or in the execution
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of activities to reduce energy consumption (Strategic Conservation).
With the aim of activating the DSM, the current process of deploying
Smart Grids, which is of great relevance in European electricity markets,
points to a gradual process of empowerment of final domestic
consumers by playing a more active role in the electrical system [4]. The
replacement of electromechanical meters with electronic ones is the first
step so that in the process of empowerment a greater and better
information in relation to the costs of electrical supply leads to changes
in the energy management of households [5], avoiding consumption at
times of higher late-hour prices. In this sense, the creation of new tariff
schemes that take advantage of their real-time visualization are a key
part of most government’s strategies to ensure our future electricity
supply is clean, affordable and secure [6].
Although until now end users were passive actors of the electric system,
with the introduction of new services that allow greater involvement of
consumers, users have begun to be an important part in the use and
management of energy. The access to data on consumption in real time
by users, either through the meter or other applications, opens a range
of new possibilities that until now were unimaginable to implement due
to lack of information. In this sense, new business opportunities will
emerge if consumers are involved in deciding how and when to
cooperate with the system. These new services will oblige the consumer
to participate more actively, with the aim of promoting a more
responsible use of energy and modifying behavioural behaviours to
reduce consumption. "Since societies depend on energy and its
management, extensive changes in energy-related technologies are
likely to bring out subsequently enormous forms of social change" [7].
However, without a proactive attitude of users cannot take advantage
of the opportunities provided by new technologies.
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Energy Transition
Electromechanical
meters (M)

Smart Meters (SM)
Peak Clipping

Demand
response

Energy
information
feedback

Load Shifting

and

M

M

shape of
load curve
obtain

M

and
Strategic Conservation

Dynamic
price
schemes

Power electric system

SM

SM

Demand Side Response (DSR)

Traditional management of the electric power system
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SM

Power electric system

Figure 1. Consumer participation in demand management in the framework of the Energy
Transition.

Peak Clipping is a strategy that seeks to reduce consumption at times of
maximum demand. The hourly demand for electricity fluctuates
throughout the day, experiencing peaks in demand - normally around
noon and the early hours of the night, when generation technologies
with higher costs are necessary to cover it. In this sense, one of the
objectives of any energy policy is to reduce the relevance of these
peaks

of

demand

given

their

implications

in

economic

and

environmental terms and where the irruption of smart meters offers the
possibility of incorporating new measures of demand management to
give more efficiency to the markets in the coming years.
Load Shifting essentially moves electricity consumption from one time
period to another. For example, advancing or deferring appliance use to
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another time. The idea is that by shifting the load to another time, the
returns generated through energy cost savings or DSR participation are
greater than the potential well-being loss from the behavioural change.
Unlike other energy cost saving strategies, the issue tackled by the load
shifting is the when rather than the how much. Hence, with load shifting
the overall energy consumption is the same but the moment when it is
consumed changes.
Strategic Conservation is the set of saving efforts that modify the load
curve. The reduction of consumption (increase of savings or energy
efficiency) is one of the main energy strategies of countries or regions
dependent on external energy. Such is the case of the European Union,
which considers energy efficiency as its main energy resource [8]. In DSR
of the residential sector, this conservation strategy groups the efforts of
households to change their consumption patterns in response to a
consumption and/or price signal. Unlike Peak Clipping and Load Shifting,
the reduction of consumption is not necessarily done in a specific
intraday period. However, it is possible that, with the application of these
two strategies, the global energy consumption will be reduced.
In principle, it would be expected that the implementation of Smart
Meters, as well as dynamic tariffs should allow consumers to manage
their demand more efficiently and use more efficient energy resources,
modifying their patterns of electricity consumption as a function of the
current hourly electric prices at each moment of the day [9]. However,
for this change to be effective and to be able to take advantage of all
existing potentialities, it is necessary to promote a change in their
behaviour patterns beforehand. The determination of consumption
patterns is an essential aspect, insofar as not all consumers have the
same socio-economic conditions, the same profile, nor behave equally
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or necessarily rationally. The use of energy by consumers is mainly based
on routines and habits that are difficult to change. In this sense, it will be
necessary to deepen the technical, psychological, social and economic
aspects that allow consumer participation and behaviour adjusting.
When using Smart Meters with greater functionalities, it will be possible to
make demand more flexible with more efficient incentives and tariffs,
while at the moment this is only possible through pricing by time frames.
However, there are still many questions about the effectiveness of the
deployment of Smart Meters and the scope of the benefits that could be
achieved with this technology. It is precisely in this area there are more
and more empirical works seeking to identify those basic aspects that
determine a greater and better participation of residential demand. In
this sense, this chapter present a review of those papers that from an
empirical perspective have tried to quantify and delve into the
determinants of consumer behaviour when it comes to consuming
electricity. This review included a systematic search of published
bibliographical references on this field of study, characterizes the
elements of the methodological design the empirical works, and
describes the scope of the results with respect to energy savings. The
chapter is divided into three sections before the conclusions. The first
section explains the systematic process of reviewing references; then, in
the second section, the elements of the methodological design of these
works are described; and later in the third section, a summary of the
results in terms of reduction of electricity consumption achieved by these
empirical works is presented. Finally, the conclusions address the main
characteristics and knowledge gaps of empirical research on Demand
Side Response (DSR).
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2 Literature review: Systematic approach
The procedure followed to review the literature on DSR in the residential
sector is described below. The initial central axis of this review was to
build a tree of the knowledge structure on this subject, to later describe
its components. Figure 2 presents this tree structure.

Types of
studies

Selection
of
references

Literature review on the study of DSR in the residential sector

Empirical Works

Methodological
approaches of the
EW

Surveys (e.g.,
interviews and
questionnaires)

Previous selection
of references

Theoretical Works

Peak Clipping

Reviews

Experiments (e.g.,
Analytics (e.g., load
conducting empirical
profiling and
experiments to
clustering, energy use
evaluate the effect of
disaggregation,
feedback
occupancy detection)
components)

Quantitative and / or qualitative study of
the impact of the feedback on energy
information and / or price schemes

Study
objectives

Results of the EW

Systematic search
of references

Load Shifting

Models or
Technologies

Simulations (e.g.,
imitating real world
energy feedback
processes based on
mathematical and
stochastic models)

Other: Forecast of load profiles,
consumer participation, customer
selection for DSR programs, etc.

Strategic
Conservation

Figure 2. Tree structure of the review sequence followed.

After having previously identified some notable references, a systematic
search was made in databases of scientific publications to collect
around 256 references. Subsequently, these references were divided into
four types of study: empirical works, theoretical works, reviews, and
models or technologies. Then, the empirical works were divided
according to their methodological approaches, following the work done
by [10]. Thus, the empirical works were classified into surveys,
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experiments, analytics, and simulations. Then, were organized into two
groups according to their research objectives: a first group of references
that aimed to quantify/qualify the benefits of the DSR, and a second
group that aimed to analyse the data of the electrical consumer with
other purposes (consumer clustering, demand forecasting, etc.). Finally,
the results in energy saving of the empirical works on the Impact of the
energy information feedback are analysed.
In the selection of notable references, a series of keywords were
identified to be used in a systematic search based on methodologies of
[11] and [12]. This systematic search was done using the Web of Science
and Scopus databases. These webs are different bibliographic resources
but complementary in their pros and cons [11]. The keywords used, with
their substitutes, correspond to two fields of study: Smart Meter and
Consumer behaviour. The keywords of the Smart Meter group are related
to the feedback of the information, the incentives and the technology
used to activate the DSR: “Smart Meter”, "In-home Display (IHD)", "Energy
Management System (EMS)", "Real-time Feedback", "Eco-feedback",
“Conservation Incentives”, “Dynamic prices”, and “Time of Use Tariff
(TOU)”. The group of keywords on Consumer Behaviour (or Consumer
Behavior in American English) included the elements that study the
effect of feedback on energy information, and the information itself:
"Demand Side Response", "Demand Side Management", "Residential
energy consumption" ("household energy consumption"), and "Loss
aversion ".
Of the 256 references collected, 32 were discarded because they were
related to the research of the DSR in sectors other than residential. Of the
224 remaining references, the first one registered was dated 1986. This
paper [13] publishes a pioneering experimental work in the United States
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and the United Kingdom on dynamic pricing at a time without digital
technology. The last three references were from the first half of 2019 [14–
16]. Since 2010 the DSR study has been increasing, more than 95% of the
revised references have been published since that year.
The 224 references are classified in 167 Empirical Works (EW), 12
Theoretical Works (TW), 40 Reviews (R), and 5 proposed models or
technologies (MT). The identified empirical works are divided into four
methodological

approaches:

Surveys,

Analytics,

Experiments

and

Simulations. See Figure 3. Surveys include interviews or questionnaires to
find out the opinion of the consumers on technological or conceptual
questions related to visualization of the energy information feedback.
Analytics are used to determine load profiling and clustering, energy use
disaggregation, and occupancy detection. Experiments, including field
trials and pilots, are works aimed at evaluating the effects of feedback
components. And finally, Simulations are used to imitate real-world
energy feedback processes based on mathematical and stochastic
models [10].

2%
31%
18%
74%

23%

6%

Theoretical works
Models or technologies
Empirical Works: Analytics
Empirical Works: Simulations

18%

2%
Reviews
Empirical Works: Surveys
Empirical Works: Experiments

Figure 3. Types of study of the DSR in the residential sector.
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The use of these different methodological approaches in a single
empirical work serves to combine their advantages. For example, an
experiment can study a chosen sample in a previous analytical work,
compare the experimental results with simulations to create different
scenarios, and finally know the opinion of consumers through surveys.
Prior to the deployment of Smart Meters, the experimental works were
based on pilots (small samples) to find out the economic effectiveness of
the use of smart metering technology. Already with the deployment of
Smart Meters, the methodological approaches other than the surveys
take a marked relevance by the large amount of data that can be
collected. With which, after validating the effectiveness of Smart Meters,
long-term experiments and larger samples are used to evaluate
consumer behaviour.
Of the 167 final empirical works, 110 were about the study of "Peak
Clipping", "Load Shifting" and "Strategic Conservation". Figure 4 shows the
distribution of these works.

8.9%

Peak Clipping (PC)

21.8%

Load Shifting (LS)

69.4%
Strategic Conservation (SC)

Figure 4. Study objectives of the DSR.
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3 Elements of the methodological design
This section describes the general characteristics of the empirical
methodologies followed in the 110 selected references, which revolve
around the data, the sample and the participation incentives of the DSR.

3.1

Level information and comparison method of data

The main elements of the methodological design refer to the
geographical representativity and the obtaining of the data. Data can
be specifically from rural or urban areas because the consumption
behaviour of their residential populations differs. For its part, data can be
obtained in different phases of the research process, and depending on
the methodological approach, or on the measurement technology
used.
Most of the 110 references selected were empirical works in urban areas
of developed countries. The empirical process of these works is divided
into several phases: pre-intervention, intervention and post-intervention.
The works of [17–19] clearly describe the processes of the phases before
and after the interventions. The pre-intervention phase can be periods
from which natural data of electric consumption are obtained (9.1% of
these selected works). The data collected in the post-intervention phase
serve to study the long-term persist of the DSR (18.2% of these selected
works).
The type of data and the duration of the empirical phases vary
depending on the methodological approach used. If it is experimental,
analytical or a simulation, data can be quantitative. The duration of the
intervention phase of this type of works is between 1 and 30 months (see
[20]). If the methodological approach is a survey, the data can be
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qualitative informing about the favourable or unfavourable possibility
that the feedback of energy information or price signals may produce
changes in the load curve.
The resolution of the data depends on the type of measurement
technology used. Smart Meters allow for data to be obtained in periods
of less than one hour. More than 90% of the reviewed works use data
taken from Smart Meters, and the resolution of their data is between 5
and 15 minutes. To obtain the results (quantitative or qualitative), several
data comparison procedures are used in the references that describe
this element of the methodological design. Its distribution is as follows:
between surveyed groups, 8%; between intervened groups, 28%;
between a control group and intervened groups, 15%; between periods,
control group and intervened groups, 36%; and between periods and
intervened groups, 1%.
In the experimental phases, the intervention groups are compared in
order to verify the effectiveness of different types of stimuli (ecofeedback, analytical, quantitative, or graphic information). Likewise, the
intervention groups can be compared with a control group that serves
as a baseline with which to compare mainly the variation of energy
consumption. In either case, with or without a control group, the data of
the groups intervened can be compared with a natural data baseline
corresponding to a previous period.
Within the analysis of the intervention groups, some authors study the
Hawthorne effect to verify if the observation of the sample influences the
behaviour of the individuals [21,22].
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Selection, participation motivation and comparison of
the sample

The selection of the sample and the individuals involved is a process in
itself, one which determines the development of the empirical work. The
sample may be made up of individuals of two types: households or
persons in charge or not of paying electric bills. To study an context in
which the motivation is pecuniary, households or individuals responsible
for the payment of invoices are selected whereas In the study of nonresidential sectors, environments are studied in which motivation is nonpecuniary, selecting workers or students [23]. More than 80% of the
selected papers study the benefits of DSR in households. Although each
of these empirical works has its own research objectives, single-family
households are studied in greater proportion because their electricity
consumption is greater as those living in apartments (see [24]).
The sample and individuals, in addition to being selected in the preintervention phases, are assigned to the control groups and/or
intervention groups at random or through recruitment processes in which
motivational payments are used in some cases. Two types of
motivational payments were identified:
 By Payment: Includes a single payment when a payment is made at
the beginning or at the end of the empirical work (see [18,25]); or
the repetitive payment when the incentive is made several times
during its development (see [21,26]) .
 For

Savings:

methodological
participate

is

Within

the

approaches,
offered

based

development

of

the

motivational

on

the

savings

experimental
payment

to

(reduction

of

consumption) obtained (see [27]). If the individual does not produce

77

78

Chapter 3: Electricity strategic conservation through SM and DSR: A review

savings or increase consumption, in some experimental approaches
this individual is offered the guarantee of not having their energy
costs increase (see [28,29]).

3.3

Energy information feedback and dynamic prices

This section describes the two types of information used to encourage
the consumer to modify their consumption patterns: the feedback of
energy information and dynamic prices schemes. The two types depend
on a means of communication or technological component that
influences the effectiveness of the information. This information can be
provided indirectly, through measures such as more detailed, frequent
and accurate billing. Feedback can also be provided directly through a
web portal (computers, mobile, tablets) or through a dedicated display
device (see [30–32]). A tendency in the identified empirical works is to
use the category Eco-feedback (see [33,34]), defined as the technology
and information that provides feedback on individual or group
behaviours with the goal of influencing future energy saving strategies
[35]. Other technological means to ensure the response of demand are
automatic means. These devices interrupt or activate the electrical
consumption depending on the pre-programming to a certain signal.
These devices include the Blue Line Power Cost Monitor (see [36]), the
Direct

Load

Control

Device

(see

[37,38]),

the

Programmable

Communicating Thermostat (see [39]); and Smart Appliances (see
[40,41]).
The basic information offered in the feedback of the energy information
is the energy consumption and its cost. A higher level of information may
include incentives for saving based on social aspects, such as
comparing the consumption of each individual with that of other
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individuals (see [27]), or information based on the effect of energy
consumption on environmental or public health aspects (see [42]). The
type of information offered to the sample may also be information that is
not necessarily numerical, but in visual graphic form to describe energy
consumption in a simpler way (see [43–45]).
The incentives based on price schemes are grouped into the following
categories:
 Time of Use (TOU): Discriminates between peak times and off-peak
times by the application of a different price (see [28], [46] or [208]).
 Critical Peak Pricing (CPP): Companies have the option to charge
a very high price for peak consumption for a limited number of
days (see [224]).
 Real Time Pricing (RTP): The retail price varies continuously following
the wholesale price (see [18], [47] or [48]).
 Peak-Time Rebate: Similar to CPP but the incentive to reduce
consumption in peak days comes from discounts for other
consumptions instead of higher prices (see [49]).

4 Results based on Strategic Conservation
The results based on energy savings obtained in the empirical works
reviewed are described below. Specifically, the results achieved with the
feedback of indirect and direct energy information. Although these
results are related to Strategic Conservation of the DSR, some of these
empirical works were also intended to calculate the benefits of Peak
Clipping or Load Shifting. According to these results, households respond
to the provision of direct and indirect information using less electricity.
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The indirect feedback includes the electric bill and the consumption
reading on electromechanical meters or Smart Meters. Table 1 presents
16 references identified in this type of feedback. [50] Reports a 23%
reduction in electricity consumption. Seven of these references present a
qualitative result: positive reduction of consumption by feedback of
energy

information.

Six

of

these

references

use

the

survey

methodological approach.
Table 1. Results on Strategic Conservation using Indirect feedback. Notes: P, Positive; Two
experiments.
Ref.

Country - Year

MA

Result

Ref.

Country - Year

MA

Result

[51]

USA 2011

E-A

2.0%

[50]

Latvia 2015

E-S

23.0%

[52]

USA 2009

E

2.1%

[53]

USA 2012

E

P

[17]

USA 2016

E-L

2.2%

[54]

Sweden 2010

S

P

[22]

USA 2013

E-S

2.7%

[55]

Latvia 2013

S

P

[56]

USA 2012

E-L

2.6&2.9%*

[27]

Switzerland 2016

E-S

P

[57]

N. Ireland 2013

E

11-17%

[58]

Korea 2012

S

P

[59]

USA 2015

E

8-19%

[60]

Ireland 2018

S

P

[61]

Latvia 2014

E

20.0%

[62]

USA 2016

S

P

The direct feedback includes the use of additional technologies (digital)
to the Smart Meters that make it easier for users to check their
consumption, and which serves to extend the effectiveness of energy
saving programs. Among these technologies is the use of In-home
Display (IHD), and web portals or apps. Table 2 presents 49 references
identified in this type of feedback. [63] Reports a 32% reduction in
electricity consumption. The simple installation of Smart Meters in
households does not guarantee the reduction of electricity consumption
in the broad spectrum of their socioeconomic conditions: it is necessary
to take advantage of digital technology to facilitate that households
understand and react to the feedback of energy information. This is
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demonstrated by the greater number of empirical works with the use of
direct feedback.
Table 2. Results on Strategic Conservation using Direct feedback. Notes: Notes: P, Positive
*Positive but not constant.
Ref.

Country - Year

MA

Result

Ref.

Country

MA

Result

[64]

USA 2015

E-S

2.0%

[23]

USA 2014

E

20.0%

[65]

(N/A) Europe
2013

E-S

2.0%

[43]

Netherlands
2011

E

21.0%

[66]

Germany 2012

E-L

3.0%

[67]

Latvia 2015

E-L

6-23%

[68]

UK 2014

E-S

3.0%

[69]

France 2015

E-S

13.323.3%

[70]

Germany and
Austria 2011

E-S

3.7%

[71]

Denmark
2017

E

7-25%

[72]

USA 2013

E-S

3.7%

[73]

UK 2012

E-S

5-32%

[74]

Austria 2012

E-S

4.5%

[63]

USA 2007

E-S

32.0%

[75]

Europe 2011

E

5.0%

[76]

USA 2010

S-E-S

P*

[77]

Austria 2017

E

5.0%

[78]

UK 2010

E-S

P

[79]

USA 2012a

S-E-S

5.7%

[80]

Australia
2011

E-S

P

[71]

Denmark 2017

E

5-7%

[81]

Finland 2011

S

P

[82]

Scotland 2015

E-S

7.0%

[83]

USA 2011

S-E-S

P

[84]

Japan 2014

E

7.6%

[85]

Sweden 2011

E-S

P

[45]

Netherlands 2010

S-E-S

7.8%

[86]

Australia
2012

S

P

[24]

Denmark 2011

S-E-S

8.1%

[87]

UK 2012

E

P

[88]

USA 2012

E

8.8%

[89]

USA 2012

E-L

P

[90]

USA 2015

E

7-9%

[91]

Spain 2013

E-S

P

[92]

USA 2013

E-L

10.0%

[93]

USA 2013

E-L

P

[94]

UK 2010

E-S

5-10%

[92]

USA 2013

E-L

P

[40]

USA 2015

E

11.0%

[95]

Switzerland
2013

E

P

[33]

South Korea 2017

E

14.0%

[96]

UK 2014a

S

P

[14]

UK 2019

E

4-12%

[97]

UK 2015

E-S

P

[36]

USA 2012

E-S

12.0%

[98]

Denmark
2015a

E

P

[44]

UK 2003

E

15.0%

[99]

USA 2017

E-S

P

[100]

USA 2014

E-S

20.0%
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5 Conclusions
This chapter has presented a systematic review of the empirical literature
that has evaluated the response of demand to the feedback of energy
information. The research characterized the fields and objectives of the
DSR in the residential sector and the methodological design elements of
these works. Subsequently, the work focused on structuring and
synthesizing the scope in quantitative terms of the reduction of energy
consumption obtained with the feedback of indirect and direct energy
information.
The results compiled from the empirical works reviewed show the
importance of the feedback of energy information to reduce electricity
consumption in households; a fundamental objective in the energy
transition. In this sense, the use of direct feedback seeks to take
advantage of the Smart Meters to increase the effectiveness in the
reduction of consumption: by means of the deployment of this
technology the consumer is given the possibility of participating in the
management of the electric system. Following are some conclusions that
identify gaps in knowledge and seek to help in the design of future
empirical work on DSR.
The empirical works identified include a broad characterization of results
in energy saving, all of which seek to identify the appropriate information
channel to influence the consumption patterns of residential consumers.
While the business sector is largely driven by economic reasoning,
households are not. Factors such as education, social norms, age and
culture are prevalent. Continuous energy information feedback might
be an effective driver of energy-related behaviour change [5,101,102]. In
this regard, being energy cost information a relevant aspect, providing
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consumers specific, tailored, and scientifically verifiable information
about the associated environmental and health effects of their energy
consumption can have a stronger and more persistent influence on
consumer’s daily electricity use [59].
The willingness of consumers depends on their preferences regarding
criteria such as price risk, volume risk, complexity, and loss of autonomy
or privacy. For consumers to be engaged, their preferences must be met
by the contract terms [103] through personalised actions [87]. Willingness
to switch varies across demographic groups in response to DSM initiatives
[6]: relevance of income level, energy dwelling characteristics, family
unit members, environmental concern, etc. Regarding energy dwelling
characteristics, households with central air conditioning are more price
responsive and produce greater absolute percentage reductions in
peak-period energy use than households without air conditioning did
[104].
Some consumer groups are more likely to want to switch over than
others. But an in-depth knowledge of consumption determinants is
required to do so. Behavioural intervention with information strategies
can be important complements to price-based policies [42]. While
traditional public information campaigns have proven to be largely
ineffective, it is suggested that new informational strategies such as
social marketing methods and smart meter feedback hold more
potential because they allow for the tailoring of information to the needs
of specific individuals or consumer groups [105,106].
Price incentives are a means to obtain a response in energy savings.
However, the different types of consumption hinder the effectiveness of
a single tariff scheme. As a solution to this, with the deployment of Smart
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Meters there is a sizeable potential market for Smart TOU tariffs between
consumers [6]. Similarly the introduction of dynamic pricing schemes
seems essential to take full advantage of the highly granular data on
energy consumption that smart meters could offer [5].
The massive roll-out of Smart Meters in the main economic sectors of the
world seeks to increase the technological capacity to make the
operation of the electric system more flexible, allowing consumer
participation in the management of their demand and energy savings.
However, the effectiveness of this technological roll-out depends on the
behavioural characteristics that determine the electric consumer's
charge patterns. Faced with this, the same use of Smart Meters, due to its
ability to extend the resolution of data capture, will make it possible to
know and segregate these consumption patterns of the residential
sector to offer direct and specific energy information feedback for each
type of consumer. In this sense, the synthesis of results in energy savings
presented here will help future researchers direct the methodological
designs of their empirical works to seek greater effectiveness of direct
energy feedback.
As described above in the general context of this thesis, the consumer is
at the centre of the energy transition and is a determining factor in the
achievement of the energy sustainability of their cities. The DSR, and
mainly the use of Smart Meters, are key elements to activate their
participation in the management of the system. However, it is necessary
to encourage their participation through direct energy information that
takes advantage of the digital advantages of smart metering
technology.
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Abstract
This paper presents a technical-economic model for the evaluation of
energy systems called Economic Assessment Tool of Energy Projects
(EATEP). It was created with the TRaNsient System Simulation Tool
(TRNSYS) and works in parallel to the technical simulations in this software.
The EATEP links, in hourly time steps, technical and economic variables
that can determine the functioning of energy systems and the
profitability of the investment required for their implementation. The
economic calculation procedure, as described in the European
standard EN 15459:2007, of the Energy Performance of Buildings Directive
(EPBD) of the European Commission, has been adapted to the
characteristics of TRNSYS to develop the calculation methodology of the
EATEP. The final use of this resulting tool is the evaluation of the energy
self-consumption of communities from the technical-economic point of
view, analysing the investment in distributed generation systems by
consumers, prosumers and energy producers. The operation of the EATEP
has been validated through two cases that demonstrate the wide range
of its applicability and versatility. In the first case, the calculation of
indicators identifies the best alternative among various investment
options in the evaluation of self-consumption energy systems. The
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second case, evaluates systems in which producers, consumers and
prosumers exchange energy and economic flows; the tool calculates
indicators of costs, revenue and income (the margin between revenue
and costs).
Keywords: Technical-economic evaluation model; Energy Performance
of Buildings Directive; TRNSYS; Distributed generation; Net-Zero Energy
Communities

1 Introduction
The economic evaluation procedure regularly used in feasibility studies
of energy systems, is carried out in series to the technical evaluations of
its operation, as in the case of [1–14]. In other words, the economic
evaluation of this type of systems is carried out after obtaining the
consumption/generation/storage/energy

saving

data

in

technical

simulations. This can limit the dynamic link that may exist between the
technical, economic, and financial variables that determine the hourly
performance of energy systems, i.e. when evaluating energy systems
made up of consumption facilities and generation facilities. Another
limitation in these feasibility studies of energy systems, is the difference in
the terminology of economic and financial indicators calculated in
energy generation projects and projects to reduce energy consumption.
In this paper, we present an economic evaluation model built into the
TRaNsient System Simulation Tool (TRNSYS) that serves as a tool that
covers these limitations and also presents another series of novelties. This
tool, called Economic Assessment Tool of Energy Projects (EATEP), permits
the economic evaluation of the energy systems in parallel to their
technical evaluation. In this way, the EATEP considers the effect of
technological and environmental costs and the hourly variation of
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energy prices on the technical performance of energy systems and
profitability of their investment. Likewise, the tool economically evaluates
the energy exchanges between distributed generation systems (DG) [15]
and centralized generation systems.
The economic calculation procedure of the EATEP is an adaptation of
the European standard EN 15459:2007 [16] to operate with TRNSYS. This
standard reflects the economic calculation procedure of the Energy
Performance of Buildings Directive (EPBD), which is the main European
legislative instrument for the promotion of buildings with close to zero
energy consumption. The EATEP extends the scale of application of EN
15459:2007; which allows for the evaluation of net zero energy
consumption, known as Net-Zero Energy Building (NZEB) and Net-Zero
Energy Community (NZEC), in buildings and communities, and similarly
with energy surpluses, known as Net-Plus Energy (NZEB) and Net-Plus
Energy Community (NZEC). In addition, it broadens the focus of this
standard: along with energy consumption systems, it also allows for the
economic evaluation of the viability of investment in centralized and DG
systems. On this basis, the tool can calculate indicators, equivalent to
those proposed in the EPBD, but designed to analyse the current value of
revenues and incomes from the sale of CO2 emission rights. The result is a
model that can calculate a wide variety of economic-energetic,
economic-environmental,

and

economic-energetic-environmental

indicators, in order to identify the best alternative within a group of
investment options.
This model is thus proposed as a tool in TRNSYS to analyse, i.e., the
profitability of the investment required by consumers, prosumers, and
energy producers, in the process of energy transition in communities
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towards the use of their local energy resources through the development
of the DG.
The following details the novelties presented by the model with the use of
EPBD (EN 15459:2007) and TRNSYS.

1.1

Use of the EPBD in the design of the EATEP

The European standard EN 15459:2007 normalizes the economic
calculation procedure of the EPBD, which is the legislative instrument
developed in the European Directive 2010/31/EU [17] and supplemented
by Delegated Regulation (EU) No. 244/2012 [18]. The objective of the
EPBD is to establish a common framework to assess the energy
performance of buildings. Its economic calculation procedure is an
analysis of the expected costs during the useful life of the energy
systems. It includes the calculation of the Global Cost (CG), as the
current value of the costs, and the comparative analysis called CostOptimal. The latter classifies the CG according to the primary energy
consumed

by

each

evaluated

investment

alternative[19].

The

application of these indicators is highlighted in the economic evaluation
of NZEB [20–22] and the study and development of NZEC [23] and Smart
Cities [24]. In the EATEP, the CG and Cost-Optimal indicators are both
used in the analysis of the investment in Energy Efficiency Measures
(EEMs) in NZEB, NPEB, NZEB and NPEC. Indicators equivalent to these are
proposed here, but are designed to analyse, within the same evaluation
framework, the investment in energy generation systems. The new
indicators are Global Income (IG), used to calculate the present net
value of revenues and the margin between Revenues and Costs (ISC)
used to calculate the present net value of the margin between IG and
CG. A comparative analysis indicator has also been designed to classify
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the ISC according to the amount of energy, in terms of primary energy,
that can be exported by each of the investment alternatives considered
in the evaluation of energy generation systems. Finally, on this same basis
of calculation, financial indicators proposed by the National Renewable
Energy Laboratory (NREL) [25] and the Effect-Cost-Index [26], have been
adapted.

1.2

Use of TRNSYS in the development of the EATEP

The EATEP was created using the dynamic simulation software of energy
systems, TRNSYS. This software has been used because of the technical
advantages it has in the expansion of the scale and focus of the
application of the indicators proposed in the EPBD. TRNSYS is a complete
and expandable simulation environment for the simulation of systems. Its
operation is based on the interconnection of subroutines, called Types,
fed by variables, known as Inputs and Parameters, which are processed
to deliver Outputs as results. During the simulation, Inputs vary,
Parameters remain constant, and Outputs become Inputs of other Types.
Although there is a wide variety of models and software available for the
technical-economic simulation of energy systems [27] with different
purposes

and

approaches,

including

specific

methodologies

on

renewable energies [28] and DG [29], TRNSYS allows: 1) to evaluate
different types of renewable energy systems, as in the case of [9–
11,30,31]; 2) to customize and add subroutines [32] to simulate new
technologies, as in the case of [8,33], and to develop technicaleconomic models of energy systems, as in the case of [34]; and 3) to link
its operation with that of other simulation software, as in the case of
[12,13]. TRNSYS has in its library two Types to perform economic
calculations, Type 19 and the Type 580. Neither of these two models has
the characteristics proposed in the EATEP. The first one is only applicable
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to the analysis of the life-cycle cost of a solar powered system,
comparing capital and back-up fuel costs to the fuel costs of a
conventional non-solar powered system [35]. The second, is similar to
Type 19, uses the P1 and P2 methods described by Brandemuehl and
Beckman, and Duffie and Beckman, [36].
The operation of the EATEP is described below in section 2, its validation
in section 3, and finally, sections 4 and 5 provide discussions and
conclusions.

2 Description of the operation of the EATEP
EATEP, working in parallel in hourly time steps with the simulation of the
energy systems in TRNSYS, seeks to determine Annual and Global results,
to later calculate a group of indicators, called Comparative Indicators,
with which it is possible to identify the best alternative within a group of
investment options, called Packages. The Annual results are the sum in
each year t of the evaluation period T, of energy, environmental and
economic values, and the Global results are the sum of each of these
groups of annual results. The economic results are delivered in terms of
the current value of the cash flows expected in each year. Each
Package is a set of EEMs and/or energy technologies, called
Components. The Packages are numbered from 1 to p, number 1 being
the reference case against which the other evaluated packages are
compared. The energy systems that are feasible to evaluate with the
EATEP are grouped into the following three categories of energy
projects:
1. Energy Efficiency Projects (EEP): projects at final energy consumption
points in which the investment in EEMs and/or self-consumption
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technologies seek to reduce energy consumption and/or reduce
the consumption of external energy resources and their associated
costs. It includes projects carried out by Consumers or Prosumers, in
buildings and communities, and projects of Smart Grids [37].
2. Energy Generation Projects (EGP): projects at energy generation
facilities carried out by Producers in which the investment in energy
generation technology systems and/or EEMs seek to reduce energy
consumption and/or increase energy export to increase the margin
between revenues and costs.
3. EEP-EGP projects: projects in which EEP and EGP energy systems are
jointly evaluated in the same economic scenario. The EGPs are
evaluated as systems supplying energy for the EEP systems. This
includes NZECs of DG systems evaluated independently as EEPs and
EGPs.
Figure 1 presents the operating diagram of the EATEP. Boxes 1, 2 and 3
represent the calculation process in the evaluated Packages, and Box 4
the calculation of Comparative Indicators. Box 1 details the Parameters
and Inputs (data that vary in hourly time steps) that feed the EATEP
during the evaluation period, in order to obtain the annual and global
results (Outputs). Parameters are configuration data, such as the value of
T among others; Inputs are energy data, economic and financial data,
primary energy conversion factors and CO2 emissions, and evolution
rates used when Inputs are entered as a fixed value. Comparative
Indicators are divided into subgroups of indicators called Benefits,
Financial, Effect-Index and Economic-Optimum (described in section
2.2.4), their calculation procedures vary between EEP and EGP. The first
to be performed, and from which the other subgroups are calculated, is
the Benefits Indicators, this calculation is derived from the difference
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between the objective of the two project categories. Table 1 summarizes
this difference.
Box 1

TRNSYS Simulation: Technical-Economic evaluation of any Package p; e.i., Package 1
Evaluation period in hourly time steps

t=0

t=T

Energy Demand and Resources
Evaluation of Energy System

Inputs

Parameters
Value of
i, n, p, j, γ

Calculation
period (T)
Evolution
Rate (RX)

Technical Outputs

Consumed
energy

Generated
energy

Stored
energy

Exported
energy

Energy Assessment Tool of Energy Projects (Type EATEP)
[Parallel to technical evaluation in hourly time steps]
[European Standard EN 15459:2007]

Annual and
Global Outputs

Outputs:
Comparative
Indicators
Benefit Indicators:
Energy, Emvironmental
and Economic

Comparative Ratios

Energy,
environmental and
economic indicators

Energy-Economic
indicators

Financial Indicators:
Discounted Payback
Period and Return on
Investment

EnvironmentalEconomic indicators

Effect-Index

Inputs
Area of the
EEPs / EGPs
systems

Economic
and financial
data

Convertion
factors

Evolution
rates

Box 2

Simulation: Technical-Economic evaluation of Package 2

Box 3

Simulation: Technical-Economic evaluation of Package p

Optimum Economic

Figure 1. General diagram of the calculation process of the EATEP.
Table 1. Description of the evaluation of Benefits Indicators in EEP and EGP. Notes: * The
Benefits on the evaluation of EEP equals savings: economic savings, energy savings and
environmental savings. ** The Revenues in EEP are counted as negative costs to help
reduce Costs.
Energy Efficiency Project (EEP)*

Energy Generation Project (EGP)

Energy
Benefit

Reduction of energy consumed

Increase of energy exported

Environment
al Benefit

Reduction of CO2 emissions
produced by energy consumed

Reduction of CO2 emissions
produced by energy exported

Economic
Benefit

Reduction of costs**

Increase of income (margin
between revenue and costs)

The three categories of energy projects can be evaluated in the
following five configurations Figure 2 describe them graphically):
I.

The evaluation of an EEP made up of a quantity p of Packages, and
these latter of quantity j of Components.

II.

The evaluation of an EGP made up of a quantity p of Packages,
and these latter of a quantity j of Components.
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III.

The evaluation of a Total Energy Efficiency Project (TEEP) that group
the results a quantity i of EEPs, where all evaluate the same
Packages.

IV.

The evaluation of a Total Energy Generation Project (TEGP) that
group the results a quantity n of EGPs, where all evaluate the same
Packages.

V.

The joint evaluation of a TEEP and a TEGP, or an EEP and an EGP,
assuming that a quantity n of EGPs supplies part of the energy
demand of a quantity i of EEPs. EGPs results are obtained based on
the results of EEPs.
I

EEP

(Packages 1, 2 …, p)

II

EGP

(Packages 1, 2 …, p)

III

TEEP

(EEP 1, 2 …, i)

(Packages 1, 2 …, p)

IV

TEGP

(EGP 1, 2 …, n)

(Packages 1, 2 …, p)

V

TEEP

(EEP 1, 2 …, i)

TEGP

(EGP 1, 2 …, n)

TEEP-TEGP

(Packages 1, 2 …, p )

Figure 2. Representation of the organization of the Packages in each of the
evaluation configurations of the EATEP.

2.1

Development of the Types EATEP

The EATEP consists of two Types, the EATEP-EEP and the EATEP-EGP,
developed to evaluate the systems of EEP and EGP respectively. The
variables, Parameters and Inputs, used in these two subroutines are
described below.

2.1.1 Parameters and Inputs
In the two Types, the Parameters (Table 2) include information on how
the evaluations were prepared, the area of the systems and variables to
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indicate the value of the evolution rates of the Inputs (energy and
economic data) entered as fixed values. The Inputs (Table 3) include
variables that can be entered as a fixed value or as a value generated
in another Type. Inputs of economic character, and consequently the
related Outputs, can be of any monetary unit; here the Euro unit (€ or
EUR) is used due to the characteristics of the cases with which the EATEP
was validated.
Table 2. Definition of Parameters used in the EATEP according to the chosen calculation
procedure and the characteristics of TRNSYS. Source: Adapted from [16].
Parameter, symbol
and unit

Definitions

Number of elements
used

i: EEPs; n: EGPs; p: Packages, where p = 1 is RC; j: Components;
γ: energy vectors.

Calculation period (T)

Time period used for the calculation.

Evolution Rate (RX) [%]

Annual variation rate of all Inputs, where X represents the Input
symbol.

Area (A) [m²]

Area of the facilities in which the energy project is evaluated.

Table 3. Definition of Inputs used in the EATEP according to the chosen calculation
procedure and the characteristics of TRNSYS. Source: Adapted from [16].
Input, symbol and unit

Definitions

Consumed Energy in EEP
(EC_γ) [Wh]

Hourly data of the final energy consumed to cover the
energy demand in the EEP evaluation. Sum of energy
consumption from local and external energy resources.

Exported Energy in EEP
(EP_γ) [Wh]

Hourly data of the energy surplus in EEP. Their calculated
economic value is accounted for as a negative cost that
helps reduce total energy costs

Exported Energy in EGP
(EP_γ) [Wh]

Hourly data of energy exported in EGP. Their calculated
economic value is a revenue by energy sold.

Generated Energy (EG_γ)
[Wh]

Hourly data of energy generated in EEP and EGP.

Stored Energy (ES_γ) [Wh]

Hourly data of stored energy in EEP and EGP.

Lifespan (Tn_j) [Years]

Life expectancy for a Component j.

Cycle Use (U_j) [Times)

Number of times per hour that a Component j is used.
Can be used to specify a number of loads and discharges
of an energy storage system before being replaced.
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Tax [%]

Annual percentage value (0 < Tax < 100) to include taxes
to the fixed and variable terms of the calculation of the
energy costs.

CO2 Factor (FCO2_γ)
[Wh/CO2]

Conversion factor of the amount of CO2 produced by
each unit of energy generated. In the evaluation of EEP
can be used as a value of hourly variation in energy
consumption to calculate the amount of CO2 emissions in
an energy mix.

Primary energy conversion
factor (FPE_γ) [Wh_PE/Wh]

Primary energy conversion factor of each energy vector γ

CO2 Emissions Cap (CAP)
[tCO2]

CO2 emissions limit granted annually in EGP.

Market interest rate (R) [%]

Interest rate agreed by lender (0 < R <100).

Inflation rate (Ri) [%]

Specific evolution rate to calculate the Annual
depreciation of the currency (0 < Ri < 100).

Component Costs (CC_j)
[€]

The final cost of an energy component or system j in the
market.

Added Costs (AdC_j) [€]

Costs whose accounting period can be less than period T,
and which can be included in a specific group of costs: to
Components costs (AdCC), as positive cost to account for
a tax or fixed charge, etc., or a negative cost to include a
subvention; to the access costs of energy networks
(AdCAE), AdCAEC to energy consumption and AdCAEP
to energy exports.

Costs of Access to Energy
Grids (CAE_γ) [€]

Fixed toll for access to energy distribution networks: CAEC
to apply these costs to energy consumption and CAEP to
energy exports.

Price per Energy Unit
(PEU_γ) [€]

Hourly price in the market for each unit of energy.

Added Revenue (AdI_γ) [€]

Revenue can include additional vale, as a fixed value not
dependent on the exported energy or CO2 emissions.

Carbon Credit Price
(PCO2) [€]

Generic term representing the right to emit one tonne of
carbon dioxide or the mass of another greenhouse gas
with a carbon dioxide equivalent (tCO2) equivalent to
one tonne of carbon dioxide.

2.1.2 Outputs
The Outputs (Table 4) report the results of the economic evaluation. They
are divided into energy, environmental and economic indicators,
delivered in annual and global quantities. Among these, the economic
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results are delivered as current values (referred to the initial year of the
evaluation).
Table 4. Definition of Outputs used in the EATEP according to the chosen calculation
procedure and the characteristics of TRNSYS. Source: Adapted from [16].
No., Output, symbol and
unit

Definitions

1. Discount rate (Rd) [-]

The discount rate is a definite value to compare the
monetary value in a different period.

2. Energy results [Wh;
Wh_PE]

Each of the Inputs that feed the EATEP are delivered as
Outputs: 2.1. EC_j. 2.2. EP_j. 2.3. EG_j. 2.4. ES_j.

2.5. Energy Balance (EB)
[Wh; Wh_PE]

Margin between the energy exported and the energy
consumed.

Economic results

Economic flows presented in annual and global values in
terms of current value.

3. Cost [€]

Negative economic flow that accounts for four cost groups:
investment, running, energy and environmental.

3.1. Investment Costs
(CI_j) [€]

Includes the costs for the purchase of Components j in year
0 (Initial Investment Costs), its replacement in any year of
the calculation period, and its value (VF_j) at the end of this
period.

3.1.1. Initial Investment
Costs (CII_j) [€]

Costs incurred in the purchase of Components in year 0 of
the calculation period.

3.1.2. Total Replacement
Costs (CRT_j) [€]

Includes the Replacement Cost and Disposal Costs of the
Component or energy system j once its lifetime has expired
or when it completes its cycles of use.

3.1.2.1. Replacement
Costs (CRM_j) [€]

Replacement Cost of Component or energy system j.

3.1.2.2. Disposal Costs
(CD_j) [€]

Costs incurred in the elimination of the Components or
energy systems j, executed in its replacement.

3.1.3. Final value of
Components (VF_j) [€]

The final value corresponds to the value of the Component j
at the end of the calculation period. This value is compared
with the initial investment at the time of installation.

3.2. Running Costs (CR_j)
[€]

Running Costs includes maintenance cost and an Added
Cost.

3.2.1. Maintenance Cost
(CM_j) [€]

Costs of measures for preserving and restoring the desired
quality of the facility. This includes annual costs for
inspection, cleaning, adjustments, repairs under preventive
maintenance, consumable items.

3.3. Energy Costs (CE_j)
[€]

Includes Energy Costs by Energy Consumption, CEC, in EEP
and EGP evaluation, and Energy Costs by Energy Exported,
CEP, in the EEP evaluation.

3.3.1. Variable Energy
Cost (VCEC_γ) [€]

Part of the energy cost that is calculated based on energy
consumption.

3.3.2. Fixed Energy Cost

Part of the energy cost that accounts for the cost of access
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(FCECG_γ) [€]

to distribution networks or energy transport.

3.4. Environmental Costs
(CV_j) [€]

Costs for the emission of polluting gases in terms of tonnes of
CO2 calculated from the market price of the CO2 emission
right.

3.5. Average Annual Cost
(CAA) [€]

Arithmetic average of the Global Cost in the evaluation
period.

4. Revenue [€]

Positive economic flow that accounts for the value of the
energy exported and the CO2 emission rights sold. Only
applicable in the evaluation of EGPs.

4.1. Revenues by Energy
(IE_γ) [€]

Revenues received from the sale of energy in the EGP
evaluation.

4.2. Revenue by sales of
carbon credit (ICO2) [€]

Income received from the sale of CO2 emission rights in the
EGP evaluation.

4.3. Added Revenue
(AdI_γ) [€]

Additional revenue.

5. Income (ISC) [€]

Indicator of the margin between the Revenues received
and the Costs incurred. This indicator does not refer to the
financial indicators Net-profit (= Pre-tax profit − tax) or Gross
profit (= sales revenue − cost of sales and other direct costs)
since the model does not include the discount of financial
taxes, and costs include operational costs and investment
costs (as is used in the EPBD).

2.2 Example of the evaluation of an EEP-EGP project
Figure 3 shows an example of the evaluation of an EEP-EGP project. This
graph describes the operational relationships between the Types EATEPEEP and EATEP-EGP and the Types that could represent local energy
resources, the energy demand of EEP(i) and the energy systems of EEP(i)
and EGP(n). Equation (1) indicates that this energy demand is covered
with self-generated energy and with energy imported from the outside
by means of Output Consumed Energy; and Equation (2) indicates that
these local energy resources feed the self-generation system. The dotted
line box indicates the evaluation of the EGP(n) as an external energy
resource of the EEP(i). Apart from the energy exported by the EGP(n) the
Type EATEP-EGP and all its group of annual and global Outputs is also
calculated.
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Type

Type

Local energy
resources of EGP(n)
Outputs

Type

Local energy
Energy demand
resources of EEP(i)
of EEP(i)
Outputs
Inputs
Outputs

Inputs

2

Type
Energy Outputs of
EGP(n):
- Consumed Energy
- Generated
Energy
- Stored Energy
- Exported Energy

Inputs:
Exported
Energy

Energy system
of EGP(n)
Outputs
Inputs

Outputs:
Consumed
Energy
(external)

1

Type

Energy system
of EEP(i)
Outputs
Inputs

Type EATEP-EEP(i)

Type EATEP-EGP(n)
Outputs

Outputs

Energy Outputs of
EEP(i):
- Consumed Energy
- Generated
Energy
- Stored Energy
- Exported Energy

Economic and
Financial Outputs
of EEP(i)

Economic and
Financial Outputs
of EGP(n)

Figure 3. Representation of configuration V in the TRNSYS.

2.3

Economic calculation procedure

2.3.1 Structure of economic flows
Figure 4 presents the structures of the economic flows that allow for the
calculation of the economic gain. Unlike the cost’s groups, the revenue
and income are only applicable in the EGP evaluation.
Revenues by Energy
Incomes by Sale of CO2 emission rights

Revenue

Added Revenue
Component Cost
Added Cost of Component
Replacement Cost
Disposal Cost

Initial Investment Cost

Total Replacement Cost

Investment
Cost

Final Value of
Components
Maintenance Cost

Running
Cost

Added Cost
Variable Cost
Fixed Cost

Added Cost
Variable Cost

Fixed Cost
Added Costs

Energy Cost by Energy
Consumption

Income
=
Subtraction
between
Revenue
and Cost

Economic
Benefit:
 EEP:
Reduction
of cost

Cost

 EEP:
Increase of
income

Energy Cost
(-) Energy Cost by
Energy Exported
Environmental Cost

Figure 4. Structure of the groups of economic flows calculated in the EATEP. Source:
Adapted from [16]. Note: Revenue and Income are only applicable in the evaluation of
EGP.
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2.3.2 Calculation of economic flows
2.3.2.1 Calculation of the Global Cost proposed in the EPBD
The Equation (1) [16] is the equation originally proposed in the EBPD to
calculate the Global Cost. Where, T is the period of economic
evaluation; t is each year of T; CI is the Initial Investment Costs; Ca is the
Annual Cost or the sum of the energy costs, the Costs of CO2 emissions,
the Replacement Cost of Components and Maintenance Cost; Rd is the
Discount Rate at which the economic values are updated to the initial
year (t = 0); and VF is the final value of the year T of the Components.
The Rd, equation (2), depends on the Real Interest Rate (RR), equation
(3), that is calculated according of the Inflation Rate (RI) and the Market
Interest rate (R). Finally, the equation (4) [16] is used to calculate the VF.
In this equation the first two factors represent the last Replacement Cost
(at the year of its replacement) in which VI_j is the initial value of
Component j and RX_j is the evolution rate of its price. n_T (j) is the total
number of component replacements over the calculation period, and
the penultimate factor represents the depreciation line of the last
replacement cost of the last component replacement divided by its
lifespan.
𝑇

𝐶𝐺(𝑇) = 𝐶𝐼 + ∑ [∑(𝐶𝑎,𝑡 (𝑗) × 𝑅𝑑𝑡 ) − 𝑉𝐹𝑇 (𝑗) ]
𝑗

(1)

𝑡=1

𝑅𝑑 =

1
[−]
(1 + 𝑅𝑅⁄100)𝑡

(2)

𝑅𝑅 =

𝑅 − 𝑅𝐼
[%]
1 + (𝑅𝐼⁄100)

(3)

𝑉𝐹𝑇 (𝑗) = 𝑉𝐼𝐶𝑗 × (1 +

(𝑛𝑇 (𝑗) + 1) × 𝑇𝑛 (𝑗) − 𝑇
𝑅𝑋𝑗 (𝑛𝑇(𝑗) × 𝑇𝑛 (𝑗))
)
×[
] × 𝑅𝑑(𝑇)
100
𝑇𝑛 (𝑗)

(4)
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The equation (5) is the adapted version of the equation (1) to calculate
the CG(T) in the EATEP. Where, CIG(T) is the Global Investment Cost,
calculated with the equation (6); CRG(T) is the Global Running Cost,
calculated with equation (7); CEG(T) is the Global Energy Cost,
calculated with equation (8); and, CVG(T) is the Global Environmental
Cost, calculated with the equation (9). As in the equation (1), in
equations 5, 6, 7 and 8 the global economic flows are the sum of the
current value of the annual economic flows updated to the initial year
with the Rd. The equation of the CG(T) in the EATEP is presented in this
format to indicate the global costs involved, its application in the
evaluation of costs of EEP and EGP, and its adaptation to the calculation
of income in the evaluation of EGP.
𝐶𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) = 𝐶𝐼𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) + 𝐶𝑅𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) + 𝐶𝐸𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃)
+ 𝐶𝑉𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃)

(5)

𝑇

𝐶𝐼𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) = ∑ [∑ (𝐶𝐼𝑡 (𝑗)(𝐸𝐸𝑃,𝐸𝐺𝑃) × 𝑅𝑑𝑡 (𝑗)) − 𝑉𝐹𝑇 (𝑗)]
𝑗

(6)

𝑡=0
𝑇

𝐶𝑅𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) = ∑ [∑ 𝐶𝑅𝑡 (𝑗)(𝐸𝐸𝑃,𝐸𝐺𝑃) × 𝑅𝑑𝑡 (𝑗)]
𝑗

(7)

𝑡=1

 Global Energy Cost, CEG(T), calculated with equation (8), is the cost
of energy consumed, CECG(T), for each energy vector (γ). This
equation contains the variable and fixed terms that are normally
used to calculate the energy costs of consumers in liberalized
markets. In addition, it contains variable additions, such as costs and
rates that allow different energy cost structures to be configured.
The variable term depends on the hourly amount of energy
consumed and its price; and the fixed term equals the cost of
access to the distribution network. In this way, the CECG(T) is
calculated from the hourly Inputs of the energy consumed, EC, and
its price, PEUC. In the evaluation of EEP the energy costs include as
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negative costs the income received by the energy exported to the
network (CEPG). To calculate these costs, the same principle is
followed of the variable and fixed terms of the energy consumed,
but used here to evaluate the income received by the surplus
energy exported. In this way the variable term depends on the
exported energy, EP, and its PEUP price; the fixed term is included
here with the Input CAEP. In both variable terms used in the
calculation of the CEG(T) specific rates can be included, Tax (1) and
Tax (4). Likewise, in the two fixed terms, AdCAEC and AdCAEP,
additional costs may be included for the energy consumed and
exported, with the intention of including, i.e. special tolls or the rental
of measuring equipment. These fixed terms and their additional costs
can be evaluated with independent rates, such as Tax (2) and Tax
(5) for CAEC and CAEP respectively, and Tax (3) and Tax (6) for
AdCAEC and AdCAEP respectively.
𝐶𝐸𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) = 𝐶𝐸𝐶𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) − 𝐶𝐸𝑃𝐺(𝑇)(𝐸𝐸𝑃)
𝑇

8760

= ∑ [∑ (( ∑ 𝐸𝐶ℎ,𝑡 × 𝑃𝐸𝑈𝐶ℎ,𝑡 (1 +
𝛾

𝑡=1

ℎ=0

+ 𝐶𝐴𝐸𝐶𝑡 (1 +

𝑇𝑎𝑥1
) (𝛾)(𝐸𝐸𝑃,𝐸𝐺𝑃) )
100

𝑇𝑎𝑥2
𝑇𝑎𝑥3
) (𝛾)(𝐸𝐸𝑃,𝐸𝐺𝑃) + 𝐴𝑑𝐶𝐴𝐸𝐶𝑡 (1 +
) (𝛾)(𝐸𝐸𝑃,𝐸𝐺𝑃) )
100
100

× 𝑅𝑑𝑡 (𝛾) ]
𝑇

(8)
8760

− ∑ [∑ (( ∑ 𝐸𝑃ℎ,𝑡 × 𝑃𝐸𝑈𝑃ℎ,𝑡 (1 +
𝛾

𝑡=1

ℎ=0

+ 𝐶𝐴𝐸𝑃𝑡 (1 +

× 𝑅𝑑𝑡 (𝛾) ]

𝑇𝑎𝑥4
) (𝛾)(𝐸𝐸𝑃) )
100

𝑇𝑎𝑥5
𝑇𝑎𝑥6
) (𝛾)(𝐸𝐸𝑃) + 𝐴𝑑𝐶𝐴𝐸𝑃𝑡 (1 +
) (𝛾)(𝐸𝐸𝑃) )
100
100
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 Global Environmental Cost, CVG(T), calculated with equation (9).
This cost is calculated from the energy exported by each energy
vector (γ), its CO2 emission factor, FCO2, and the price of emission
rights per tonne of CO2, PCO2. The current value is calculated using
the RX of PCO2 in the discount rate.
𝑇

𝐶𝑉𝐺(𝑇)(𝐸𝐸𝑃,𝐸𝐺𝑃) = ∑ [∑ 𝐶𝑉𝑡 (𝛾)(𝐸𝐸𝑃,𝐸𝐺𝑃) × 𝑅𝑑𝑡 (𝐶𝐶𝑂2)]
𝛾

𝑡=1
𝑇

8760

= ∑ [∑ ( ∑ 𝐸𝑃ℎ,𝑡 (𝛾)(𝐸𝐸𝑃,𝐸𝐺𝑃) × 𝐹𝐶𝑂2ℎ,𝑡 (𝛾)(𝐸𝐸𝑃,𝐸𝐺𝑃)
𝛾

𝑡=1

(9)

ℎ=0

× 𝑃𝐶𝑂2ℎ,𝑡 (𝛾)(𝐸𝐸𝑃,𝐸𝐺𝑃) ) × 𝑅𝑑𝑡 (𝑃𝐶02) ]

2.3.2.2 Revenues Calculation
Executed with equation (10), this is the calculation procedure used to
determine the economic flows of the sale of energy and CO2 emission
rights in the evaluation of EGP. Where, the Revenues in each hour of
each year t (IE_h,t) of each energy vector (γ), are calculated from the
amount of energy exported to the network and its price. AdI is a fixed
value in this economic flow. Revenues from the sale of CO2 emission
rights, ICO2, are annual revenues whose current value is calculated using
the RX of PCO2 on Rd.
𝑇

8760

𝐼𝐺(𝑇)(EGP) = ∑ [∑ ( ∑ 𝐼𝐸ℎ,𝑡 (𝛾)(EGP) ) × 𝑅𝑑𝑡 (𝛾) + 𝐼𝐶𝑂2(𝑡)𝐸𝐺𝑃 × 𝑅𝑑𝑡 (𝑃𝐶𝑂2) + 𝐴𝑑𝐼(𝑡)𝛾
𝛾

𝑡=1

ℎ=0

(10)

× 𝑅𝑑𝑡 (𝐴𝑑𝐼(𝑡)𝛾 )]

In the EGP evaluation, the calculation of environmental costs and
revenues from the sale of CO2 emission rights depends on whether or not
an established annual limit of emission rights assigned to the project is
exceeded. If in any year t this limit is exceeded, environmental costs are
recorded as the hypothetical purchase of the emission rights that cover

113

114

Chapter 4: A model for an economic evaluation of energy systems using TRNSYS

this surplus. However, if this limit is not exceeded, the revenues from the
sale of the emission rights not used are calculated.

2.3.3 Comparative Indicators
2.3.3.1 Benefits Indicators
Table 5 presents the equations used to calculate these indicators, which
arise from transposing the interpretation of the calculation of benefits in
EEP and EGP given in Table 1.
Table 5. Equations for calculation of the Benefits Indicators. Note: Package (P).
Output No. | Indicator | Acronym | [Unit]

EEP

EGP

6.1. Global Energy Benefit | BECG(EEP),
BECP(EGP) | [Wh]

= 𝐸𝐶𝐺𝑃_1 (𝑇)
− 𝐸𝐶𝐺𝑃>1 (𝑇)

= 𝐸𝑃𝐺𝑃_1 (𝑇)
− 𝐸𝑃𝐺𝑃>1 (𝑇)

6.2. Global Environmental Benefit | BVG
| [tCO₂]

= 𝑉𝐺𝑃_1 (𝑇)
− 𝑉𝐺𝑃>1 (𝑇)

= 𝑉𝐺𝑃_1 (𝑇) − 𝑉𝐺𝑃>1 (𝑇)

6.3. Global Economic Benefit | BEG | [€]

= 𝐶𝐺𝑃_1 (𝑇)
− 𝐶𝐺𝑃>1 (𝑇)

= 𝐼𝑆𝐶𝐺𝑃_1 (𝑇)
− 𝐼𝑆𝐶𝐺𝑃>1 (𝑇)

2.3.3.2 Comparative Ratios
These Indicators, presented in Table 6, serve to relate the Global Cost to
the Benefits Indicators.
Table 6. Equations for calculation of the Comparative Ratios. (*) BENG: BECG in the
equation of EEP and BEPG in the equation of EGP.
Output No. | Indicator | Acronym | [Unit]

Equation

7.1. Ratio of Global Cost by Global Energy Benefit |
CGbyBENG* | [€/Wh]

= 𝐶𝐺(𝑇)⁄𝐵𝐸𝑁𝐺(𝑇)

7.2. Ratio of Global Cost by Global Environmental Benefit |
CGbyBVG | [€/tCO₂]

= 𝐶𝐺(𝑇)⁄𝐵𝑉𝐺(𝑇)

7.3. Ratio of Global Economic Benefit by Global Cost |
BEGbyCG | [%]

= (𝐵𝐸𝐺(𝑇)⁄𝐶𝐺(𝑇))
× 100

7.4. Ratio of Global Economic Benefit by Global Energy Benefit
| BEGbyBENG* | [€/Wh]

= (𝐵𝐸𝐺(𝑇)⁄𝐵𝐸𝑁𝐺(𝑇))
× 100

7.5. Ratio of Global Economic Benefit by Global Environmental
Benefit | BEGbyBVG | [€/tCO₂]

= (𝐵𝐺𝐸(𝑇)⁄𝐵𝑉𝐺(𝑇))
× 100
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2.3.3.3 Financial Indicators
 Discounted Payback Period, DPP, calculated with equation (11),
Output No. 8.1.: it is the number of years necessary to recover the
initial investment, taking into account the value of money over time
[25]. For this calculation, the current value of the Economic Benefit
(BE) of each year is accumulated and compared with the initial
investment cost. Adapted from [25].
 Return on investment, ROI, calculated with equation (12), Output
No. 8.2.: is the number of times that the Global Investment Cost
(CIG) is recovered with respect to the Global Economic Benefit
(BEG). Adapted from [25].
𝐷𝑃𝑃

∑ 𝐵𝐸 (𝑡) = 𝐶𝐼𝐼

(11)

𝑡=0

𝑅𝑂𝐼 =

𝐵𝐸𝐺(𝑇)
𝐶𝐼𝐺(𝑇)

(12)

2.3.3.4 Effect-Index
The Effect-Index is based on the Effect-Cost-Index proposed in [26]. It is
the sum of the normalized values (from 0 to 1) of the economic, energy
and environmental global indicators of the ratio of the Packages p>1 to
the Package 1, when Packages p>1 get positive results in Benefits
Indicators. The Effect-Index is called Effect-EEP-Index (EEPI) in the
evaluation of EEP and Effect-EEP-Index (EGPI) in the EGP evaluation. To
calculate them, equation (13) and equation (14), respectively, are used.
𝐸𝐸𝑃𝐼 = (1 −

𝐶𝐺𝑃>1 (𝑇)
𝐸𝐶𝐺𝑃>1 (𝑇)
𝑉𝐺𝑃>1 (𝑇)
+ (1 −
+ (1 −
)
)
)
𝐶𝐺𝑃_1 (𝑇) 𝐸𝐸𝑃
𝐸𝐶𝐺𝑃_1 (𝑇) 𝐸𝐸𝑃
𝑉𝐺𝑃_1 (𝑇) 𝐸𝐸𝑃

(13)

𝐸𝐺𝑃𝐼 = (1 −

𝐼𝑆𝐶𝐺𝑃>1 (𝑇)
𝐸𝑃𝐺𝑃>1 (𝑇)
𝑉𝐺𝑃> (𝑇)
+ (1 −
+ (1 −
)
)
)
𝐼𝑆𝐶𝐺𝑃_1 (𝑇) 𝐸𝐺𝑃
𝐸𝑃𝐺𝑃_1 (𝑇) 𝐸𝐺𝑃
𝑉𝐺𝑃_1 (𝑇) 𝐸𝐺𝑃

(14)
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2.3.3.5 Optimum Economic
This Comparative Indicator, based on the Cost-Optimal of the EPBD,
serves to identify the Package that presents the optimum economic
level among the Packages evaluated. In the evaluation of EEP this is
called EEP-Optimal and serves to identify the Package with the lowest
CG(T) that allows for the reduction of primary energy consumption. In
the evaluation of EGP it is called EGP-Optimal and it serves to identify the
Package with the highest ISC(T) that allows for the exportation of a
greater amount of energy in terms of primary energy. Figure 5 in graphs
A, B and C presents the ideal results of these indicators. Graph A
represents the EEP-Optimal in the configurations I and III; Graph B
represents the EGP-Optimal in the II and IV configurations; and finally,
Graph C represents the Optimum Economic in configuration V: the
calculation of the EEP-Optimal and the EGP-Optimal in the evaluation of
EEP-EGP scenario. Table 7 details these ideal results.
A

Packages
2

4

5

6

B
3

Packages

1

4

3

5

6

C
2

1

Packages
5

Global
Costs:
CG(T)
[€/m²]

2

3

6

4

1

CG(T)
[€/m²]
ECG(T)

[€/m²]

ECG(T)

[Wh_PE/m²]

[Wh_PE/m²]

EPG(T)
EEP-Optimal

[Wh_PE/m²]
[€/m²]

CVG(T): Global Environmental Cost

EGP-Optimal

CEG(T): Global Energy Cost
CRG(T): Global Running Cost

IG(T): Global Revenue

CIG(T): Global Investment Cost

ISC(T): Margin between IG(T) and CG(T)

EPG(T)
[Wh_PE/m²]

Figure 5. Representation of the ideal graph of the Optimum Economic indicator: Graph A
[17]. EEP-Optimal, configurations I and III. Graph B. EGP-Optimal, configurations II and IV.
Graph C. EEP-Optimal with EGP-Optimal, configuration V.

Energy Sustainability of Smart Cities

Manuel Villa-Arrieta

Table 7. Interpretation of ideal results of the Optimum Economic.
Optimum
Economic

Package closer to
origin on the X axis

Optimal Package

Package 1 (Reference
case)

EEP-Optimal
(Figure 5 Graph A)

Package 2: Net-Zero
Energy System. It
presents the best result
of energy consumption
thanks to better EEMs
and self-consumption
technologies, which
result in high CIG(T)
and CRG(T).

Package 5: It has
the lowest CG(T)
and a minor energy
consumption
compared to the
reference case.

It consumes more
primary energy which
leads to a high CEG(T)
and CVG(T), and finally
to a higher CG(T)
regarding the other
Packages. The CIG(T)
and CRG(T) are low
because it is a mature
energy technology.

EGPOptimal
(Figure 5 Graph B)

Package 4: It exports
the least amount of
energy because it can
be an energy
generation technology
with technical
(intermittent,
availability, etc.) or
regulatory constraints,
which prevents it from
having higher IG(T). It
also presents high costs
which prevent it
obtaining a higher ISC.

Package 6: It has
the highest ISC(T)
because its IG(T)
are high and/or its
CG(T) are relatively
low.

It exports more energy
than the other
Packages but with high
energy costs that
prevent a higher ISC.

EGPOptimal as
a function of
EEP-Optimal
(Figure 5 Graph C)

In this EEP-EGP system, Package 3 demonstrates having the optimum
result in the evaluation of the EEP, and the technologies necessary for
the EGP to cover the external energy demand of the EEP.

3 Validation of the EATEP
The validation of the EATEP with the evaluation of the two cases, is a bid
to verify the whole spectrum of possibilities in its application. The simplest
case uses its configuration in a broader evaluation, and the more
complex case uses the configuration in its more limited evaluation. The
first case has been named Validation Project No. 1 (VP1) and
corresponds to the Evaluation Configuration I with seven Packages. The
second case has been named Validation Project No. 2 (VP2) and
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corresponds to Evaluation Configuration V with a Package. Both
validation projects reproduce works published in the reviewed literature,
in order to verify that the results obtained with the EATEP are correct. Its
reproduction also sought to validate the procedure for updating the
economic values to the initial year with the use of evolution rates and
inflation rates in the discount rate. Specifically, VP1 validated the
updating procedure in the event that the rates of evolution of energy
prices are equal to the inflation rate, and with VP2 in the case where
these rates differ. The scope of the validation of the EATEP has been
limited to the economic evaluation of the investment in the EEP and EGP
energy systems. To represent the Inputs that could feed the EATEP-EEP
and EATEP-EGP, Type 9 has been used to read the energy demand and
available local resources from external files, and the Type Equa to
perform the energy balance in EEP and EGP energy systems. Each of
these validations is explained in detail below.

3.1

Description of the VP1

The VP1 validates the application of the EATEP, specifically the EATEPEEP, in a project of nearly zero energy consumption in which several
investment alternatives are studied. This is the case study of a singlefamily house in Oslo - Norway, published in [38], which, using standard EN
15459:2007 evaluates two renovation strategies aimed at obtaining a
NZEB. The 262 m² house, uses electricity for heating and domestic hot
water. The strategies evaluated are Façade and Ambitious. The first is an
energy improvement of the facade and the second is an energy
improvement in the whole house. Both strategies have heat recovery
systems combined with two types of energy production systems.
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3.1.1 Configuration of the Type EATEP-EEP
Table 8 presents the equivalence with the Packages evaluated in the
EATEP-EEP, of the combination of EEMs and energy generation
technologies used in the strategies Façade and Ambitious. Similarly,
Table 9 presents the annual energy consumption data of these strategies
and the reference case, together with the Packages of the EATEP-EEP in
which they were entered as hourly data (dividing the annual data by
8760 hours). Table 10 presents the costs of the components. Where,
Component 1 charges a subsidy of 20,400 EUR to the initial investment
corresponding to the Ambitious strategy (Packages 2, 3 and 4). Finally,
the VP1 has a T of 30 years, uses a RR calculated at 6.08%, a RX of
electricity price of 5% and an electricity price of 0.125 EUR/kWh.
Table 8. Solutions evaluated in the VP1. Source: [38].
VP1

Characteristics

EATEPEEP
Package

Reference case
(as built)

N/A

Pg 1

Ambitious Air to
water heat
pump

Extra EEMs (Floor heating - Hydronic) + Ventilation with heat
recovery + Air to water heat pump

Pg 2

Ambitious Solar
collector

Extra EEMs (Floor heating - Hydronic) + Ventilation with heat
recovery + Flat plate solar collector

Pg 3

Ambitious
Electric

Extra EEMs (Floor heating - Electric) + Ventilation with heat
recovery

Pg 4

Façade + Air to
water heat
pump

EEMs (Floor heating - Hydronic) + Ventilation with heat
recovery + Air to water heat pump

Pg 5

Façade + Solar
collector

EEMs (Floor heating - Hydronic) + Ventilation with heat
recovery + Flat plate solar collector

Pg 6

Façade +
Electric

EEMs (Floor heating - Electric) + Ventilation with heat
recovery

Pg 7
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Table 9. Adaptation of the energy data of the VP1 to the Packages of the EATEP-EEP.
Source: [38].
Heat
production
technologies
of VP1 |
Equivalent
Package in
the EATEP

Reference case

Façade

Ambitious

Renew
able
heat
product
ion
[kWh]

Electricity
for
Heating
[kWh]

Renewa
ble heat
producti
on [kWh]

Electricity
for
Heating
[kWh]

Renewab
le heat
productio
n [kWh]

Electricit
y for
Heating
[kWh]

Solar collector:
Equivalent
Package:

N/A

N/A

4700
Pg 6

12,300
Pg 6

4400
Pg 3

7100
Pg 3

Air to water
heat pump:
Equivalent
Package:

N/A

N/A

57,600
Pg 5

9400
Pg 5

5300
Pg 2

6200
Pg 2

Electricity:
Equivalent
Package:

N/A

40,000
Pg 1

N/A

17,000
Pg 7

N/A

11,500
Pg 4

Table 10. Economic data (Cost [€]) of the VP1 entered in the Components of the EATEPEEP. Tn: Lifespan. Y: Years. Source: [38].
Component evaluated
1: Basement walls (Tn = 60 Y)
Additional initial cost (Grant)

Packages used in the EATEP-EEP
2

3

4

5

6

7

15600

15600

15600

1600

1600

1600

-20400

-20400

-20400

-

-

-

2: Wood frame walls (Tn = 60 Y)

14300

14300

1400

7100

7100

7100

3: Windows and doors (Tn = 30 Y)

9300

9300

9300

3400

3400

3400

4: Roof (Tn = 30 Years)

11900

11900

11900

-

-

-

5: Floor (Tn = 60 Years)

13900

13900

13900

-

-

-

6: Floor heating: Hydronic (Tn = 60
Y)

4100

4100

-

7100

7100

-

7: Floor heating: Electric (Tn = 60 Y)

-

-

3900

-

-

5800

8: Ventilation Heat Recovery (Tn =
15 Y)

9400

9400

9400

9400

9400

9400

188

188

188

188

188

188

Maintenance cost
9: Solar collector (Tn = 20 Y)

-

9900

-

-

9900

-

Additional initial cost (Grant)

-

-1250

-

-

-1250

-

Maintenance cost

-

198

-

-

198

-

10: Air to water heat pump (Tn = 15
Y)

11700

-

-

11700

-

-

Additional initial cost (Grant)

-1250

-

-

-1250

-

-

Maintenance cost

234

-

-

234

-

-
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3.1.2 Results of the VP1
The results of VP1 are presented in Table 11 and in Figure 6, indicating
only the indicators that are feasible to calculate with the data available
in this project (so it is not possible to calculate the energy consumed in
terms of primary energy and graph the EEP-Optimal). In the figure,
Package 1, used as a reference case, only shows the energy costs. The
results obtained, similar to those obtained in the replicated study,
corroborate the operation of the EATEP-EEP: the best solution is the
Façade heat pump, Package 5, where the initial investment is recovered
in 12 years; the resulting global cost being 85,928 EUR and the Global
Energy Cost 30,301 EUR. Figure 6 also presents the result of the EEP-EffectIndex in each Package. Although Package 5 presents the best
economic result, Package 4 is the one that presents the best result in this
indicator (which omits the environmental results due to the lack of data
on CO2 emissions in the replicated study).
Table 11. Results obtained with the EATEP in the VP1. Note: Only the indicators that were
possible to calculate with the original data of the VP1. Years (Y)
Indicator

Packages
Pg 1

Pg 2

Pg 3

Pg 4

Pg 5

Pg 6

Pg 7

2.1. ECG
[kWh]

1200000

345000

345000

345000

510000

510000

510000

3. CG[€]

128501

100097

97061

95961

85928

89318

88148

3. CG[€/m²]

490

382

370

366

328

341

336

3.1. ICG[€]

0

72882

67577

55766

48330

43026

30284

3.1.1. IIC[€]

0

68550

66750

57900

39050

37250

27300

3.1.2.1.
RMCG[€]

0

24758

19172

14654

19270

13684

9166

3.1.3. VF[€]

0

20426

18345

16788

9990

7908

6182

3.2. CRG[€]

0

7297

6675

3251

7297

6675

3251

3.2.1. CMG[€]

0

7297

6675

3251

7297

6675

3251

3.3. CEG[€]

128501

19918

22809

36944

30301

39617

54613

3.3.1. VCECG
[€]

128501

19918

22809

36944

30198

39514

54613

121

Chapter 4: A model for an economic evaluation of energy systems using TRNSYS

3.3.2. FCECG
[€]

0

0

0

0

103

103

0

3.5. CAA[€]

4283.38

3337

3235

3199

2864

2977

2938

6.1. BECG
[kWh]

0

855000

855000

855000

690000

690000

690000

6.3. BEG[€]

0

28405

31440

32540

42573

39184

40353

7.1.
CGbyBECG
[€/kWh]

N/A

0.11707

0.11352

0.11223

0.1245

0.1294

0.1277

7.3.
BEGbyCG
[%]

N/A

28.38

32.39

33.91

49.54

43.87

45.78

7.4.
BEGbyBECG
[€/kWh]

N/A

0.03322

0.03677

0.03805

0.0617

0.0567

0.0584

8.1.DPP[Y]

N/A

23.1

22.5

20.6

12

12.7

10.7

8.2. ROI
[Times]

N/A

0.39

0.47

0.58

0.88

0.91

1.33

8.1. DPP[Y]

N/A

23.1

22.5

20.6

12

12.7

10.7

9. EEPI[-]

N/A

0.93354

0.95716

0.96572

0.9063

0.8799

0.8890

140

1.0

120

0.8

80

0.6

60

0.4

40
0.2

20
0

0.0
Pg 1

(CIG) - (VF) [k€]

Pg 2

Pg 3
CRMG [k€]

Pg 4

Pg 5

CMG [k€]

Pg 6
CEG [k€]

Pg 7
EEPI [-]

Figure 6. Global Cost and Effect-EEP-Index of the VP1 obtained with the EATEP-EEP.

EEPI [-]

100
CG [k€]
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Description of the VP2

The VP2 validates the hypothetical case of a community of 1000
dwellings that invest in EEMs and cover their energy demand with
electricity and Natural Gas (NG) from the network. The operation of the
EATEP in the evaluation of an EEP-EG project has been corroborated,
specifically:
1. Using the EATEP-EEP, investment in the EEMs of the community was
economically evaluated. To this end, their homes were configured
as two EEPs using the data in Example 1 of [16] (hereinafter referred
to as Example 1): an EEP system with the accumulated data of 999
homes and another with the data of the remaining house. With the
evaluation of this single house we have tried to replicate the
calculation of the CG(T) presented in Example 1.
2. Using the EATEP-EGP, the investment in a system of renewable
energy generation (photovoltaic) was evaluated economically,
configured as an EGP system that covers a maximum of 30% of the
demand for electricity in the community.
Figure 7 presents the configuration of VP2 in TRNSYS. In this configuration
four Types 9 were used to deliver the Inputs of the energy demand to
two Types Equa that represent the energy balances of the EEP systems
(EEP_1 and EEP_2); three other Types Equa were used to represent EGP
power generation plants: EGP_1 represents the Photovoltaic Plant, EGP_2
represents an Electric Power Plant X and EGP_3 represents the NG supply
plant. In this EEP-EGP project, losses in the transport and distribution of
energy were omitted, only generation efficiencies were considered.
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Figure 7. Configuration of the VP2 and the Types EATEP-EEP and EATEP-EGP in TRNSYS 17.
Note: Types used were: 4 Types 9 to represent the electricity and NG demand; 5 Types
Equa to represent the EEPs and EGPs.

3.2.1 Configuration of the Types EATEP-EEP and EATEP-EGP
3.2.1.1 Configuration of the EATEP-EEP
The configuration of this Type was done by adapting the financial, cost
and energy price data of Example 1 in the systems EEP_1 and EEP_2. This
case evaluated the CG(T) of the construction of a 100 m 2 dwelling with
natural gas and electricity systems. The investment in this project was
evaluated over a period of 30 years, with an inflation rate of 2%, a
market interest rate of 4.5% and 50 years of depreciation of the dwelling.
Table 12 presents the data related to the energy of Example 1 that were
entered into the EATEP-EEP. The amounts of the energy are in annual
values (12,233 kWh of NG and 680 kWh of electricity), but in the EATEPEEP they are entered as hourly values (1.3965 kW of NG and 0.0776 kW of
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electricity). Energy prices and access costs are entered with VAT and
additional taxes, and the annual cost of access to the electricity grid
[€/year] is entered through the Input AdCAEC.
Table 12. Energy and economic data of Example 1, replicated in EEP_1 and EEP_2. Source:
[16].
VP2: Example 1 of European Standard EN 15459:2007
Item

Value

Natural Gas (NG)
NG of heating system [kWh/Year]

9446

NG of Hot Water System (HWS) [kWh/Year]

2787

NG Price [€/kWh]

0.0275

RI of NG Price [%]

2

Annual cost of access to NG grid [€/Year]

103

RI of Annual cost of access to NG grid [%]

2

Electricity
Electricity of ventilation system [kWh/Year]

680

Electricity price [$/kWh]

0.1023

RI of electricity price [%]

2

Annual cost of access to electric grid [€/Year]

57

RI of Annual cost of access to electric grid [%]

2

Table 13 presents the equivalence of the data related to the
Components of Example 1, entered in the EATEP-EEP. The Replacement
Costs of the evaluated measures were entered into six Components, with
number 6 being used for the specific data of the dwelling and the
Maintenance Costs.
Table 13. Adaptation in the EATEP-EEP components of the VP2 data.
VP2: Example 1 of European Standard EN 15459:2007 [16]

EEP_1 and EEP_2

Item

Item

Components with a 15-year lifespan:

Component 1:

Heating. Generation: Combi boiler with flue 23 kW

Lifespan [Years]
Cost [€]

Components with a 20-year lifespan:

Component 2:

Value
15
1494
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{Heating. Emission: 8 steel radiators (including fixing
and connection), thermostatic valve + Equilibrium
valve + room thermostat} + {DHW. Emission: Mixing
valve: 3. 42.68 Euro HT/unit. 2 in bathroom - 1 in
kitchen} + {Ventilation. Generation Fan unit + gains}
Components with a 25-year lifespan:
{Building. Glazing and doors (External door, Service
door (to garage. Shutters)} + {Heating system
(Connection to Energy: Gas and Electricity)} +
{Building. Ventilation. Emission (Air input, VMC in
kitchen and bathroom) and Connection to electric
board}
Components with a 30-year lifespan:
{Building. Glazing and doors. Insulating windows
4/12/4} + {Building. Cover Roof cover (wooden
structure+terracosta cover)} + {Heating system.
Distribution Steel pipe} + {Building. Domestic Hot Water.
Distribution Copper Piping}
Components with a 40-year lifespan:
Building. Cover. Rockwool thickness: 200 mm [€]

Lifespan [Years]
Cost [€]

Component 3:
Lifespan [Years]
Cost [€]

{Building. Walls (Concrete Bricks, External cover,
Insulation TH 38 8+1)} + {Building. Cover. Plaster
coating} + {Building Floor (Floor structure concrete:
thickness: 18 cm and Floor insulation)} [€]
Maintenance costs per year [€]

25
4072

Component 4:
Lifespan [Years]
Cost [€]

30
11440

Component 5:
Lifespan [Years]
Cost [€]

Components with a 50-year lifespan:

20
4218

40
1021

Component 6:
Lifespan [Years]
Cost [€]
Maintenance
costs [€]

50
15605
150

3.2.1.2 Configuration of the EATEP-EGP
The configuration of the EATEP-EGP consisted of adapting data from a
Photovoltaic Power Plant in the EPG_1, together with the financial data
used in the EATEP-EEP. An area of 200 m2 was considered for this
generation plant but the investment cost of the building was not
considered. The EGP_1 was configured with a power of 24 kW to cover
the 23.28 kW needed by the EEPs. To this end, photovoltaic modules with
a yield of 18% and a useful life of 15 years were considered. The costs
considered in the system were 4900 EUR/kW of initial investment and
0.224 EUR/kWh of operation, with annual evolution rates -2.4% and -2.6%
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respectively. This efficiency, these costs and their evolution rates
correspond to data for the same period 2007-2008 of Example 1 and
were taken from [38–40] (an equivalence of 0.7 EUR/USD [41] was used
to convert the values of these references to euros).

3.2.2 Results of the VP2
Table 14 presents the comparison between the results of Example 1 and
those obtained from the evaluation of EEP_1, EEP_2 with the EATEP-EEP,
and in the evaluation of EGP_1 with the EATEP-EGP. Firstly, the results of
the Rd are presented in the years in which the Components are
replaced, followed by the results of the calculated indicators. The
difference between the results of Example 1 and those obtained with the
EATEP-EEP is due to the periodicity of the data entered: annual in the
replicated case and per hour in the EATEP.
Table 14. Comparison of results of the VP2, in the Example 1 and EATEP. Note: Only the
indicators that were possible to calculate with the original data of the VP2.
Indicator

Example 1
[16]

EATEP-EEP

EATEP-EGP

EEP_1:
1 Dwelling

EEP_2:
999 Dwellings

EGP_1:
PV power
plant

1. Rd (t = 15) [-]

0.6954

0.6954

0.6954

0.6954

1. Rd (t = 20) [-]

0.6161

0.6161

0.6161

0.6161

1. Rd (t = 25) [-]

0.5459

0.5458

0.5458

0.5458

1. Rd (t = 30) [-]

0.4836

0.4836

0.4836

0.4836

2.1. GEC [MWh]

387.390

387.393

387006.086

33988.800

2.1. GEC_PE [MWh_PE]

N/A

0

0.00

33988.800

2.1. GEC_PE [MWh_PE/m²]

N/A

0

0.00

33.988

2.2. GEP [MWh]

N/A

0

0.00

6117.984

2.2. GEP_PE [MWh_PE]

N/A

0

0.00

33988.800

2.2. GEP_PE [MWh_PE/m²]

N/A

0

0.00

169.944

2.5. EBG [MWh]

387.390

387.393

387006.086

27870.816

2.5. EBG_PE [MWh_PE/m²]

N/A

0

0.00

135.955
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3. CG [€]

53080

53056.54

53003483.46

910712.35

3. CG [€/m²]

531

530.57

530039.43

4553.56

3.1. GCI [€]

37974

37972.92

37934947.08

201850.59

3.1.1. IIC [€]

37850

37850

37812150.00

117600.00

3.1.2.1. CRMG [€]

12117

12115.99

12103874.01

84250.59

3.1.3. VF [€]

11993

11993.07

11981076.93

27442.16

3.2. GRC [€]

3160

3160.16

3156999.84

708861.76

3.2.1. CMG [€]

3160

3160.16

3156999.84

0.00

3.3. GEC [€]

11945

11923.46

11911536.54

0.00

3.3.1. VCECG [€]

8575

8552.62

8544067.38

0.00

3.3.2. FCECG [€]

3371

3370.84

3367469.16

0.00

3.5. CAA [€]

N/A

1768.55

1766781.45

30357.08

4.1. IEG [€]

N/A

0

0.00

439522.26

4.3. AdI [€]

N/A

0

0.00

1200861.77

4. IG [€]

N/A

0

0.00

1640384.03

4. IG [€/m²]

N/A

N/A

N/A

8201.92

5. ISC [€]

N/A

N/A

N/A

729671.68

5. ISC [€/m²]

N/A

N/A

N/A

3648.36

4 Discussion
The operation of the EATEP has been validated with the VP1 and VP2.
When evaluating a NZEB case in the VP1, the simplest configuration of
the tool was validated in its broader scenario, when analysing several
Packages. And, with the evaluation of the VP2, the application of the
tool was validated in the evaluation of a system in which consumers and
energy producers participate. The reproduction of these projects has
specifically validated the procedure of updating the economic values to
the initial year: with VP1 this procedure has been validated in the case in
which the rates of evolution of energy prices are equal to the inflation
rate, and with VP2 in the case where these rates differ from each other.
The results highlight the versatility of the application of the EATEP in the
analysis of the investments made in energy projects through the
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calculation of different indicators. As can be seen in Table 11, Package 7
presents the lowest value in the DPP indicator (expected period to
recover the initial investment), 10.7 years, but the third lowest value in
Global Cost, 88,148 EUR. The best solution in economic terms is the one
presented by Package 5, which has the lowest value in Global Cost,
85,928 EUR, but a period of recovery of the initial investment greater than
Package 7, 12 years. Similarly, Package 7 presents the penultimate
lowest value in the Effect-EEP-Index. The highest value in this indicator,
which adds the best economic, economic-environmental results in
relation to the reference case, is presented in Package 4. The difference
in these results highlights the importance of calculating not only the
investment required in energy projects, but also a greater variety of
indicators with more specific objectives.

5 Conclusions
Clearly, the economic assessment of the technical and environmental
performance of energy systems is indispensable in determining the
viability of such investment. On the current world stage, analysing the
transition to a low-carbon energy system with technical characteristics
such as high energy efficiency and a significant presence of distributed
generation, the technical-economic evaluation of the investments must
take into account the expansion of NZEBs and the revenues perceived
by the energy generation systems that supply the energy demand from
the grid for these buildings. In this sense, the model presented in this
paper and its use in TRNSYS with the creation of the EATEP-EEP and
EATEP-EGP Types, permits the evaluation of the investment made by
Consumers and Prosumers in NZEB and NPEB systems in its simplest
configuration, as well as the investment made by Producers in power
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generation systems of any scale. And, in its most complex form, with
these Types it is possible to evaluate systems that contemplate the
interaction and exchange of energy and economic flows between
Consumers, Producers and Prosumers, such as a community of nearly
zero energy consumption. The EATEP has been validated by evaluating
two cases that cover the different configurations which exist between
these systems. This verifies its applicability and its versatility in the
calculation of a wide variety of indicators. The two validated types are
proposed here to include economic evaluation in the simulation of
energy systems in TRNSYS, in parallel and in time steps, considering the
following: the variation of energy flows as a function of economic
factors, environmental costs, the costs of replacing the equipment and
the evaluation of generation systems based on energy self-consumption
systems in the investment scenario of a NZEC system.
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Abstract
As a contribution to the study of the urban energy transition, this paper
proposes a novel model of energy-economic evaluation of the cities selfsufficiency and presents its application in the form of a case study. The
objective of this study was to analyse the scope of the investment in the
photovoltaic self-consumption of buildings in order to promote the
creation of Prosumers communities within the cities. The operation of this
model is based on the scalability of the Nearly Zero Energy concept from
buildings to cities and seeks to evaluate Nearly Zero Energy Cities (nZEC):
cities made up of Nearly Zero Energy Buildings (nZEB) and other
installations of distributed generation to cover their energy demand by
use of local renewable resources to the detriment of external resources.
By using public data, we apply this model with the aim of economically
evaluating the investment of six packages of energy rehabilitation and
photovoltaic self-consumption in 17% of the residential buildings (37,800)
in the city of Barcelona. To do this, we simulated 37 years of electricity
distribution among Consumers, Producers and a hypothetical peer-topeer community of Prosumers during the period 2014-2050 in hourly time
intervals. The results indicated that the photovoltaic self-consumption
and the local markets of Prosumers help to reduce primary energy
consumption, the energy costs, and the CO2 emissions.
Keywords: Nearly Zero Energy Buildings (nZEB), Nearly Zero Energy Cities
(nZEC), Urban energy transition, Photovoltaic self-consumption, Prosumer
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Nomenclature
Csr
CEG(T)

Consumers
Global Energy Cost

NZEB
nZEC

CG(T)

Global Cost

P

CIG(T)
CRG(T)

Pg
PCharge_γ(h)

ECharge_γ(h)

Global Investment Cost
Global Running Cost
Consumers with electric
energy storage
Electric energy
endogenous available
Electric energy charges

ED

Electric energy demand

PsrS

CsrS
EA

EEM
EG
EI
Endo
EP
EPBD
ES
EValue_γ(h)
Exo
NZEB

Energy Efficiency
Measures
Electric energy
generation
Electric energy imported
Endogenous electric
energy consumed (Local)
Electric energy exported
Energy Performance of
Buildings Directive
Electric energy storage
Economic value of the
energy flow
Exogenous electric
energy (external of the
nZEC)
Net Zero Energy Building

Pdr

Net Zero Energy Building
Nearly Zero Energy City
Electric tariff period (P1,
P2, P3)
Package: Set of EEM
Power charges
Producer (IPP, or utility
generator)

PEU_γ (h)

Energy price

Psr

Prosumer
Prosumers with electric
energy storage

Rd(t)

Discount Rate,

RI

Inflation Rate

RR

Real Interest Rate

t

Each of the years of T

T

Economic evaluation
period (Years of 8760
hours)

Tn

Lifespan

Type

Subroutine of TRNSYS

UTC

Urban Energy Transition

VF_j(T)

Final value of the
Component

1 Introduction
Cities are home to more than half of the world population and this has
an impact in that 70% of the world energy consumption and greenhouse
gas emissions are concentrated in these urban areas [1]. Urbanization
has led to an increase in the proportion of urban energy use of the total
global primary energy supply [2]. In view of the fact that the projections
up until 2050 indicate that the world population will be 30% larger [3],
and that 68% of it will be urban [4], cities play a fundamental role in the
process of energy transition [5]. This process requires a structural change
in the world energy sector, moving towards the increase of energy
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efficiency and the consumption of renewable energy resources, and the
reduction of the consumption of fossil energy resources [6,7]. In this
sense, the solar resource plays a notable role, given the uniformity of its
distribution on a global scale [8]. Although each economic region of the
world has different drivers in this transition [6,9], there is a general
consensus to focus on working towards a higher level of effectiveness
when it comes to energy consumption in various areas such as industry,
transport and building (housing, commercial and services) [10]; In this
sense, within the framework of the Paris agreement, the European Union
(EU) recognizes the importance of the role of cities in moving towards a
low carbon economy [11].
A high percentage of the energy demand of cities is concentrated in
their buildings [10] and in order to promote the increase of energy
efficiency, herein exists the greatest potential for savings [2]. Effective
energy transition from the cities implies Urban Energy Transition (UET),
therefore, deepening the efforts in promoting Distributed Generation
(DG) and reorientating the consumption and energy supply of buildings
and communities (buildings group). Thus, it is necessary to concentrate
economic resources in the investment of Energy Efficiency Measures
(EEM) and self-consumption systems [12,13]; as well as facilitating the
creation of the Prosumer figure [14]: Consumers who, due to their selfconsumption capacity can, by virtue of the regulatory conditions of the
electrical systems and market, export energy to the distribution grid [15].
From

the

integration

of

renewable

energies

in

buildings

and

communities, the zero energy concept is understood as the frontier of
energy efficiency, energy self-sufficiency and urban sustainability [16,17].
This concept can be defined in general terms as the reduction of primary
energy consumption and the generation of energy in situ from
renewable resources in facilities or focuses of consumption by means of
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investment in EEM and self-consumption technologies. When the amount
of energy required is less than the quantity generated in situ, and
regardless of any energy storage that may exist, these focuses of energy
consumption can export their energy surpluses to the grid.
In this sense in [18–20] the Net and Nearly Zero Energy concepts are
analysed as a sequence of steps towards buildings’ self-consumption.
Adapting this analysis to the definition of UET, Nearly Zero Energy can be
an initial step for a net balance or Net Zero Energy, and this can also be
a previous step towards the total exportation of energy surpluses or Net
Plus Energy of cities. In this context, in order to contribute to the study of
the reduction of negative environmental externalities that causes the
high consumption of fossil energy resources in cities, this paper aims to
propose an energy-economic evaluation model to study the energy selfsufficiency of cities. With this, we seek to verify the hypothesis that the use
of local solar resources, through the photovoltaic self-sufficiency of the
buildings, and the distribution of electrical energy among Prosumers,
Consumers and Producers, helping to reduce the consumption of
primary energy together with lowering energy costs and CO2 emissions.
The proposed evaluation model, called nZEC-EATEP, is novel and
replicable in any city due to being based on the scalability of the
concept Nearly Zero Energy from a building (Nearly Zero Energy
Buildings, nZEB) to city level (Nearly Zero Energy City, nZEC). Regarding to
the evaluation of nZEC, [21,22] analyse the generation capacity of urban
buildings to maintain the balance between that and their energy
consumption. Faced with these proposals, nZEC-EATEP works within the
TRaNsient System Simulation Tool (TRNSYS) and is the union of two
independent models that can be fed with other models or software. The
first of these independent models is an energy performance simulation
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model of nZECs, called nZEC-Model. The second one is the economic
evaluation model of the energy systems Economic Assessment Tool of
Energy Projects (EATEP) proposed in [23]. The operation of nZEC-EATEP
consists of the evaluation of the costs in reducing the energy
consumption and the use of local renewable resources (endogenous
energy) and thus reducing the use of external resources (exogenous
energy). Through this design the model allows: i) to simulate the energy
performance of the distribution of energy between Producers, Prosumers
and Consumers; ii) evaluate different packages of EEM at a city level
and self-consumption to calculate, at the same level, the Global Cost
and Optimal-Cost indicators presented in the Energy Performance of
Buildings Directive (EPBD) of the European Union [24,25]; and iii)
configure the energy distribution under different market models.
Using public data obtained by local energy agencies, the nZEC-EATEP
was applied to study the energy self-sufficiency of Barcelona (Spain). In
this study we evaluate the costs to take advantage of the city's
photovoltaic (PV) self-sufficiency capacity by analysing 82,652 of its
buildings, the city's electricity consumption in three approaches, and
three electricity tariff scenarios. The analysis of these buildings included: i)
the capacity of energy saving and PV self-consumption of 38,700
residential buildings (46.82%), defining them as nZEBs in six energy
rehabilitation Packages; ii) the peer-to-peer distribution of electrical
energy among these nZEBs, defining them as Prosumers; and iii) the PV
generation capacity of the remaining 43,952 buildings (53.18%).
Specifically, the study of this nZEC model for Barcelona sought to
achieve three objectives: i) to calculate the cost and primary energy
savings that these packages allow; ii) to determine the package that
allows the greatest reduction in primary energy consumption at the
lowest cost; and iii) identify which current electricity tariff (Spain) is more
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favourable for the investment of these energy self-consumption
measures.
The concept of economic evaluation is broad and includes the analysis
of financial indicators on the return on investment. At the scale of a city,
the evaluation of a Zero Energy model in this study is based on the
calculation of the Global Cost and Optimal-Cost indicators without
analysing the returns of the possible nZEB investments that residential
Consumers could make to become Prosumers. Similarly, the scope of this
study does not address the investment decisions in energy rehabilitation
measures that public entities make to reduce their energy consumption.
Likewise, this study does not address the scope of an established budget
to reduce the energy consumption of buildings in a city. However, in this
line of research, the works of [26,27] do study the investments in energy
rehabilitation of buildings using decision models. Our work focuses on the
study of the total self-consumption capacity of cities.
The document is divided as follows: in the first instance, a review of the
cutting-edge concept Nearly Zero Energy applied at a city level in terms
of energy self-consumption is presented; subsequently, the proposed
evaluation model is described; and finally, the evaluation of a nZECModel for Barcelona is presented, together with the results and
conclusions obtained.

2 Literature review
As mentioned above, the Nearly Zero Energy City34,35 concept is the
frontier of energy self-consumption, and this is based on the use of

A systematic search of the web pages of Web of Science and Scopus databases for the
terms "nearly zero energy city", "net zero energy city", "nearly zero energy cities", "net zero
34
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renewable energy resources in buildings [28]. The literature about nZEBs
on this topic is extensive [29]. The nZEBs are a link in the Smart Cities
development work chain [30,31], although the growth in the number of
nZEBs in the urban electrical systems poses challenges and benefits in
maintaining of the grid [32,33]. In Europe, the evaluation of the nZEBs has
been promoted by the EPBD. On a larger scale, [34,35] propose a
circular exergy model as well as studies that may carry the net-zero
concept to net-zero energy and net-zero exergy cities. On that same
issue, [36] reports the increase of studies of this nature under the concept
of energy autonomy in sustainable communities. In [37] the concept of a
Cooperative Net Zero Energy Community is introduced. In isolated
systems [38,39] analyse self-consumption on islands; and in this same
way, [40,41] analyse the integration of renewable energies in islands
through microgrid and Smart Grid technologies. And specifically
regarding carbon emissions, [42,43] study the classification of cities with
zero carbon emission composed of buildings with zero emissions.
At the level of evaluation of the Zero Energy city concept, [44] provides
an overview of the existing assessment tools and methods, comparing
their criteria and key parameters. Similarly, [45] reviews the crucial role of
building performance simulation to reach building's zero energy status.
[46] proposes an evaluation methodology for this purpose, based on the
availability of geometry, building standards and useable data. [47]
presents a development plan for the rehabilitation of groups of buildings
to obtain a Zero Energy city. At these levels of evaluation, the generation
in situ happens to be considered as DG in charge of Prosumers and
energy cities", "zero energy city", and "zero energy cities" produced a result of 10
references.
35 In this search several references were also identified on the development of technical
solutions for the promotion of "net zero energy city districts" within the framework of the
European project FP7 project RE-SIZED (Research Excellence for Solutions and
Implementation of Net Zero Energy City Districts).
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Producers [48,49], which must cover the energy demand of other sectors
such as transport, industry, commerce and services [16]. Likewise, the
exchange of energy at these lower levels of the electric distribution
implies the participation of these actors in local energy markets [50].
On the other hand, self-consumption is not understood without the
presence of storage systems to support the intermittency of renewable
energies and the lag that these energies have with respect to
consumption curves. In this sense, [51,52] report benefits with the analysis
of tariff systems for access to the grid. Benefits that, as indicated in
[53,54], depend on the parameters of the Consumer's load profile and
the size of this type of systems [55]. Regarding tariff systems or markets
that can encourage investment in zero energy communities, [56] reports
the benefits of dynamic price rates for PV self-consumption. Also, [57,58]
validate the operation and benefits of peer-to-peer models in local
markets. Finally, with respect to the case study in this paper, in [59] a realtime model of optimization of PV self-consumption with batteries is
studied in real installations in Barcelona, which allows for an increase in
the income from the export of surplus energy to the grid with a dynamic
tariff.

3 Description of the evaluation model
The nZEC-EATEP model is the union of a simulation model of nZECs, called
nZEC-Model, and the energy systems economic evaluation model EATEP.
Its operation consists of the evaluation of the economic performance of
the energy performance of the energy self-sufficiency process of cities.
The process derived from the increase of DG and of services aggregates
to

the

urban

electrical

system.

Figure

1

conceptualizes

the

methodological basis of the nZEC-EATEP model, the UET. This model is as
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follows. First, i-F1): the energy demand increases due to the increase of
the urban population, and the consumption decreases in relation to the
increase of the energy efficiency in the buildings and electrical grid.
Then, ii-F1) as energy self-consumption becomes more present in
buildings with the entry of nZEBs and NZEBs, the consumption of
endogenous energy increases and decreases that of exogenous energy.
Finally, iii-F1) the nZEC-EATEP allows for the stimulation of the energy selfconsumption of nZECs and the calculation of the current value of the
investment, operation and energy costs.
Urban Energy Transition (UET)
i-F1) Theoretical graph of the UET
3

Electric energy

2
2

Limit
of Energy
security
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Demand (Increases due to population growth)

1
1
0

Year 0

Nearly Zero Energy City (nZEC)

Timeline

Net Zero Energy City (NZEC)

ii-F1) Representation of the UET from the increase of nZEBs and DG towards a nZEC

iii-F1) nZEC-EATEP: Calculation of the Global Cost

Energy data from nZEC-Model
MWh x Tariff

EATEP:
Global Cost (CG(T)) =
CIG(T) + CRG(T) + CEG(T)

MWh x Tariff
MWh x Tariff

Global Energy Cost (CEG(T))
Global Running Cost (CRG(T))
Global Investment Cost (CIG(T))
t=0

t=1

t=n

t=T

VF

Figure 1. Graphic representation of the Urban Energy Transition (UET), as a
conceptualization of the methodological basis of the nZEC-EATEP model.

The analysis of energy performance in the nZEC-Model refers to the
simulation and accounting of energy flows exchanged between
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Consumers (Consumer installations within the city), Prosumers (nZEBs) and
Producers (DG systems) to maintain the energy balance between the
energy demanded by the city and the energy that is endogenous and
exogenous to it in hourly time intervals. The energy demanded is the
energy demanded by Consumers and Prosumers, the endogenous
energy is the energy generated by Prosumers and Producers, and the
exogenous energy is the energy generated by outside the urban area of
the city.
On the other hand, the economic performance evaluation, carried out
in the EATEP, is the accounting of the investment costs of the EEM, selfconsumption and DG, and of the costs and revenues produced by the
exchange of the energy flows. This tool can evaluate different packages
of self-consumption and EEM in order to calculate the Global Cost at a
city level (net present value of the initial investment and the costs of
component replacement, maintenance and energy) and Optimal-Cost
(graphic identification of the package that has the lowest global cost
and allows for the reduction of the primary energy consumption of the
city).
The nZEC-EATEP model was built in TRNSYS. Figure 2 presents the
operation of the nZEC-Model. i-F2) indicates the operation of the model
in the TRNSYS subroutines (Types) wherein are included Types of
generation

and

energy

demand

of

Producers,

Prosumers

and

Consumers that deliver data (Inputs) to the nZEC-Model, whose results
(Outputs) feed the EATEP, and where this Type delivers the economic
and financial results for all packages of evaluated energy efficiency and
self-consumption measures. ii-F2) presents the conceptual functioning of
the nZEC-Model, wherein its algorithm seeks to maintain the energy
balance between the endogenous energy of the nZEC and the energy
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exogenous to it. iii-F2) presents this algorithm in a general way. iv-F2) and
v-F2) describe, respectively, the structure of the cash flows calculated in
the EATEP and the indicators of this tool. The operation of the energy
simulation model and the economic evaluation model are described
below.
i-F2) Operation of nZEC-Model connected with EATEP-EEP in TRNSYS
Type(s)

ii-F2) Operation of the nZEC-Model

Type(s)

Prosumers

Prosumers + Storage

,

,

,

,

,

Output

Demand:
ED_PsrS

Output

Generation:
EG_PsrS

Storage:
ES_PsrS

Generation:
EG_PsrS

Demand:
ED_PsrS

EI_PsrS

EC_Psr

Energy Outputs
of nZEC-EATEP:
EC (Endo and
Exo), ES, EI, EP

EC_PsrS

Inputs

Outputs

Type nZEC-Model
Energy performance model

Operation
description

EI_PsrS

Producers
Storage:
ES_Pdr

Outputs
Inputs

Economic and
Financial results
of nZEC

Type EATEP-EEP
Economic performance model

EP_PsrS

EP_PsrS

Consumers

Generation:
EG_Pdr

EC_Csr

EP_Pdr

Consumers
+ Storage

Producers

Demand:
PD_Csr

EI_CsrS

EC_CsrS
Demand:
PD_Csr

Storage:
ES_Csr

External energy of the nZEC

Urban border
Operation
description

v-F2) Optimal-Cost and Other indicators

Revenue

4

5

6

3

No

End

Global
Costs:
CG(T)
[€/m²]
[Wh_PE/m²]
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Figure 2. Graphic description of the nZEC-EATEP model. Note: iv-F2) and v-F2) adapted
from [23].
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Energy performance evaluation of Nearly Zero Energy
Cities

As mentioned above, the nZEC-Model simulates the energy balance in
the nZEC in hourly intervals for any period of economic evaluation (T).
Based on the energy demand of Prosumers and Consumers, the
availability of endogenous energy and the following energy distribution
conditions, the amount of exogenous energy needed to maintain the
energy balance at each time step is determined: i) The exchange of
energy works in a basic state without conditions of energy markets,
which can be included from another subroutine; ii) Endogenous energy
is consumed as a priority to exogenous energy, first of all meeting the
demand of Prosumers and then that of Consumers; iii) The selfconsumption (ECG) and consumption of energy storage (ECS) are
priorities, in this order, so only energy is exported when the storage
systems are full (Energy Storage Accumulated, ESA); iv) The importation
of exogenous energy is the responsibility of the Producers.
From these conditions, the destination of the available energy (EA) in the
nZEC is consumed as imported energy (EI) in the following order of
priority: Csr, CsrS, Psr, PsrS. Subsequently, Pdr imports energy from the
outside of the nZEC. Details are as follows:
 Consumers (Csr): Psr (Case1); PsrS (Case2); CsrS (Case3); or Pdr
(Case4).
𝐸𝐼𝐶𝑠𝑟 = {

𝐸𝐼𝐶𝑠𝑟
𝐸𝐼𝐶𝑠𝑟 = 𝐸𝑃𝑃𝑠𝑟

𝐸𝐼𝐶𝑠𝑟 = 𝐸𝑃𝑃𝑠𝑟 ,
𝐸𝐼𝐶𝑠𝑟 = 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 ,
= 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆 ,
+ 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆 + 𝐸𝑃𝑃𝑑𝑟 ,

𝐶𝑎𝑠𝑒1
𝐶𝑎𝑠𝑒2
𝐶𝑎𝑠𝑒3
𝐶𝑎𝑠𝑒4

→ 𝐸𝐷𝐶𝑠𝑟
→ 𝐸𝐷𝐶𝑠𝑟
→ 𝐸𝐷𝐶𝑠𝑟
→ 𝐸𝐷𝐶𝑠𝑟

≤ 𝐸𝑃𝑃𝑠𝑟
≤ 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆
≤ 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆
> 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆

(1)
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 Consumers + Storage (CsrS): Psr (Case1); or PsrS (Case2) and Pdr
(Case3).
𝐸𝐼𝐶𝑠𝑟𝑆
={
𝐸𝐼𝐶𝑠𝑟𝑆

𝐸𝐼𝐶𝑠𝑟𝑆 = 𝐸𝑃𝑃𝑠𝑟 − 𝐸𝐶𝐶𝑠𝑟 ,
𝐸𝐼𝐶𝑠𝑟𝑆 = 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 − 𝐸𝐶𝐶𝑠𝑟 ,
= 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝑃𝑑𝑟 − 𝐸𝐶𝐶𝑠𝑟 ,

𝐶𝑎𝑠𝑒1 → 𝐸𝐶𝐶𝑠𝑟𝑆 − 𝐸𝐶𝑆𝐶𝑠𝑟𝑆 ≤ 𝐸𝑃𝑃𝑠𝑟 − 𝐸𝐶𝐶𝑠𝑟
𝐶𝑎𝑠𝑒2 → 𝐸𝐶𝐶𝑠𝑟𝑆 − 𝐸𝐶𝑆𝐶𝑠𝑟𝑆 ≤ 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 − 𝐸𝐶𝐶𝑠𝑟
𝐶𝑎𝑠𝑒3 → 𝐸𝐶𝐶𝑠𝑟𝑆 − 𝐸𝐶𝑆𝐶𝑠𝑟𝑆 > 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑠𝑟𝑆 − 𝐸𝐶𝐶𝑠𝑟

(2)

 Prosumers (Psr): PsrS (Case1); PsrS (Case2); or Pdr after Csr and CsrS
(Case4).
𝐸𝐼𝑃𝑠𝑟 = {

𝐸𝐼𝑃𝑠𝑟 = 𝐸𝑃𝑃𝑠𝑟𝑆 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 ),
𝐸𝐼𝑃𝑠𝑟 = 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝑃𝑑𝑟 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 ),
𝐸𝐼𝑃𝑠𝑟 = 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆 − 𝐸𝐼𝐶𝑠𝑟 ,
𝐸𝐼𝑃𝑠𝑟 = 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆 + 𝐸𝑃𝑃𝑑𝑟 − 𝐸𝐼𝐶𝑠𝑟 ,

𝐶𝑎𝑠𝑒1
𝐶𝑎𝑠𝑒2
𝐶𝑎𝑠𝑒3
𝐶𝑎𝑠𝑒4

→ 𝐸𝐶𝑃𝑠𝑟 − 𝐸𝐶𝐺𝑃𝑠𝑟
→ 𝐸𝐶𝑃𝑠𝑟 − 𝐸𝐶𝐺𝑃𝑠𝑟
→ 𝐸𝐶𝑃𝑠𝑟 − 𝐸𝐶𝐺𝑃𝑠𝑟
→ 𝐸𝐶𝑃𝑠𝑟 − 𝐸𝐶𝐺𝑃𝑠𝑟

≤ 𝐸𝑃𝑃𝑠𝑟𝑆 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 )
> 𝐸𝑃𝑃𝑠𝑟𝑆 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 )
≤ 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆 − 𝐸𝐼𝐶𝑠𝑟
> 𝐸𝑃𝑃𝑠𝑟𝑆 + 𝐸𝑃𝐶𝑠𝑟𝑆 − 𝐸𝐼𝐶𝑠𝑟

(3)

 Prosumers + Storage (PsrS): Psr after Csr and CsrS (Case1); Psr and
Pdr after Csr and CsrS (Case2); Psr and CsrS after Csr (Case3); or Psr,
CsrS and Pdr after Csr (Case4).
𝐸𝐼𝑃𝑠𝑟𝑆

𝐸𝐼𝑃𝑠𝑟𝑆 = 𝐸𝑃𝑃𝑠𝑟 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 ),
𝐸𝐼𝑃𝑠𝑟𝑆 = 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝑃𝑑𝑟 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 ),
={
𝐸𝐼𝑃𝑠𝑟𝑆 = 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝐶𝑠𝑟𝑆 − 𝐸𝐼𝐶𝑠𝑟 ,
𝐸𝐼𝑃𝑠𝑟𝑆 = 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝐶𝑠𝑟𝑆 + 𝐸𝑃𝑃𝑑𝑟 − 𝐸𝐼𝐶𝑠𝑟 ,

𝐶𝑎𝑠𝑒1
𝐶𝑎𝑠𝑒2
𝐶𝑎𝑠𝑒3
𝐶𝑎𝑠𝑒4

→ 𝐸𝐶𝑃𝑠𝑟𝑆 − 𝐸𝐶𝐺𝑃𝑠𝑟𝑆 − 𝐸𝐶𝑆𝑃𝑠𝑟𝑆 ≤ 𝐸𝑃𝑃𝑠𝑟 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 )
→ 𝐸𝐶𝑃𝑠𝑟𝑆 − 𝐸𝐶𝐺𝑃𝑠𝑟 − 𝐸𝐶𝑆𝑃𝑠𝑟𝑆 > 𝐸𝑃𝑃𝑠𝑟 − (𝐸𝐼𝐶𝑠𝑟 + 𝐸𝐼𝐶𝑠𝑟𝑆 )
→ 𝐸𝐶𝑃𝑠𝑟 − 𝐸𝐶𝐺𝑃𝑠𝑟 − 𝐸𝐶𝑆𝑃𝑠𝑟𝑆 ≤ 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝐶𝑠𝑟𝑆 − 𝐸𝐼𝐶𝑠𝑟
→ 𝐸𝐶𝑃𝑠𝑟 − 𝐸𝐶𝐺𝑃𝑠𝑟 − 𝐸𝐶𝑆𝑃𝑠𝑟𝑆 > 𝐸𝑃𝑃𝑠𝑟 + 𝐸𝑃𝐶𝑠𝑟𝑆 − 𝐸𝐼𝐶𝑠𝑟

(4)

 Producers (Pdr): When the energy to be exported is greater than the
energy generated locally (Case1); or when it is greater than locally
generated and stored (Case2).
𝐸𝐼𝑃𝑑𝑟 = 𝐸𝐺𝑃𝑑𝑟 ,
𝐸𝐼𝑃𝑑𝑟 = 𝐸𝐼𝑛𝑍𝐸𝐶 = {
𝐸𝐼𝑃𝑑𝑟 = 𝐸𝐺𝑃𝑑𝑟 + 𝐸𝑆𝐴𝑃𝑑𝑟 ,

3.2

𝐶𝑎𝑠𝑒1 → 𝐸𝑃𝑃𝑑𝑟 ≤ 𝐸𝐺𝑃𝑑𝑟
𝐶𝑎𝑠𝑒2 → 𝐸𝑃𝑃𝑑𝑟 ≤ 𝐸𝐺𝑃𝑑𝑟 + 𝐸𝑆𝐴𝑃𝑑𝑟

(5)

Economic performance evaluation of Nearly Zero
Energy Cities

The economic evaluation of the nZEC is carried out with the subroutines
that make up the EATEP in its configuration V: The Type EATEP-EEP to
evaluate the nZEBs and/or the NZEBs and the nZEC itself, and the Type
EATEP-EGP to evaluate the DG systems belonging to the Producers. The
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main indicator of the EATEP is the Global Cost (CG(T)), equations (6) and
(7); its result is the net present value of three groups of costs for Prosumers
(Psr), Consumers (Csr) and Producers (Pdr): Global Investment Cost
(CIG(T)), Global Running Cost (CRG(T)) and Global Energy Cost (CEG(T)).
CIG(T) and CRG(T) are calculated with equations (8) and (10)
respectively, from the investment and Maintenance Cost (CM) of energy
measures (Components (j)). In the calculation of CIG(T), CII(T) is the Initial
Investment Cost of the Component j, and CI(Tn) is the replacement cost
where t is equal to Lifespan (Tn) of each Component j, and VF_j(T) is the
final value in the year T (equation (9) [24]). CEG(T), equations (11), (12)
and (13), depend on the hourly energy flows (FE_γ(h)), the tariffs for
access to the distribution grids (PCharge_γ(h) to the power charges of
access, and ECharge_γ(h) to the energy charges), and the economic
value of the flow (EValue_γ(h)) calculated based on market energy
prices (PEU_γ (h)). In CEG(T), the income received by the Prosumers
when exporting their energy surpluses to the grid are calculated as
negative costs which help reduce CG(T). Thus, EValue_γ(h)) depends on
whether FE_γ(h) is an amount of energy imported (consumed) or
exported –equation (13)–: if it is imported, EValue_γ(h) is calculated as a
cost, and if it is exported, it is calculated as a negative cost. Each of the
future annual costs were updated to the initial year using the Discount
Rate, Rd(t). This rate, equation (14), depends on the Real Interest Rate
(RR), equation (15), and Inflation Rate (RI).
𝐶𝐺(𝑛𝑍𝐸𝐶) (𝑇) = 𝐶𝐺(𝑃𝑠𝑟) (𝑇) + 𝐶𝐺(𝐶𝑠𝑟) (𝑇) + 𝐶𝐺(𝑃𝑑𝑟) (𝑇)

(6)

𝐶𝐺(𝑇)(𝑃𝑠𝑟,𝐶𝑠𝑟,𝑃𝑑𝑟) = 𝐶𝐼𝐺(𝑇)(𝑃𝑠𝑟,𝐶𝑠𝑟,𝑃𝑑𝑟) + 𝐶𝑅𝐺(𝑇)(𝑃𝑠𝑟,𝐶𝑠𝑟,𝑃𝑑𝑟) + 𝐶𝐸𝐺(𝑇)(𝑃𝑠𝑟,𝐶𝑠𝑟,𝑃𝑑𝑟)

(7)

𝑇

𝐶𝐼𝐺(𝑃𝑠𝑟,𝐶𝑠𝑟,𝑃𝑑𝑟) (T) = ∑ [𝐶𝐼𝐼(𝑡 = 0)𝑗 + (∑ 𝐶𝐼𝑗 (𝑇𝑛𝑗 ) × 𝑅𝑑𝑡 (𝑗)) − 𝑉𝐹𝑗 (𝑇)]
𝑗

𝑡=1

(8)
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𝑉𝐹𝑗 (𝑇) = 𝑉𝐼𝐶𝑗 × (1 +

(𝑛𝑇 (𝑗) + 1) × 𝑇𝑛 (𝑗) − 𝑇
𝑅𝑋𝑗 (𝑛𝑇 (𝑗) × 𝑇𝑛 (𝑗))
)
×[
] × 𝑅𝑑𝑗 (𝑡)
100
𝑇𝑛 (𝑗)

(9)

𝑇

𝐶𝑅𝐺(𝑃𝑠𝑟,𝐶𝑠𝑟,𝑃𝑑𝑟) (𝑇) = ∑ [∑ 𝐶𝑅𝑗 (𝑡) × 𝑅𝑑𝑡 (𝑗)]
𝑗

(10)

𝑡=1
ℎ=𝑇×8760ℎ𝑜𝑢𝑟𝑠

𝐶𝐸𝐺(𝐸𝑛𝑑𝑜_𝑃𝑠𝑟,𝐶𝑠𝑟) (𝑇) = ∑ [
𝛾

∑

(𝑃𝐶ℎ𝑎𝑟𝑔𝑒𝛾 (ℎ) + 𝐸𝑉𝑎𝑙𝑢𝑒𝛾 (ℎ)) × 𝑅𝑑𝛾 (𝑡)]

(11)

ℎ=1
ℎ=𝑇×8760ℎ𝑜𝑢𝑟𝑠

𝐶𝐸𝐺(𝐸𝑥𝑝_𝑃𝑠𝑟,𝐶𝑠𝑟) (𝑇) = ∑ [
𝛾

∑

(𝑃𝐶ℎ𝑎𝑟𝑔𝑒𝛾 (ℎ) + 𝐸𝐶ℎ𝑎𝑟𝑔𝑒𝛾 (ℎ) × 𝐹𝐸𝛾 (ℎ)
(12)

ℎ=1

+ 𝐸𝑉𝑎𝑙𝑢𝑒𝛾 (ℎ)) × 𝑅𝑑𝛾 (𝑡)]

𝐸𝑉𝑎𝑙𝑢𝑒𝛾 (ℎ) = {
𝑅𝑑𝛾,𝑗 (𝑡) =
𝑅𝑅 =

𝐹𝐸𝛾 (ℎ) × 𝑃𝐸𝑈𝛾 (ℎ),
−𝐹𝐸𝛾 (ℎ) × 𝑃𝐸𝑈𝛾 (ℎ),

1
[−]
(1 + 𝑅𝑅⁄100)𝑡

𝑅 − 𝑅𝐼
[%]
1 + (𝑅𝐼⁄100)

𝐼𝑓 𝐹𝐸𝛾 (ℎ) 𝑖𝑠 𝑖𝑚𝑝𝑜𝑟𝑡𝑒𝑑
𝐼𝑓 𝐹𝐸𝛾 (ℎ) 𝑖𝑠 𝑒𝑥𝑝𝑜𝑟𝑡𝑒𝑑

(13)
(14)
(15)

4 Case study36: The Nearly Zero Energy model for
Barcelona
Barcelona is a European city that is home to approximately 3.5% of the
population of Spain. It is located on the coast of the Mediterranean Sea,
covering an area of 102.159 km2, and presents ideal conditions for the
use of solar energy: it has on average 2,477 hours of sunshine per year,
which represents an average daily solar radiation of 1,502 kWh/m2 [60].
The city has opted for growth and development under the concept of
Smart City, which has led to specific plans to achieve its energy selfsufficiency [60–62]. According to the annual report of its Energy Agency
in 2014 [63], Barcelona consumed a total of 15,627 GWh of final energy,

Several publications have reported the state of self-consumption in cities around the
world: [71–73] in the United States, [74] in cities in Europe, [75] in cities in the Middle East,
and [76] in Asian cities.
36
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equivalent to 26,946.14 GWh of primary energy, distributed in its
economic sectors as follows: commercial and services 34.09 %, domestic
28.11%, transport 25.65%, industry 11.54%, and other 0.61%. The entirety of
this consumption comes from natural gas, nuclear energy and liquid
fuels. 29.7% of the electric energy was generated in the city itself, 4,865
GWh, mainly in combined cycle plants and less than 1% in installations
that take advantage of the local renewable resources.
Following the guidelines of the nZEC-EATEP, in this case study we
analysed the energy performance of six Packages of combinations
between EEM and PV self-consumption systems installed in a portion of
the city's buildings. The objective of this evaluation was to discover the
scope of the nZEBs investment and the economic participation of
Prosumers in the energy balance and self-consumption of Barcelona. This
was divided into i) three evaluation approaches, two based on the
variation of consumption of base energy for Consumers in the initial year,
and one on the analysis of Prosumers; and ii) in three tariff scenarios with
and without daily hourly discrimination to determine which combination
of these energy measures would allow the reduction of the primary
energy of the city at the lowest possible cost. The energy and economic
characteristics of these six Packages were defined by comparing the
information of two groups of public data of the buildings of Barcelona
(data obtained from public administration entities in Barcelona and the
Spanish Autonomous Community of Catalonia). The data detailed i) the
economic and technical characteristics of EEM of different types of
buildings in the city, and ii) the economic and technical characteristics
of the PV generation capacity of the city's rooftops.
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4.1

Configuration of the initial data

The case study was evaluated by simulating a period of 37 years (T), from
2013 (year of the initial investment) to 2050; with R equal to 4%, and RI
equal to 2%. Based on the data groups i) and ii), we built a community of
Prosumers, a group of Consumers, and a DG system that replaces the
operation of Producers (only in the activity of local generation). Figure 3
describes the distribution of these groups, whose characteristics are:
 Prosumers (Psr): hypothetical community of subgroups of Prosumers
buildings (nZEB without energy storage) of 2, 3, 4, 5 and 6 floors,
whose investment in EEM and PV self-consumption and whose
electric energy generated is called Endogenous 1 (Endo_1).
 Consumers (Csr): electric energy consumption sectors of the City
(without energy storage), evaluated according to two different
approaches (described below).
 DG-Extra: a group of rooftops with investment of PV generation
systems on them (PV-Extra), whose generated electric energy is
called Endogenous 2 (Endo_2).
ii-F3) PV generation capacity data of Barcelona

i-F3) nZEC-EATEP model - Barcelona

DG Extra: PV endogenous energy (Endo_2)
Consumers (Csr)

Prosumers (Psr)
PV Endogenous
(Endo_1) and Electric
energy demand

1

Endo_1

Psr_2F

Psr_6F
Psr_5F

1

Psr_3F
Psr_4F

Endo_2_Psr
Exo_Psr

2

1
Endo_2

Exo Endo_1_Csr
Endo_2_Csr
Exo_Csr

2

Approach A: Electric
energy demand of
Domestic, Commercial
and services, Industrial,
Transport and Others
sectors

Approach B: Electric
energy demand of
Domestic, Commercial
and services sectors

Psr: 38,700
Nearly Zero Energy
Buildings (nZEBs)

DG Extra: rooftops of
43,952 buildings

External energy: Exogenous electric power (Exo)

Figure 3. Case study: The Nearly Zero Energy model for Barcelona. Note: i-F3) nZEC-EATEP
model – Barcelona, Energy cost 1) equation (11) and 2) equation (12); ii-F3) PV generation
capacity data of Barcelona. Source: Created by author using data from [64,65].

The evaluated Packages were composed of the EEM packages
(Packages-EEM) presented in the [66] (ICAEN-Study), and the PV
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capacity data of Barcelona presented in [64,65] (PV-Map). The data
from these sources were cross-referenced with the relation of the number
of floors of the buildings they studied. The objective was to define the
initial data on the electric energy consumption of Prosumers and
Consumers, the capacity of energy saving and PV self-consumption in
the Prosumers, and the extra PV generation capacity corresponding to
PV-Extra. Due to the fact that it has not been possible to determine the
sector to which the buildings studied in the PV-Map belong, it was
assumed that the buildings theoretically characterized in the ICAENStudy include the buildings presented in this first source. As a result, and
as shown in Table 1, for the scope of this paper, a total of 86,626 buildings
with suitable PV generation capacity were included in the calculation of
the Global Cost of the nZEC-EATEP model. Of this total, buildings from 2
to 6 floors of the ICAEN-Study were assumed as buildings of Prosumers.
The remaining number of buildings were considered as buildings of the
residential, commercial, industrial and service sectors of Barcelona 37.
Finally, the consumption of initial electric energy assumed for the
Consumers was the consumption of this energy vector in the city in 2014
minus the consumption of the Prosumers.

The data on the number of buildings determined for the Prosumers are consistent with
the Census 2011 of Spain in Barcelona. See Buildings with houses according to floors above
ground by districts. 2011 [67].
37

155

156

Chapter 5: Economic evaluation of Nearly Zero Energy Cities

Table 1. Distribution of buildings evaluated in Prosumers, Consumers and PV_Extra. Source:
[64–67].

Prosumers

Consumers
PV_Extra

COD |
Subtotal |
Total

No. of floors

Type of
building38

No. of
buildings

Electric
energy
consumption
[GWh/Year]

2F

2

A, B and C

12,463

61.787

3F

3

D

6,238

41.853

4F

4

I

4,842

245.457

5F

5

E and H

7,082

339.516

6F

6

F and G

8,075

274.779

Subtotal

N/A

N/A

38,700

969.363

Approach A

N/A

N/A

N/A

5,771.847

Approach B

N/A

N/A

N/A

3,225.927

N/A

No data

N/A

N/A

N/A

N/A

1

N/A

2,135

N/A

N/A

7

N/A

5,564

N/A

N/A

8

N/A

3,606

N/A

N/A

9

N/A

3,266

N/A

N/A

≥10

N/A

3,636

N/A

Subtotal

N/A

N/A

43,952

N/A

Total, Approach A

N/A

N/A

82,652

6,735.24

Total, Approach B

N/A

N/A

82,652

4,189.32

4.2

Packages evaluated

The initial data of the Packages-EEM obtained for the Prosumers are
presented in Table 2, and the Components that make up these
Packages are as follows. The number in brackets is the number of years
of useful life with which they were evaluated.

38

Type of buildings:
Single family detached house: A, built before 1951; B, built between 1951 and
1980; C, built between 1981 and 1990; D, built after 1990.
Multi-family building: E, built before 1951; F, built between 1951 and 1980 with
collective boiler; G, built between 1951 and 1980 without collective boiler; H, built
between 1981 and 1990; I, built after 1990.
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 Package 1 (Pg 1): Exterior façade insulation (50 years) + interior roof
insulation (50 years) + PVC windows and low emissive glass (N/A).
 Package 2 (Pg 2): Interior façade insulation (50 years) + interior roof
insulation (50 years) + PVC windows and low emissivity glass (N/A).
 Package 3 (Pg 3): Façade insulation in the chamber (50 years) +
interior cover insulation (50 years) + PVC windows and low emissive
glass (N/A).
 Package 4 (Pg 4): Exterior façade insulation (50 years) + exterior
covered insulation (50 years) + PVC windows and low emissivity glass
(N/A).
 Package 5 (Pg 5): Integral rehabilitation; EPS 2.36 inches exterior
façade insulation (50 years), MW 3.15 inches interior cover insulation
(50 years), boiler renovation (16 years), PVC frame windows and
4/16/4 BE glass (N/A).
 Package 6 (Pg 6): Low cost measures; Adhesive tapes and elastic
putty (10 years) + DHW aerators and flow reducers (30 years) + LED
lighting (20 years).
Table 2. Initial data of EEM for the evaluated Packages. Note: The initial investment cost
only refers to the cost of energy rehabilitation. Source: [66].
Item

Prosumer

Packages
Pg 1

Pg 2

Pg 3

Pg 4

Pg 5

Pg 6

Energy
savings [%]

2F

43.97

19.2

NA / NS

NA / NS

53.73

6.43

3F

35.5

15.5

15.1

36.1

44.6

6.2

4F

31.6

14.3

13.7

32.1

41.6

6.8

5F

41.4

18.75

NA / NS

41.8

51.1

6.95

6F

47.25

20.7

21.5

47.6

59

7.35

CII_EEM
[M€]

Total

2,348.6
26

1,971.5
04

1,364.6
05

2,192.3
95

2,209.6
92

52.547

CM_EEM
[M€/Year]

Total

36.228

20.260

34.566

36.228

36.228

36.228
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Regarding the PV generation capacity of the buildings selected from the
PV-Map, Table 3 presents the initial data that make up the six Packages
which have been evaluated. This study uses panels of 270W of 2m 2 and
generated energy calculated as a mean value 1,250 kWh/kWp·Year.
Table 3. Initial data of PV systems for the evaluated Packages. Source: [65]. Notes: *Endo_1;
**Endo_2; ***Total Endo.
Generation

Useful
surface
[km²]

Power [MW]

Generation
capacity
[GWh/Year]

CII [M€]

CM
[M€/Year]

Prosumers

1.924

181.823

227.301*

636.443

8.835

PV_Extra

3.307

312.509

390.665**

1,093.861

10.641

Total

5.231

494.332

617.966***

1,730.304

19.476

4.3

Tariff scenarios and energy consumption approaches
evaluated

4.3.1 Tariff scenarios
We evaluated the nZEC-Model of Barcelona using three electric tariffs
access to the grid in Spain, presented in [66,68], and the prices of energy
in the Iberian market presented in [69]. These tariffs include a fixed
charge and a variable charge for energy, which are different for
Consumers and Prosumers. In the case of the latter, the fixed charge
covers the bidirectional operation of the import and export of electricity.
The future value of these access tariffs was calculated using an annual
evolution rate (RX) of 1.575%, resulting from the average of the
Consumer price index (CPI) for the period 2017-2022 in Spain. Regarding
the price of energy, we use the hour profile of a model year built with the
average of the prices of the period 2014-2017.
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For Prosumers, as residential buildings, low voltage and power tariffs (<10
kV and ≤10 kW) were used, assuming an access power of 4.6 kW. This
value is in accordance with the average consumption of the dwellings of
the buildings characterized in the ICAEN-Study. In Scenario 1 (S1) a flat
tariff was used. In Scenario 2 (S2) a tariff of two intraday periods of hourly
discrimination was used. And in Scenario 3 (S3) a tariff of three periods of
discrimination was used39. Table 4 presents the values of these tariffs in
their power and energy charges. For Consumers, tariffs with and without
periods of hourly discrimination of power access of less than 1 kV and up
to 36 kV and with a lower power of 10 kW and up to 450 kW were used.
In each of these tariffs we assume a hypothetical access power to
calculate a single access power to the grid of 11.8167 kW for all buildings
of the Consumers. Because the objective of this paper was to study the
economic performance of Prosumers, the same electric energy tariff was
used for the Consumers in the three scenarios evaluated. Table 5
presents the value of the power and energy charges calculated for
Consumers.
Table 4. Tariffs of electric energy used for Prosumers in each of the scenarios evaluated.
Source: [68]. Note: *Denomination used in Spanish electric system; Winter (W); Summer (S).
Scenario
(S)

Tariff*

Period (Hours)

Power Charge
[€/Year]

Energy Charge
[€/kWh]

1

2.0A

Flat

174.999759

0.044027

2

2.0DHA

P1 (W: 12-22; S:13-23)

174.999759

0.062012

P2 (W: 22-12; S:23-13)

174.999759

0.002215

P1 (13-23)

174.999759

0.074568

P2 (23-1)

174.999759

0.017809

P3 (1-7)

174.999759

0.006596

3

2.0DHS

The tariff of three periods of hourly discrimination, called super-valley, was designed in the
Spanish electricity market with the purpose of promoting the introduction of the electric
vehicle. This tariff allows, at a low cost, users to recharge the batteries of this type of vehicle
at night, after 10 or 11pm and on into the early hours of the morning.
39
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Table 5. Tariffs of electric energy used for Consumers in all scenarios evaluated. Note: Tariffs
and access powers assumed, according to the denomination of the electric market in
Spain: 2.0A [4.6kW], 2.0DHA [4.6kW], 2.0DHS[4.6kW], 2.1A [10.35kW], 2.1DHA [10.35kW],
2.1DHS [10.35kW], 3.0A [15kW], 3.1A [26kW]. Source: Based on [70].
Winter

Summer

Period
(Hours)

Power
Charge
[€/Year]

Energy
Charge
[€/kWh]

Period
(Hours)

Power
Charge
[€/Year]

Energy
Charge
[€/kWh]

1-2

455.5225946

0.022218

1-2

455.5225946

0.022218

2–8

401.9505098

0.017808

2–8

401.9505098

0.017808

8–10

401.9505098

0.020611

8-9

401.9505098

0.020611

10-13

455.5225946

0.022218

9-10

443.4905825

0.021230

13-14

455.5225946

0.037364

10-11

455.5225946

0.022218

14–19

455.5225946

0.051554

11-12

489.0270513

0.022415

19-20

489.0270513

0.051752

12-13

513.0910991

0.023189

20-23

513.0910991

0.052525

13-14

513.0910991

0.038335

23-24

513.0910991

0.037378

14-16

513.0910991

0.052525

24-1

455.5225946

0.022218

16-17

489.0270513

0.051752

-

-

-

17-24

455.5225946

0.051554

-

-

-

24-1

455.5225946

0.022218

4.3.2 Energy consumption approaches
The nZEC-Model to Barcelona was evaluated according to three
different approaches based on the consumption of electric energy of
the city. The first of these approaches (Approach A) was configured
based on the consumption of the domestic, commercial and services,
industrial, transport and other sectors. The second approach (Approach
B) was configured based on the consumption of the domestic and
commercial sectors and services (62.2% of total consumption). And the
third approach (Approach C) focused on the consumption of the
Prosumers, thus analysing the investment towards nigh zero-energy
consumption of a community of buildings within the city.
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energy

consumption

and

PV

generation designed
The profiles of electric energy consumption and PV generation that were
used in the model were constructed based on the data of 2014-2017
hourly intervals of mainland Spain, presented in [69]: the total
consumption

to

construct

the

profile

of

the

Consumers,

and

consumption data in low voltage to construct the profile of the
Prosumers.

5 Results
5.1

General results

Taking into account that this economic evaluation addressed the
utilization of the PV generation capacity of 34.7% of the Barcelona's
rooftops (82,652 of a total of 238,213 included in the Map), and the
investment in EEM and PV self-consumption (with capacity of export of
surpluses to the grid) in 17% of its buildings, the main results are:
 On the basis that the city consumes between 6,700 and 7,000 GWh
of electricity per year, it has the capacity to reduce the primary
energy demanded by between 3.41 and 9.68%. This can cause a
reduction of between 4.16% and 12.25% in energy costs, and
between 5.16% and 11.43% in CO2 emissions.
 The investment required to generate these savings is 1.25 and 1.32
times the energy costs of the city over a period of 37 years, taking
into account that this investment covers the initial value and the
replacement of the technical components of the packages during
the same period.
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 The Package of general rehabilitation of the studied buildings
(Package 5) obtains the best results in terms of reduction of primary
energy consumption and CO2 emissions, as well as in energy costs.
 The low-cost Package (Package 6) obtained the Optimal-Cost from
the Global Cost study due to its low investment and maintenance
costs. But in terms of energy costs, the general rehabilitation
Package (Package 5) allows for better results (almost 8% less).
 The scenario of tariffs for three periods of intraday and hourly
discrimination gave a better result for the Global Cost.
 Regarding the results of the approach of the Prosumers (Approach
C), this community can reduce its primary energy consumption by
up to 51%, up to 70% of the CO2 emissions, and between 32% and
71.25% of its energy costs.

5.2

Consumption and generation profiles

In the graphics i-F4) and ii-F4), Figure 4 presents the profiles resulting from
the average of the 37 years of economic evaluation of the consumption
of Consumers and Prosumers and the generated endogenous energy. In
the case of the Consumers, their consumption is presented in the
approaches A and B. In that of the Prosumers, the consumption profile of
the Reference Case is presented and after the savings achieved with the
six Packages are evaluated. From top to bottom, these Packages are
ranked from lower (Package 6: low cost measures) to higher savings
achieved (Package 5: complete building rehabilitation). The same
graphs present the average profiles of generation Endo 1 (Prosumers
only), Endo 2 (PV_Extra only), and the sum of these two (T. Endo). The
graph ii-F4) presents the daily profiles of consumption and generation. As
shown here, the Endo 1 energy, at its generating peak, (between 12 and
3pm) exceeds the second consumption peak of the Prosumers with
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Packages 4, 1 and 5. In total during the evaluation period, Endo 1
covered 22.37% of the demand of the Prosumers Reference Case, and
Endo 2 covered 6.73%.
i-F4) Daily average of the annual profile

ii-F4) Hourly average of the daily profile

Figure 4. Profiles resulting from the average of the 37 years of economic evaluation. Note:
Consumers (Csr); Reference Case (RC); Approaches A (A) and B (B); Package 6 (Pg 6): Low
cost measures; Package 5 (Pg 5): Complete building rehabilitation.

5.3

Global Cost and Optimal-Cost

Figure 5 presents the results of the Global Cost (CG(T)) and the Global
Primary Energy Consumed (EGC(T)) in the graphical format of the
Optimal-Cost. Graph i-F5) presents the results of the approaches A and
B, and Graph ii-F5) presents the results of approach C. In the two graphs
the packages are ordered from right to left according to the
consumption of primary energy of the nZEC-Model. In these results, with
the exception of Package 2, the Global Cost increases in with energy
saving due to the packages costs. Approaches A and B share the same
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results in Global Investment and Running Costs, which were not
accounted for in their respective reference cases. The difference in the
Global Cost between these two approaches is therefore due to the
energy costs: Approach A analyses the coverage of the electric energy
demand of the whole city, and Approach B focuses on a demand 37.8%
lower (energy consumption of the domestic and commercial sectors
and services). The energy saving obtained with the packages of EEM
and PV self-consumption is crucial in reducing the Global Cost of the
model. Moreover, with each electric energy tariff scenario each
Package gives a different Global Cost: the lowest result is obtained with
the tariff of three periods of hourly discrimination (S3), followed by the
results of the tariff with two periods (S1). However, in the Reference Case
the two-period tariff allows obtaining the lowest Global Cost.
i-F5) A: Domestic, commercial and services, industrial, transport and other
B: Domestic and commercial sectors and services

ii-F5) C: Hypothetical community of Prosumers

Figure 5. Optimal-Cost graphics. Notes: T = 37 years; Reference Case (RC); Global Cost
(CG(T)); Global Primary Energy Consumed (ECG(T)) [GWh_PE/km 2].

5.4

Analyses of the energy, economic and environmental
benefits

To analyse the benefits obtained with the Packages in more detail, the
Effect-Index [23] indicator was calculated. This indicator is the sum of the
energy, economic and environmental benefits normalized between 0
and 1. Therefore, its result is higher if the energy saving and reduction of
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CO2 emissions are greater and energy costs are lower. Figure 6 compares
the results of Effect-Index with the results of the Global Energy Cost
(CEG(T)). Unlike the approaches A and B, in the approach C the lower
CEG (T) obtained in the scenario with three periods of hourly
discrimination (S3) allows obtaining a greater result in the Effect-Index.
This is because in this approach the economic results of the energy
exported by the Prosumers stand out without the results of the
Consumers.

Figure 6. Global Energy Cost (CEG(T)) and Effect-Index by Packages and Scenarios in each
evaluation approach.

5.5

Analysis of tariffs on the cost of energy

As seen above, the Package of general rehabilitation (Package 5)
obtained the most outstanding results in the Optimal-Cost, and the
greatest economic benefit was obtained in the scenario with three
periods of hourly discrimination (S3). From this, Figure 7 presents the
annual average hourly energy performance profile of this package. With
a ratio between exported and imported energy (EP/EI) of 0.31 in all
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scenarios, Scenario 3 presented a ratio between costs of exported and
imported energy (CE/IR) of 0.34 versus 0.26 and 0.31 in Scenarios 2 and 1
respectively. The greatest volume of income from the export of energy
(negative costs) occurred in the months of the middle of the year, when
the energy surpluses of self-consumption are higher.

Figure 7. Hourly average of the annual profile of the energy balance vs energy
costs (positives and negatives) of the Prosumers community (approach C) with
the energy savings of the Package 5 in the tariffs scenarios 1 (S1), 2 (S2) and 3
(S3).

Figure 8 extends this analysis by presenting the hourly average of the
daily profile in winter and summer, indicating the start of the intraday
periods of tariffs: P1 (peak), P2 (valley) and P3 (super-valley). In the tariff
without hourly discrimination (S1), graph i-F8), the costs (positives and
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negatives) follow the same curve as the energy balance: their ratios
EP/EI and CE/IR are equal to 0.27. Compared to S1, S2 and S3, graph iiF8), handle different energy and cost balances because the periods of
hourly discrimination are different in winter and summer. In these two
scenarios, the energy balance in winter obtained an EP/EI equal to 0.1,
and of 0.52 in summer; values that differ due to the variation of the
energy import depending on the PV generation between these two
seasons. However, the EC/IR is higher with the tariffs of three periods of
hourly discrimination that were studied in S3: 0.09 in winter and 0.64 in
summer, compared to 0.08 in winter and 0.43 in summer in S2. As shown
in the graph, this result is due to the fact that there is a marked
difference in the S3 between the costs of the morning, those of midday,
and those of the evening.
i-F8) S1: Flat tariff

ii-F8) S2: Peak and Valley intraday periods; S3: Peak, Valley and Super valley intraday periods

Figure 8. Hourly average of the daily profile of the energy balance and the energy costs
(positives and negatives) of Prosumers community (approach C) with the energy savings of
the Package 5 in the tariffs scenarios 1 (S1), 2 (S2) and 3 (S3).
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6 Conclusions
Faced with the emission of greenhouse gases due to covering the
energy demand of cities with fossil energy resources, the urban energy
transition is crucial in order to be able to achieve climate objectives
against global warming. This transition process aims to use renewable
energy resources in cities while reducing the consumption of external
energy resources of fossil origin.
Although each city has different conditions, any use of local energy
resources will reduce the consumption of primary external energy of fossil
origin. However, investment, maintenance and energy costs are yet to
be determined. This is the basis upon which the model proposed in this
paper and the study from which its results are presented. In this context,
this paper proposes a novel model to technically and economically
evaluate the energy self-sufficiency of these urban areas. This model
contributes by proposing the scalability in the simulation of Nearly Zero
Energy Buildings up to Nearly Zero Energy Cities scale.
Using public data from Barcelona, this model was applied to the selfconsumption study of this city. The objective was to analyse the scope of
the investment in the PV self-consumption of buildings in order to
promote the creation of communities of Prosumers within the cities. In
order to do so, we studied the investment of six packages of energy
rehabilitation measures and PV self-consumption in 38,700 buildings (2-6
floors), the investment in PV systems in the remaining 43,952 buildings
(53.18%), and we simulated 37 years (2013-2050) of the energy
performance of this city. The results indicated that the existence of
communities of nearly zero energy buildings sharing energy as Prosumers
helps reduce primary energy consumption and CO2 emissions of the city.
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Regarding the results obtained in the specific evaluation conditions of
the nZEC model for Barcelona, it is concluded that the general
rehabilitation Package (Package 5) presents better results in terms of
reduction of primary energy and energy costs and the tariff of three
periods of intraday discrimination allows greater benefits for PV selfconsumption than the flat tariff and the two-period tariff.
Within the process of energy transition, urban electrical systems go
through a stage of digitalization that seeks to make their operation more
flexible by involving consumers in the management of demand. Likewise,
the urban energy transition includes new services in the cities, such as
the aggregation of demand and the participation of Producers in
distributed generation. By taking advantage of the Nearly Zero Energy
Cities evaluation model presented here, the inclusion of these new
characteristics of the electric urban systems will form the basis of any
future work in the research area of this paper.
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CHAPTER 6
CONCLUSIONS
1 Summary and Concluding remarks
This Thesis consists of the study of the scalability of energy
sustainability, from a buildings level to that of a country, and analyse
the results of the technology strategy Smart City. These results are
related to the reduction of primary energy consumption and the
increase of energy self-consumption. This study approach is presented
in a novel way here in this Thesis on the hypothesis that, due to the
increase in the concentration of the urban population, cities tend to
be representative of the energy sustainability of their countries.
With this study approach, the main conclusion of this Thesis is that the
analysis of energy sustainability can be done from the perspective of
management effectiveness of the growing energy demand of cities,
which is what the Smart City strategy proposes. Thus, the use of the
local renewable resources of the cities and the active management
of the demand of the Smart City strategy are key elements to keeping
the energy security, energy equity and environmental sustainability of
the city-country binomial in balance.
With this, the energy effectiveness of Smart Cities can be measured as
the sum of the efficacy provision of urban energy service and the
efficient management of resources around distribution systems, such
as local renewable resources, infrastructure and economic resources.
Smart Cities allow the urban population to participate in its own
sustainability, which in the context of the current energy transition
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process means empowering the consumer in terms of their demand
to make operating the system more flexible as well as achieving the
necessary synergies to optimize the efficient management of the
local resources.
Therefore, energy sustainability is not inherent in Smart Cities. This city
strategy allows citizens to strengthen the energy sustainability of cities,
which tends to be that of the countries. To consolidate this analysis in
the context of the current process of system flexibilization within the
framework of the energy transition, the common element of the
chapters of this Thesis is the participation of the consumer in the
reduction of energy consumption and in the supply of electrical
energy as prosumer in nearly zero energy buildings. The conclusions of
the intermediate chapters are broken down below.
Although the Smart City strategy and Energy Sustainability are two
widely studied fields of knowledge, the relevance of the joint study of
these two topics is the main conclusion of the second chapter,
"Contribution of cities to Energy Sustainability". Based on the
hypothesis of the representativeness of the energy sustainability of
cities in their countries, this chapter gives an approximation to the
capacity of urban photovoltaic self-consumption to reduce CO2
emissions from the 125 countries of Energy Trilemma Index of the World
Energy Council. With this, the approach of other authors on the need
to coordinate the development of Smart Cities from local and
national governments is reinforced.
Chapter 3, "Electricity strategic conservation through Smart Meters
and Demand Side Response: A review" analyses the empirical scope
that has been achieved in terms of energy demand reduction by
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to
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information. The chapter carries out a broad and systematic review of
scientific references within this field of knowledge. Its main conclusion
is that the participation of the residential consumer in the reduction of
the energy consumption relies on taking advantage of the Smart
Meters to offer the user pertinent information and specific price
schemes that give them the possibility of changing consumption
patterns.
In Chapter 4, "A model for an economic evaluation of energy systems
using TRNSYS", a methodology is validated to economically evaluate
nearly/net zero energy systems. The conclusion of this chapter is to
validate that the economic evaluation of the technical and
environmental performance of energy systems is indispensable in
determining the viability of such investment. Also, this chapter
concludes that evaluating investment in Nearly Zero Energy Buildings
is necessary to promote energy saving strategies in cities through the
energy rehabilitation of buildings and self-consumption. In this sense,
the validation projects of the proposed model allow for the analysis of
the investment in a city of almost zero energy consumption in which
consumers, prosumers and energy producers participate in energy
self-consumption and the coverage of energy supply in a city.
Continuing directly with the analysis of chapter 4 and ending the
thread of the Thesis, chapter 5 validates a technical-economic
evaluation model of the energy and economic performance of the
distributed system of a city with almost zero energy consumption
(Nearly Zero Energy City, nZEC). The main conclusion of this chapter is
that the advancement of Smart technologies allows the self-
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consumption of cities to depend on the participation of different
economic agents (consumers, prosumers and producers), each with
different technological conditions. Therefore, the evaluation of the
energy and environmental results and the costs of urban selfconsumption depend on the analysis of the joint evaluation of the
energy and economic performance of these agents.

2 Contributions
The main contribution of this Thesis is the approach of scalability, from
a building level to that of a country, of the study of energy
sustainability in analysing the results of the Smart City technology
strategy. Each chapter contributed to the development of this
approach in the following way.
Chapter 2 starts with a review of the concepts of energy sustainability
and the Smart City, the description of the pertinence of their joint
analyses with the aim of contributing to the study of the transition
towards a decarbonised economy. And secondly, this chapter
contributes with the analysis of a new study approach for the Smart
Cities, based on the evaluation of its effectiveness: the sum of the
efficacy in the provision of urban services and the efficient
management of the resources for it.
The third chapter contributes in different ways: First, with the
description of consumer linkage for the effective functioning of Smart
Cities; second, with a description of the methodological approach of
the empirical work on Demand Side response; and third with the
tabulation of the results in energy saving that have been achieved in
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the empirical field of the Demand Side Response in the recent years
of deployment of Smart Meters.
The fourth and fifth chapters are contributions in themselves and are
related to each other. The fourth chapter contributes with the
proposal of a dynamic model of economic evaluation of the
investment of 1) energy projects that seek the reduction of energy
consumption and its associated costs, such as investment in systems
of the zero energy concept (Nearly Zero Energy Buildings or Cities);
and 2) investment in projects that seek to increase economic benefit,
such as investment in energy generation systems of producers.
Finally, the fifth chapter contributes with the proposal of a model for
the evaluation of the technical economic performance of Nearly
Zero Energy Cities, where consumer prosumers and energy producers
can participate in the energy supply of a city by taking advantage of
local renewable resources to reduce the consumption of external
energy resources.

3 Future research
The research covered in this Thesis opens the possibility of addressing
the following three broad research works in the future.
1. Designing a methodology for evaluating the energy sustainability
of cities that translates the indicators of the three pillars of the
Energy Trilemma Index to this scale, linking them with indicators
that evaluate the effectiveness of Smart energy systems.
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2. Expanding the application of the Nearly Zero Energy Cities
evaluation model to convert its results into an indicator of the
flexibility of urban electrical systems. For this, the model would
include the evaluation of the Demand Side Response together
with the evaluation of self-consumption and the evaluation of
local markets.
3. Expanding the scenarios and technologies evaluated with the
Nearly Zero Energy Cities model including:
-

Small wind turbines, electrical energy storage systems, and solar
use of facades and/or windows of buildings.

-

Urban electricity generation of producers in the evaluation of
local markets.

-

Greater resolution of the electrical demand of buildings.

-

The recharging of electric vehicles, e-mobility, in accordance
with

Directive

(EU)

2018/844,

which

modifies

Directives

2010/31/EU, on the energy efficiency of buildings, and the
2012/27/EU, relative to energy efficiency.
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