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2021
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A mis padres
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I used to dream

I used to glance beyond the stars

Now I don’t know where we are

Although I know we’ve drifted far

Michael Jackson’s Earth Song, 1995
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Resumen

REQUISITOS SOFTWARE PARA LA EFICIENCIA ENERGÉTICA EN LOS SISTEMAS

DE INFORMACIÓN: CATÁLOGO Y APLICACIONES

Las tecnologı́as generan riqueza y bienestar en las modernas sociedades actuales [1]. Su uso

está muy arraigado [2] y presente en multitud de ámbitos cotidianos como la salud, la banca

electrónica y la prensa [3]. A pesar de la gran aportación que hace la tecnologı́a a la comu-

nidad, la concienciación en el gasto energético no está tan extendida entre los usuarios [4].

Además, la ubicuidad que presentan los dispositivos móviles, incrementa su utilización y au-

menta la demanda de energı́a. En general, el uso que se hace de los dispositivos tecnológicos es

despreocupado en términos energéticos [5].

La producción de energı́a tiene un gran impacto en el medio ambiente cuando proviene de

fuentes no renovables [6]. Existe la creencia errónea de que el gasto unitario de un disposi-

tivo electrónico supone un nivel de contaminación tan bajo que es despreciable. A nivel local

puede ser cierto pero el elevado número de aparatos electrónicos que funcionan actualmente

en el planeta (hay más números móviles que habitantes en los paı́ses) hace que el impacto sea

significativo [7, 8]. Esta situación lleva a pensar que el comportamiento individual es clave para

lograr un uso responsable de la energı́a. Además, la situación alarmante del medio ambiente

acelera la consideración de la eficiencia energética como un atributo de calidad en la tecnologı́a,

reduciendo su repercusión en el planeta.

El impacto que genera la producción de energı́a para el uso de la tecnologı́a es muy impor-

tante a nivel mundial [9]. El sector TIC generó en 2016 un total de 196 Mt de CO2 que fueron

arrojados a la atmósfera. Esta cantidad podrı́a crecer en un 16% en 2040 [10]. Por otro lado,

están surgiendo importantes iniciativas para reducir las emisiones y contribuir a un planeta

más verde. En 2015 un total 10 TWh provenientes de energı́as renovables fueron gastados por
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las principales compañı́as de Estados Unidos. Esta cifra se incrementó en 18 TWh en 20181.

Muchas ciudades del planeta se abastecen hoy dı́a con el 100% de energı́as de fuentes reno-

vables, algunos ejemplos: Burlington (Estados Unidos), Reykjavik (Islanda) y Basilea (Suiza)2.

A pesar de las dificultades causadas por la crisis mundial de la pandemia de COVID-19, existe

cierto optimismo sobre la aceleración de la transición hacia la producción de energı́a sostenible

con el desarrollo de las tecnologı́as limpias3.

Dada la situación actual de deterioro del medio ambiente surge la necesidad de ofrecer solu-

ciones tecnológicas que sean más sostenibles. Tradicionalmente se ha trabajado en producir

energı́a más ecológica, ası́ como en generar dispositivos hardware que requieran de menos

energı́a para funcionar. Sin embargo, el software, que gobierna el funcionamiento del hardware

también tiene un papel importante de cara a reducir el consumo energético de la tecnologı́a. En

esta tesis doctoral se planteó la siguiente hipótesis.

La reducción del consumo de energı́a que un sistema software genera en un sistema

hardware puede alcanzarse mediante la reutilización de un catálogo de requisitos de

software.

Los requisitos en los proyectos software son fundamentales a la hora de definir la solución

tecnológica a un problema determinado. El nivel de detalle de una especificación de requisitos

software varı́a en función del tiempo y esfuerzo que se le dedica en las etapas iniciales del

proyecto. Es muy frecuente que la eficiencia energética del software no sea considerada en el

ciclo de desarrollo. Ante esta situación surge la necesidad de definir un artefacto que promueva

el uso de los requisitos sobre consumo energético de los sistemas de información (SI).

Los requisitos en sostenibilidad comprenden el conjunto de caracterı́sticas del software que

generan un cambio en el consumo energético de un sistema hardware. Dentro del ahorro ener-

gético que se puede obtener a través del software se definen dos perspectivas principales, Green

in Software y Green by Software [8]. En la primera de ellas se pretende que el proceso de

desarrollo del software, ası́ como el producto software, sea más eficiente desde el punto de vista

1https://www.epa.gov/greenpower/green-power-partnership-top-30-local-government
2https://www.cdp.net/en/articles/cities/over-100-global-cities-get-majority-of-electricity-from-renewables
3https://www.iea.org/news/reaching-energy-and-climate-goals-demands-a-dramatic-scaling-up-of-clean-energy-
technologies-starting-now
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energético. Con el segundo término se pretende definir que un sistema existente se convierta en

verde, requiriendo de menos cantidad de energı́a, ya que ha sido complementado con un nuevo

software que lo hace más eficiente.

No es inmediato comprender cómo un código software puede generar un mayor o menor

consumo en el sistema. A modo de ejemplo, las tonalidades de color mostradas en una interfaz

gráfica pueden suponer una variación importante en el consumo energético del monitor. La

tecnologı́a de pantalla thin-film transistor (TFT) se caracteriza por cubrir cada pixel con un

obturador para tapar la retroiluminación. Con ello se logra mostrar los colores oscuros de la

imagen. Por otro lado en la tecnologı́a organic light-emitting diode (OLED) se apaga el pixel

para mostrar el color negro, permitiendo mostrar tonalidades más oscuras. Se puede intuir que

con tecnologı́as TFT es mejor utilizar colores claros para evitar mover el obturador del pixel y

con ello gastar más energı́a de la que se requiere de base para el funcionamiento del monitor.

Por el contrario, en tecnologı́as OLED es mejor utilizar tonalidades oscuras en las interfaces de

usuario que evitan encender el pixel. Este sencillo ejemplo sirve para ilustrar cómo la toma de

decisiones tan básicas como es el color de la interfaz impactan en el consumo energético. En la

mayorı́a de casos no es sencillo abordar los requisitos de sostenibilidad, ya que la tecnologı́a en

la que se va a emplear el software puede ser muy diversa.

La producción y consumo de la energı́a es un objetivo prioritario por las Naciones Unidades

(UN). En la Agenda de 2030 para el Desarrollo Sostenible se proponen un total de 17 objetivos

a cumplir entre los gobiernos de los paı́ses. El fin es promover un crecimiento respetuoso con

el medio ambiente. En particular, el objetivo número 7 se centra en la producción de energı́a

asequible y no contaminante. En la actualidad, se observa que la energı́a está más accesible en

los paı́ses más pobres y su producción con fuentes renovables se está generalizando. En este

objetivo destacan los siguientes datos: 1) la energı́a es el factor principal que impacta en el

cambio climático y representa el 60% de las emisiones de gases de efecto invernadero a nivel

mundial; 2) en 2015 el consumo de energı́a de fuentes renovables fue del 17,5%4.

Las principales contribuciones de la investigación realizada durante la etapa predoctoral son

las siguientes: (1) exponer la situación real de la aplicación de medidas y hábitos de sostenibi-

lidad en el software; (2) detectar las lagunas y dificultades que afronta un ingeniero informático

a la hora de desarrollar software sostenible; (3) proponer un artefacto que permita facilitar la

4https://sdgs.un.org/es/goals
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tarea de generar software con aspectos de eficiencia energética; (4) validar el artefacto.

En primer lugar se estudió la literatura sobre sostenibilidad en tecnologı́as de la información

(TIs) con parámetros bibliométricos. Los análisis de la literatura basados en parámetros biblio-

métricos se conocen como estudios bibliométricos. No están muy extendidos en la literatura

cientı́fica actualmente, y se concentran básicamente en revistas especializadas en cienciometrı́a

y bibliometrı́a. Al observar las tendencias, los valores de los parámetros y gráficas es posible

conocer rápidamente la situación actual de un determinado campo de estudio. En el trabajo

realizado se utilizó la base de datos Scopus para buscar los artı́culos. La construcción de la

cadena de búsqueda fue extensa, ya que la nomenclatura que se utiliza en este ámbito de la

literatura es muy variada. Se analizaron los parámetros bibliométricos generados a partir de un

total de 4.398 artı́culos. Como resultado de este estudio se observó que existe una tendencia

alcista en el número de publicaciones por año. El hecho de que el número de publicaciones

aumente con los años refleja la importancia que está adquiriendo la sostenibilidad tecnológica.

Los artı́culos que se publican en esta temática son en su mayorı́a artı́culos de congreso, lo que

puede ofrecer una comunicación más directa entre autores de cara a proponer soluciones en el

corto plazo [11].

Un conjunto de empresas de desarrollo software en la Región de Murcia fueron seleccio-

nadas con el fin de conocer los hábitos y prácticas de los trabajadores en software sostenible.

El objetivo era analizar las medidas adoptadas en sostenibilidad durante el desarrollo de soft-

ware y los mecanismos empleados para producir software sostenible. Se escribió una encuesta

sobre software sostenible con la finalidad de recabar la información de los profesionales. En

la encuesta se presentaron diversas alternativas sobre eficiencia energética en el ciclo de vida

del software. Los hábitos y prácticas en software sostenible se contrastaron con la literatura.

Con el fin de dar soporte institucional a la actuación se solicitó la participación de miembros de

organizaciones públicas como la Dirección General de Medio Ambiente y la Dirección Gene-

ral de Informática Corporativa de la Comunidad Autónoma de la Región de Murcia (CARM).

Además, se gratificó a los participantes con un diploma en el que se mostraba su interés por

colaborar en iniciativas sostenibles tecnológicas en el ámbito de la empresa. Entre los princi-

pales resultados destacó que el reuso de código, de requisitos y de especificaciones, ası́ como, el

testeo y la integración continua fueron las prácticas que los profesionales consideraron funda-

mentales para generar software sostenible. Las lı́neas de producto software, el big data o la
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minerı́a de datos, junto con el internet de las cosas y la realidad virtual y aumentada fueron las

que menor impacto se consideró que podı́a generar en el software sostenible [12].

Ante los resultados obtenidos en la encuesta se puso de manifiesto la importancia que

tiene para los profesionales del software el reuso de requisitos en el desarrollo de software

sostenible. La principal contribución de la tesis doctoral es un catálogo de recomendaciones que

sirve de guı́a en el software energéticamente eficiente. El artefacto se nombró como Catálogo

de Sostenibilidad (CAT-SUST). CAT-SUST se organizó por secciones teniendo en cuenta el

estándar IEEE 29148. Cada una de las recomendaciones fue propuesta en base a la literatura y

validada con mediciones de consumos de energı́a. Para la realización del catálogo se analizaron

un conjunto de sistemas de Carpeta Personal de Salud (del inglés Personal Health Record,

PHR), que son: HealthVet, HealthVault, NoMoreClipBoard, PatientsLikeMe y Health Compa-

nion. Se definieron un conjunto de tareas representativas en los PHRs, que se realizaron durante

la medición de consumos de potencia en los principales componentes de un PC (disco duro,

procesador, tarjeta gráfica, monitor y fuente de alimentación). Posteriormente, se analizaron

las interfaces gráficas de usuario (GUI) de los sistemas mencionados con el fin de estudiar el

impacto que producen en el consumo energético cuando se implementan las recomendaciones

propuestas en CAT-SUST. En el catálogo mencionado, cada recomendación consta de un iden-

tificador, una descripción y un componente de validación, que puede ser una tarea validadora

de la recomendación o una cita bibliográfica (ver artı́culo número 3 del compendio de publi-

caciones) [7]. En diversos trabajos posteriores, incluidos algunos de ellos en esta tesis como

Artı́culos en Revistas JCR no Consideradas en el Compendio de la Tesis, se estudió de nuevo

el impacto de las recomendaciones en el consumo energético. En los trabajos mencionados se

evaluó, además, la usabilidad de los PHRs. Se emplearon para ello los principios de usabili-

dad de los autores Alan Dix [13] y Jakob Nielsen [14] como heurı́sticas. Los resultados de las

evaluaciones de usabilidad se compararon con los consumos de energı́a con el fin de detectar si

un sistema con un resultado en usabilidad alto puede requerir al mismo tiempo menos energı́a

para su funcionamiento [15].

Un catálogo como CAT-SUST facilita la tarea al desarrollador de cara a tener una guı́a para

construir software sostenible. En la literatura no es muy frecuente encontrar artefactos con el

mencionado fin [16]. Además, la variabilidad de la tecnologı́a hace complicado generalizar

su uso. No obstante, en la actualidad existen diversas soluciones tecnológicas que permitirı́an
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reducir este problema que se puede dar inicialmente. A modo de ejemplo se podrı́a utilizar un

entorno de desarrollo integrado de software (IDE) provisto de inteligencia artificial que permita

proponer estructuras de código que sean más sostenibles con el hardware a utilizar. También se

plantea la posibilidad de que en el momento de instalar un software en un sistema determinado

se pueda realizar una compilación parcial condicionada que asuma aspectos de sostenibilidad.

La compilación parcial permitirı́a adecuar las caracterı́sticas del software al sistema hardware a

utilizar con el fin de que sea más eficiente energéticamente.

Se plantea la posibilidad de realizar un experimento con el que demostrar que para un hard-

ware determinado, el software puede variar el consumo energético de forma destacada. En esta

lı́nea se podrı́a desarrollar un compilador que determine las instrucciones a ejecutar en función

del hardware en el que la aplicación se va a usar. El IDE también podrı́a sugerir el código fuente

que genere un menor consumo en el hardware.

Con los resultados obtenidos en la presente tesis se ha demostrado que a través del soft-

ware es posible reducir el consumo energético en un determinado hardware. Bien es cierto

que la solución planteada es limitada. No obstante, se continuará trabajando en esta lı́nea de

investigación para enriquecer el catálogo, proponiendo además un modelo de auditorı́a de la

sostenibilidad energética en función de las recomendaciones implementadas en los sistemas

software.
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1 Introdution

Information and Communication Technologies (ICT) are rooted in modern societies [2]. They

create wealth and welfare [1], and can be found in several areas of everyday life, such as health,

financial or media sectors [3]. Despite their important contribution to the community, their

massive usage is not accompanied by a widespread energy awareness [4]. In most of cases

electronic devices are used carelessly in terms of energy consumption. Moreover, the ubiquity

of the information systems (IS) increase their use and, therefore, the demand of energy [5].

Energy production has a major impact on the environment when non-renewable resources

are used [6]. There is a mistaken belief that the use of a single electronic device generates such a

small amount of pollution that it is negligible. This idea might be truth from a local perspective.

However, the high number of electronic devices on the planet makes the total impact significant

[7, 8]. Thus, individual behaviours are key to achieve a responsible energy use. In this vein,

energy efficiency is gaining popularity lately as a quality attribute of the ISs, making users do a

more considerate use of energy.

ICTs release big amounts of CO2 into the atmosphere [17]. A total of 196 Mt CO2 were

generated in 2016 because of the ICT sector [10]. In addition, the Greenhouse Gas Emissions

(GHGE) coming from ICTs are expected to raise 14% of the levels in 2016 by 2040 [18].

Major changes to address the current situation are necessary not only from individuals but from

the governments too [19]. Only the power and heavy industry together generate the 60% of

the emissions nowadays, and these levels could increase to nearly 100% in 20501. It is not

surprising that today the ways of life of the past are being questioned2. It is worth noting

that the impacts of the current COVID-19 pandemic has lead to an important decreasing in

the estimates. As an example, it is expected the global energy demand had decreased by 5%

1https://www.iea.org/reports/energy-technology-perspectives-2020
2https://www.dw.com/en/what-will-be-the-future-of-tourism-in-venice/a-53823135
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in 2020. Moreover, energy-related CO2 emissions could have disminished by 7% in the same

year3.

The UN elevated the international commitments from global stakeholder to grant access

to affordable, reliable, sustainable and modern energy supplies all over the world. The 2030

Agenda for Sustainable Development of the UNs consists of a collection of 17 Sustainable

Development Goals (SDGs). All of them are an urgent call to all countries tackling climate

change and preserving the environment4. Particularly in the 7th SDG, the shares of renewable

energy consumption should remarkably scale, increasing simultaneously the efficiency use of

energy [20]. The impact that technology generates in the environment is remarkable world-

wide. The power generated from renewable resources and spent by the technology companies

in the EEUU had increased over the last few years. About 10 TWh were spent in 2015, and this

amount of power increased to about 18 TWh in 20185. Nevertheless, important challenges are

being accomplished lately with the supply of energy 100% from renewable sources in mega-

lopolis such as Sydney6. In addition, energy saves are very important given the alarming situa-

tion of the planet. The European Strategic Energy Technology claims that a 80% reductions in

GHGE from the energy production sector should be achieved by 2050 [21]. It is observed that

ICTs impact on future of global energy consumption [22]. ICTs can reduce pollution by increa-

sing energy efficiency [9]. However, the net benefits of ICTs in the environment are not always

guaranteed [23]. Technological inefficiency becomes a major barrier to achieve sustainability

[24]. The use of ICTs to reduce energy consumption may not be enough. In order to broaden

the objectives in energy consumption by using technology, it is noted that software can also be

a key factor to be taken into account7. In addition, as the UNs say “green is clean”, this goal

can be achieved by adopting green technologies [25].

Energy efficiency in technology can be achieved from either a hardware or software pers-

pective. In the former, electronic designs are carried out by minimising as much as possible the

amount of energy to operate. In the latter, the aim is to design the software in such a way that

governing the operation of the hardware achieves the lowest possible consumption. In addition,

3https://www.iea.org/reports/world-energy-outlook-2020
4https://sdgs.un.org/es/goals
5https://www.epa.gov/greenpower/green-power-partnership-top-30-local-government
6https://www.euronews.com/living/2020/07/01/city-of-sydney-now-runs-on-100-renewable-energy
7https://www.networkworld.com/article/2861005/energy-aware-software-design-can-reduce-energy-
consumption-by-30-to-90.html
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the aim is also to produce the lowest possible energy expenditure during software development.

The aforementioned ideas define the concept of sustainable software. The literature proposes a

set of 2 definitions of sustainable software, green in software and green by software. The former

focus on building software and the process of developing software that is more energy efficient.

In the latter attention is paid on achieving energy efficiency via software use [8].

Sustainable software arises with the aim of reducing energy consumption, as it has been

observed that software can influence energy needs. There are several factors that determine

the impact of software on energy consumption. Currently, ISs that have addressed energy effi-

ciency aspects from a software perspective are not very common. However, the dissemination

of energy efficiency achieved through software is gaining momentum in the literature. The

Karlskrona Manifesto is a starting point for defining sustainable software from the Software

Engineering perspective. It lists a number of principles and commitments to be taken into

account to improve software sustainability. A total of 5 dimensions are defined: Individual,

related to the perseverance of human capital; Social, the maintenance of solidarity and services

in social communities; Economic, the generation of capital and added value; Environmental,

the improvement of welfare with the protection of natural resources; and, finally, Technical, the

guarantee of the longevity of ISs and infrastructures and their appropriate evolution [26].

Software quality can have direct implications for energy consumption. Quality can be classi-

fied into several factors such as correctness, reliability, efficiency, integrity, usability, maintai-

nability, flexibility, testability, portability, reusability and interoperability [27]. The research

of this thesis postulated that a system with high software quality characteristics can be energy

efficient at the same time. Among the different quality attributes that can affect the energy

consumption of software, emphasis was placed on usability. The reasons for selecting usability

were due to the fact that usability enables systems to be used comfortably by users [28]. In

addition, usability has been rated as one of the most important factors influencing the acceptance

of systems [29]. Applications with high usability features allow tasks to be performed more

quickly [30].

Energy efficiency in software must be at the heart of debate in order to achieve clean techno-

logy with the least possible damage to the environment. Indeed, population growth will gene-

rate a high demand for information in the future, further degrading the environment. Energy

consumption must therefore be carefully considered in ISs. As an example, the healthcare is one

3



of the critical sectors that will face major challenges in terms of energy efficiency. The existence

of devices such as wearables, which are very present today, illustrates how modern information

societies demand more technology and availability of information everywhere. Another exam-

ple are the personal health records (PHRs). They are electronic health systems, which allow

users to keep track of the evolution of the diseases they suffer from. PHRs allow medical

data to be stored by the patients themselves. These systems are being implemented in many

health services. Although they are not widely known, studies indicate a predisposition on the

part of users to adopt the aforementioned technology [31]. The number of users grew rapidly

and exceeded 31 million members in 2013 [32]. Some of these systems were very popular

by the end of 2020. As an example, in Kaiser Permanente8 there were more than 12.4 mi-

llion registered users, more than 3.25 million in HealthVet9, and more than 0.8 million users

in PatientsLikeMe10. PHRs were used as a case study in this research to evaluate the energy

efficiency of ISs.

The papers submitted to the thesis compendium are in line with the research on sustainable

software. In this regard, a study of the literature concerning sustainable technologies was per-

formed. This analysis allowed to know the current status of the aforementioned topic in terms

of bibliometric parameters. Variables such as number of publications, tendencies in the number

of papers through the years or the cooperation between authors from different institutions and

countries were studied. Moreover, they exposed that the research topic is increasingly popular.

The results of this study were published in the journal named Sustainable Development, JCR

Q1 [11].

In addition to the aforementioned work, information on the current situation of sustainable

software in technology companies was extracted through a survey. A relevant amount of wor-

kers from a collection of targeted companies were offered to complete a survey. The respondents

showed interest in the topic of research. However, there was not a clear idea on what sustainable

software is and how to take its considerations into the work they do daily. The results of the

survey were published journal named Applied Science, JCR Q2 [12].

The PHRs HealthVet, HealthVault, NoMoreClipBoard, PatientsLikeMe and Health Com-

panion were used as sample software in an empirical study. They allowed to identify which
8https://about.kaiserpermanente.org/who-we-are/fast-facts
9https://www.myhealth.va.gov/mhv-portal-web/webusers
10https://www.patientslikeme.com/about
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software factors influenced the energy consumption of the different components of a PC (i.e.:

hard disk drive, processor, graphics card, monitor and power supply). The analysis of the power

consumption, together with the characteristics of the graphical user interfaces (GUIs), allowed

to build a collection of recommendations to develop sustainable software (CAT-SUST). The

purpose of the CAT-SUST artifact was to promote and help technicians producing sustainable

software. CAT-SUST can be applied to any kind of IS, and employed for audit purposes. The

results of this study were published journal named Journal of Cleaner Production, JCR Q1 [7].

Finally, usability assessments of the GUIs in the aforementioned systems were carried out.

The correlations between the usability evaluations and the energy consumption measurements

were studied. This analysis allowed to perform a preliminary validation of the CAT-SUST

artifact. A total of 2 papers were published with the results of the experiments in 2 high impact

factor journals. They are exposed at the beginning of this dissertation as Papers in JCR Journals

not Considered in the Thesis by Compendium [15].

The reminder of the dissertation is organised as follows. Section 2 presents the main hy-

pothesis of this study. In Section 3 the thesis objectives are described. In Section 4 the research

method followed is introduced. In Section 5 the papers that make up the thesis by compendium

are shown. Finally, in Section 6, conclusions and future work are drawn.
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2 Hypothesis

Quality is an important factor in the development of software applications. High quality soft-

ware offers advantages, which are key in the evolution of technology. The budget and time are

limited when it comes to tackling a software project. Therefore, the allocation of resources is

key to achieving a solution that meets the demands of the stakeholders in the best conditions.

Energy efficiency is gaining popularity in software systems. In fact, software that generates

low hardware power consumption is considered quality software [33]. This feature stands out

between other important software quality factors, such as usability, functionality, security, acce-

ssibility, etc. However, studying the energy consumption in the components of a host machine

with a running software system is a complex task. Traditionally, the focus has been on hardware

to reduce energy consumption. However, software can also contribute significantly to energy

consumption.

The main problem concerning the energy consumption that software generates in the hard-

ware is the variety of technologies available when developing a system. Achieving hardware

power reduction through software is difficult in general. Each energy tradeoff in software is

designed for a particular technology, which makes sustainable software a very broad technical

issue to deal with. For example, depending on the technology of the monitor, it is better to

use in the GUI white tonalities (i.e., TFT) or dark tonalities (i.e., OLED) to save energy. The

number of lines in an algorithm can also make the code more energy efficient. However, if the

software and hardware technologies are clearly determined in the system to be built, technicians

can follow specific sustainable software recommendations. In this way, a software system with

reduced energy consumption might be achieved. Currently, collections of requirements for pro-

ducing sustainable software are very scarce [16, 34]. It is therefore important to devote more

research efforts to achieve this goal.

This thesis studied the impacts on the energy consumption of the main components of a PC

6



given the characteristics of the GUIs of the PHRs. To better understand the scope of the study,

the following hypothesis was proposed.

H. Reducing the energy consumption a software system generates in a hardware system

can be achieved through the reuse of a software requirements catalogue.
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3 Goals

There is currently a significant gap on how to address energy consumption features in software

projects [35]. The software development cycle and the software product often lacks energy sa-

ving aspects. Therefore, the following main objective was set.

G.1. Define an artifact to make it easier for software developers to build energy-aware

software.

This objective was divided into smaller, more manageable objectives in order to organise

the research work. The sub-objectives are as follows.

G.1.1 Knowing the current management of the development processes for Green Software Sys-

tems (GSSs)

The definition of this objective allowed to know the current situation regarding the management

of software processes in the technology industry. Methodologies ranging from prescriptive to

agile can be applied according to the characteristics of the software project. However, in both

cases, sustainability aspects are neglected. Keeping this objective in mind, it was possible to

address the goal of the research in a more precise way.

G.1.2 Defining Requirements Engineering (RE) artifacts for GSSs

This thesis is based on the idea of requirements reuse. To address the gap detected in the

literature, an artifact was proposed . It consists of a catalogue with recommendations for the

production of green software (i.e.: green in software). The aforementioned catalogue aims at

facilitating the reuse of requirements as in the case of the Simple Reuse of Software Require-

ments catalogue (SIREN). CAT-SUST allowed to address the main objective to be achieved,
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which is to make it easier for technicians to develop sustainable software [7]. A collection of

recommendations for sustainable software should be a common artifact frequently consulted.

Further work would lead to a more complex set of recommendations.

G.1.3 Testing of requirements to the green aspects of a software system

The aforementioned recommendations were validated with several basic empirical studies. The

results showed that the implementation of the recommendations can lead to a decrease in the

power consumption of the main PC components.

G.1.4 Validation of proposals for greenability, in relation to the above objectives

To generalise the results, several experiments were carried out in which, in addition to con-

sidering the energy efficiency of the software, the usability of software systems was evaluated.

The conclusions of the aforementioned experiments were analysed, allowing the artifact to be

validated [15].
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4 Methodology

In the work presented in this dissertation the research tasks were carried out using Design

Science Research (DSR) [36]. This method was employed to define the problem, organise

the research and set an artifact with which to address the detected problem. From this research

it was observed that in Software Engineering it is not usual to deal with the aspects of energy

consumption. Prioritising the time and cost of the software solution undermines the attention

paid in projects to the technical characteristics that include energy consumption. In addition,

there is a general lack of knowledge on how to produce sustainable software. In this research

the software development processes were analysed. Furthermore, an artifact was proposed in

order to assist in the software development cycle and reduce energy consumption. The artifact

resulting from this research was validated by carrying out the following steps: 1) description of

the objectives to be pursued; 2) selection of the evaluation protocol; 3) setting the characteristics

to be evaluated; and 4) specific planning of the evaluation. The main work and methods used

during the doctoral phase are described below.

First, a quantitative analysis of the literature [37] allowed us to observe the academic rele-

vance of the research topic introduced in this dissertation. A bibliometric study [38] was con-

ducted to analyse the current status of publications on sustainable technologies. The afore-

mentioned literature review provided the state of the art on the objectives of the thesis from a

bibliometric perspective. Bibliometric studies provide researchers with an overview of the rele-

vance of a topic. A wide variety of bibliometric parameters are analysed in these studies. The

aspects covered range from descriptive analysis, author output, journal productivity, scientific

collaboration, author citation analysis and journal citation analysis between others [11].

In addition, an empirical study was carried out to meet the objectives of the thesis. Empirical

studies can be divided into 3 main types, which are experiment, survey and case study [39].

The empirical study carried out consisted of a survey. The Transtheoretical Model (aka Stages
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of Change Model) [40] allowed to categorized the respondents according to their willingness

to keep or change habits and practices on sustainable software. Technicians from technology

companies in the Region of Murcia sent their responses, which made it possible to gather first-

hand information on the current situation.

It is worth noting that several strategies were followed to attract more participants to com-

plete the survey [41]. On the one hand, the survey was available online, allowing participants to

complete it at any time [42]. Members from 2 public institutions, one of them related to ICTs

and the other one with the environment, both from the CARM government, were invited to

support the research. Moreover, leading members in corporate social responsibility at the Uni-

versity of Murcia and CARM agreed on cooperating. Their contribution consisted in signing

diplomas to the participants, recognizing their interests on sustainable software. Some results

of the survey, highlighted the reuse of software requirements as one of the most recognized

habit to achieve sustainable software. In addition, testing and continuous integration were the

practices that technicians considered fundamental for sustainable software. On the contrary,

software product lines, big data or data mining, along with the internet of things and virtual and

augmented reality were seen as having the least impact on sustainable software [12].

Since the reuse of code, requirements and technical specifications was the factor that the

technicians considered most important to achieve software energy efficiency, the topic of inves-

tigating requirements in sustainable software was addressed. It is worth noting that software

requirements reuse was a pioneering idea of researchers from the Software Engineering Re-

search Group at the University of Murcia. In particular, a requirements engineering method was

proposed to make it easier the elicitation of requirements through reuse (SIREN). The method

provides with a reusable requirements repository, a spiral requirements engineering model and

a set of requirements document templates [43]. SIREN was employed as a strategy to obtain a

collection of recommendations aiming at promoting the reuse of sustainable software require-

ments.

An empirical study was conducted with the aim of responding to the main finding observed

in the previous study. The empirical study carried out consisted of an experiment. The energy

consumption data of the main components of a PC (i.e. hard disk, processor, graphics card,

monitor and power supply) were studied. For this work PHRs were used as a case study [44].

A set of typical tasks were selected to represent a typical use of the aforementioned systems
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[45, 46, 31]. During the performance of the tasks in the PHRs, the amount of energy was

measured by means of probes connected to the aforementioned components. This work allowed

to study the characteristics of the GUIs and their impact on energy consumption. As a result, a

catalogue of recommendations was obtained that covers the reuse of requirements in sustainable

software [7, 15].
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5 Full copy of the papers

This section presents the papers that have constituted the compendium of the doctoral thesis.

The PhD programme in Computer Science at the University of Murcia based on the Royal

Decree 99/2011 allows this form of presentation of the thesis dissertation.

Sustainable technologies are a means that can guarantee energy efficiency with less impact

on the planet. The articles of the compendium are related by goal number 7 of the 2030 Agenda

for Sustainable Development. The study of the relevance that sustainable technologı́es have on

the literature was addressed. The first paper is a bibliometric study on sustainable technologies.

The article was published in 2019 in the journal Sustainable Development, Q1 and with an im-

pact index of 4.082 [11]. In addition, the current situation in software development companies

was analysed to find out whether sustainable software concepts are applied. The following arti-

cle presented the study of a survey at technology companies in the Region of Murcia on habits

and measures for the development of sustainable software. The article was published in Applied

Science in 2018 [12]. The journal is open access, Q2 and has an impact index of 2.217. Finally,

an experiment was carried out to study the energy consumption of a PC. The aforementioned

research extended the knowledge on energy efficiency that can be achieved with software. A

catalogue of sustainable software requirements was developed. The findings were published in

the Journal of Cleaner Production. The year of publication was 2021 [7]. The journal in 2019

was Q1 with an impact index of 7.246.
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5.1 Paper 1

Title Green IT and sustainable technology development: Bibliometric
overview

Authors José A. Garcı́a-Berná, José L. Fernández-Alemán, Juan M. Ca-
rrillo de Gea, Joaquı́n Nicolás, Begoña Moros, Ambrosio Toval,
Javier Mancebo, Félix Garcı́a, Coral Calero

Type of publication Journal

Source title Sustainable Development

Year 2019

Volume 27

Number 4

Abstract Green information technologies (GITs) constitute a field of re-
search, whose objective is to reduce the environmental pollution
caused by masses of people using and producing technology. This
paper describes the search for literature related to GIT and tech-
nology sustainability in Scopus database. No restriction was im-
posed on the time period when carrying out the search. The
data gathered revealed that the journal with the highest number
of publications is Computer, and the most prolific author is To-
moya Enokido, with 45 publications. A total of 53.12% of the
documents found in Scopus were Conference Paper. Although
no statistically significant differences were detected, countries in
the group with less CO2 kton emissions per inhabitant and less
income per capita have a higher percentage of publications. The
reduction of power consumption in the cloud data centers is a hot
topic for future work, because the word cloud appeared in 9 out
of the 10 most frequently cited papers.

DOI https://doi.org/10.1002/sd.1927

State Published

Contribucions 1) Description of literature by means of bibliometric parameters
2) Statistical analysis of the important data
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5.2 Paper 2

Title Surveying the Environmental and Technical Dimensions of Sus-
tainability in Software Development Companies

Authors José Alberto Garcı́a-Berna, Juan Manuel Carrillo de Gea, Begoña
Moros, José Luis Fernández-Alemán, Joaquı́n Nicolás, Ambrosio
Toval

Type of publication Journal

Source title Applied Science

Year 2018

Volume 8

Number 11

Abstract The growing concern over the state of degradation of the environ-
ment has led to a consideration of aspects relating to sustainability
in software. Bearing this in mind, we have carried out a survey
of practitioners, aiming to gather information about their aware-
ness of sustainable software, not only during the development
process, but also throughout the period in which the software is
used. Using the data gathered, we studied professionals’ perspec-
tives on sustainability in software development, and were able to
get a picture of the current situation of the application of sustai-
nability practices in this sector. We focused on the environmental
and technical dimensions of sustainability aimed at extending the
longevity of information systems and making them more energy
efficient. From the results, we observed that there is a widespread
desire to pursue sustainable behavior at work, even though there
are not always clear guidelines on how to proceed in this en-
deavor.

DOI https://doi.org/10.3390/app8112312

State Published

Contributions 1) Knowledge from the habits and measures to produce sustai-
nable software
2) Gaps to produce sustainable software
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5.3 Paper 3

Title Energy efficiency in software: A case study on sustainability in
personal health records

Authors José A. Garcı́a-Berná, José L. Fernández-Alemán, Juan M. Ca-
rrillo de Gea, Ambrosio Toval, Javier Mancebo, Coral Calero,
Félix Garcı́a

Type of publication Journal

Source title Journal of Cleaner Production

Year 2021

Volume 282

Abstract A personal health record is an eHealth technology in which users
can observe their progress over time for a given condition. A re-
search gap was identified in the literature concerning the study
of the amount of energy that these systems need for their ope-
ration, and the energy efficiency that may be attained depending
on their design. After the selection of five representative personal
health records, a total of 20 tasks commonly done, and based on
previous work, were performed with regard to two proposed sce-
narios, namely patient use and health personnel usage. The power
consumption of the main components of a host machine was mea-
sured during the performance of the proposed duties. To that
end, a hardware tool called the Energy Efficiency Tester was em-
ployed. The data collected were analyzed statistically, and signi-
ficant differences were found in the respective consumption of the
display (χ2(4)=23.782, p=0.000), the processor (χ2(4)=29.018,
p=0.000) and the whole PC (χ2(4)=28.582, p=0.000). For all of
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these components, NoMoreClipBoard was the personal health
record that required the least energy (57.699 W for the dis-
play, 3.162 W for the processor and 181.113 W for the whole
PC). A total of two strong correlations were found in the ener-
gy consumption between the hard disk and the graphics card
(r=0.791, p<0.001), and the processor and the PC (r=0.950,
p<0.001). Some features generated special amounts of power
consumption, such as the news wall found on PatientsLikeMe,
or the use of load icons that had an impact on most PC compo-
nents. In addition, an in-depth analysis of the user interfaces was
performed. A discussion was carried out on the design of the user
interfaces, also taking into account recommendations drawn from
the literature, checking for their implementation in the personal
health records selected. With the aim of promoting sustainability
among software developers, a best practice guideline on sustai-
nable software design was proposed. Basic sustainability reco-
mmendations were collected for professionals to consider when
developing a software system in general, and a personal health
record in particular.

DOI https://doi.org/10.1016/j.jclepro.2020.124262

State Published

Contributions 1) Power consumption measurements
2) Software sustainability recommendations catalogue
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6 Conclusions

Building quality and sustainable software is essential for the industry to move forward, offering

environmentally friendly products. In this work, the problem of energy efficiency in ISs was

addressed from the software perspective. This field of study is not widely known by technicians

and should be enriched with validated artifacts. It is worth noting that sustainability aspects in

software are complicated to address. They can be manageable when using a particular tech-

nology. Thus, technologies play an important role in software projects to build energy efficient

system.

Environmental awareness from a technological perspective should be promoted not only in

the academic area but also in everyday life. The results of the thesis point to the fact that energy

efficiency and renewable energies are going to be one of the most relevant topics of the current

century. The industry has to focus on offering quality products. By way of example, a product

that is energy efficient is a quality product that brings great value to the customer. In fact, if

a product is energy efficient, it stands out in the market to be purchased. On the other hand,

the use of renewable energies is a reality that must be encouraged in today’s globalised world.

Governments must create policies that make common the use of renewable energies.

The research presented in this manuscript fulfilled the proposed goals. Firstly, the literature

was studied from a bibliometric perspective. As a result, it was observed the relevance that

energy efficiency is gaining in ISs over the last years. This is an important fact given the

deterioration of the environment. In addition, there was a clear upward trend in the number

of publications related to the aforementioned topic. It is also remarkable that more literature

on energy efficiency in ICTs was published in countries with lower gross domestic product and

lower greenhouse gas emissions per inhabitant. It therefore appears that in developing countries,

which also pollute less, research on sustainable technologies is an important topic [11].

On the other hand, the survey conducted in software development companies brought data
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on sustainable software production. The results of the survey showed a general lack of know-

ledge on how to reduce energy consumption through software. Moreover, in most cases soft-

ware professionals do not address the aforementioned problem. There was a willingness to

acquire knowledge on these issues despite the difficulties found. For this reason, it is important

to make it easier for technicians to attain sustainable software [12].

The main contribution of the research was achieved in the third publication of the com-

pendium. The energy consumption of the main components of a computer was analysed. Ener-

gy measurements were collected during the performance of some representative tasks in a set

of PHRs used as a case study. As a result of this experiment, a catalogue of recommendations

(CAT-SUST) for creating energy-efficient software was proposed. An artifact like CAT-SUST is

relevant in the area of Software Engineering, providing recommendations to have a more accu-

rate idea on sustainable software production. The recommendations on sustainable software

introduced in this dissertation can be applied to all types of ISs, thus extending the potential

energy savings that can be achieved.

CAT-SUST was validated during the course of the PhD. The construction of CAT-SUST

was based on software quality. PHRs were used as a case study. Recommendations for energy

efficiency were validated from the study of the characteristics of GUIs in the aforementioned

systems. This work was further extended by looking for correlations between usability and

energy consumption. The results of these studies confirmed the research hypothesis: a system

in which sustainability aspects of software were considered is at the same time more energy

efficient [7, 15].

Building high quality systems does not have zero impact on energy consumption. As future

work we intend to study how software quality impacts on the energy consumption of a hardware

system. In order to better define the scope of the study, software quality components will be

dealt with in isolation. As an example, GUI components will be studied from the point of

view of usability and energy consumption. The aim will be to assess whether high usability

measures are correlated with reduced energy consumption. The catalogue of recommendations

will be extended with new requirements derived from the research.

Labelling is the process of classifying an artifact, and can help spread awareness of the ener-

gy efficiency of software. Providing this information allows users to know at a glance that soft-

ware is energy-aware. It is necessary to define software sustainability guidelines to streamline
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software audits, and categorize software depending on power consumption. Currently this ac-

tivity is rarely performed. As stated before, it can be complicated due to the inherent variability

of the technology. Further experiments will be conducted in the future to prove that by knowing

the hardware technology in advance, reductions in energy consumption can be achieved through

software. This scenario can be established by means of a conditioned compilation, detecting the

hardware. A native compilation will be performed to consider energy efficiency. Depending on

the hardware, specific code could be used for compilation. This insight could be employed in

mobile applications. Its high replication could bring important power consumption reductions.

An IDE that is aware of energy consumption aspects could be developed. Such an artifact

would alert the professionals to code software alternatives depending on the hardware. Fur-

thermore, by knowing the structure of the code itself, artificial intelligence functionality could

be added in order to propose improvements so that the code needs as little energy as possible

depending on the hardware. Along these lines, a software energy efficiency calculator could be

developed, which would provide a real-time energy efficiency score for the software under test.

During the doctorate work, a social experiment was carried out in order to promote the effi-

cient use of energy on PCs in the computer rooms of the University of Murcia. The experiment

consisted of displaying banners on screens and stickers near the computer with messages about

leaving the computer in standby mode instead of on. At the beginning of the exam sessions,

students were asked to avoid leaving the computer on at the end of the exam. This experiment

was carried out in several faculties of the university. As a result, the students of the Computer

Science degree switched off all computers, without the need for banners. On the other hand, the

other faculties did not know the difference between suspending and hibernating the computer.

In addition, there was a banner blindness effect with no significant change in the behaviour of

the users. In the future, we intend to work in collaboration with psychology professors to extract

the reasons why students with a technological profile studies are more aware of the importance

of turning off computers when they finish using them.
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[11] José A Garcı́a-Berná, José L Fernández-Alemán, Juan M Carrillo de Gea, Joaquı́n Nicolás,

Begoña Moros, Ambrosio Toval, Javier Mancebo, Félix Garcı́a, and Coral Calero. Green

it and sustainable technology development: Bibliometric overview. Sustainable Develop-

ment, 27(4):613–636, 2019.
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Public Health, 16(12), 1-16. Índice de impacto 2,849 y Q2 en 2019.
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Modelo Transteórico de Cambio de Comportamiento. JISBD’19: XXIV Jornadas de In-

genierı́a del Software y Bases de Datos, Cáceres, Spain.
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