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ABSTRACT. In the organizational and business environment, the increasing consumption of
electrical energy by IT equipment poses a challenge in terms of cost as well as environmental
impact. To address this problem, a literature review is proposed to collect and examine the
most recent developments in the field of green software and their impact on energy efficiency.
To carry out this literature review, the PICo search strategy was adapted and implemented and
a total of 23 relevant articles were selected. In relation to the problem addressed, the concept
of green software, which seeks to create efficient and sustainable programs that optimize ener-
gy consumption, has been developed. The tools and practices of sustainable software design,
techniques for the development of energy-efhcient systems and approaches on how to address
the problems of energy consumption in data centers and cloud computing are explored.

KEYWORDS: literature review / green software / energy consumption / energy efficiency /
sustainability

HACIA LA SOSTENIBILIDAD ENERGETICA: UNA REVISION
DE LITERATURA DEL DESARROLLO DE SOFTWARE VERDE

RESUMEN. En el ambito organizacional y empresarial, el creciente consumo de energia eléc-
trica por parte de los equipos informaticos representa un desafio en términos de costo, asi
como también de impacto ambiental. Para abordar esta problematica se propone una revisiéon
de literatura para recopilar y examinar los avances més recientes en el campo del soffware verde
y suimpacto en la eficiencia del consumo de energfa. Para llevar a cabo esta revision de literatu-
ra, se adaptd y aplicé la estrategia de busqueda PICo y se seleccionaron un total de 23 articulos
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relevantes. En relacion a la problematica abordada, se ha desarrollado el concepto de green
software, el cual busca crear programas eficientes y sostenibles que optimicen el consumo de
energfa. Se exploran las herramientas y practicas de disenio de soffware sostenible, técnicas para
el desarrollo de sistemas eficientes en mencién de consumo energético y enfoques en como
abordar los problemas del consumo de energfa en centros de datos y los servicios basados en

la nube.

PALABRAS CLAVE: revision de literatura, software verde, consumo de energia, eficiencia energética,

sostenibilidad
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1.INTRODUCTION

In the business environment, efficiency in the use of information technology (IT) equipment is
of vital importance to carry out operations effectively. However, it has been observed that this
equipment consumes a considerable amount of electrical energy, which results in a significant
expense for companies and a considerable impact on the environment (Masanet et al., 2020).
Energy consumption is mainly attributed to equipment hardware, which is primarily respon-
sible for energy consumption.

In order to reduce the environmental impact of technology, in 1992, the United States
Environmental Protection Agency introduced the Energy Star Program, which seeks to promote
the production and use of energy-efficient electrical products (Boyd et al., 2008). Despite the
fact that I'T equipment is essential for managing large volumes of information in the era of digi-
tization, the energy consumption of data servers worldwide accounted for approximately 1 % in
2020, although this figure is expected to increase significantly over the next 10 years (Masanet
etal, 2020).

Among the most prominent companies estimated to have high annual energy consumption
are Google and Facebook. According to Lépez et al. (2019), these companies have implemented
measures to counteract their impact on energy consumption. One example is Google’s server
energy consumption optimization policy, which has resulted in the establishment of the world’s
most sustainable data center in terms of environmental metrics. These centers consume up to five
times less electricity than other data centers (Lépez et al., 2019). For its part, Facebook has called
on the services of Power Assure, a company specialized in optimizing electricity consumption in
data centers. This company offers a software to monitor the consumption of servers, which turns
them off when they are inactive or turns them on when necessary. Thanks to this solution, it is
possible to achieve energy savings of up to 80 % (Lépez et al., 2019).

The adoption of green software practices complements the aforementioned initiatives
of large companies to optimize energy consumption (Abdullah et al., 2015). Green software
focuses on the design and development of programs that generate a positive impact on economic,
social and environmental aspects, thus avoiding any direct or indirect negative impact on these
areas. By implementing solutions and policies to optimize electricity consumption, companies

can achieve significant cost savings and contribute to a more sustainable future for all (Kern et
al, 2015).

Recent research has shown that the use of optimized software can generate savings of
more than 140 % compared to non-optimized software (Capra et al., 2012). This highlights
the importance of considering energy consumption in sustainable software design and develop-
ment. To achieve this, work is being done to implement the green software methodology, which
involves the creation of software that follows specific energy efficiency metrics and promotes the
proper use of computer hardware, thus avoiding overloads and reducing energy consumption
during task execution (Beghoura et al., 2017).
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According to Bustamante et al. (2014), in 2006, data centers in the United States used
US$ 4,5 billion worth of electricity. Furthermore, it is estimated that most enterprise data
centers will invest a similar amount of money in energy (power and cooling) and hardware
infrastructure over the next five years, as mentioned by analyst Gartner (Kumar, 2007). This
situation poses a significant challenge in terms of cost and sustainability.

To illustrate the importance of implementing sustainable measures, we will rely on Figure 1
(Where the cloud meets the ground, 2008), which shows an estimate of energy consumption.

Figure 1
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Note. From Where the cloud meets the ground (2008).

It is interesting to note how the increase in the number of servers in data processing
centers has led to an increase in the energy consumption required for cooling and mainte-
nance. This trend poses significant challenges in terms of energy efficiency and sustainability
at the enterprise level.

In summary, the adoption of green software practices emerges as a key solution to address
energy consumption in the business environment (Munoz et al.,, 2017b). The implementa-
tion of green software methodology allows maximizing the energy efficiency of equipment
through the development of optimized programs in terms of energy consumption. Therefore,
it is crucial to conduct a thorough review of the current state of energy consumption and
evaluate possible sustainable software alternatives.
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2. BACKGROUND

2.1 Green information technology

According to Hernandez (2016), two different concepts that describe aspects related to
information technology and its impact on sustainability are put forward: green information
technologies (Green IT) and green information aystems (Green IS).

The term green IT is used to refer to any action or initiative that is carried out using
technologies and processes that are environmentally friendly in all stages of the life of infor-
mation and communication systems and technologies. On the other hand, the concept of
green IS refers to the procedures adopted by an organization with the aim of improving its
environmental performance. It is considered a way to address and reduce the negative effects
that information technologies can have on the environment (Hedwig et al., 2009; Hernandez,

2016).

Figure 2, presented by Herndndez (2016), provides a visual support that illustrates the
terminology related to green technologies.

Figure 2
Terms associated with green technology
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Note. From ¢Por dénde empezar para aplicar practicas verde/sostenibles en el proceso de desarrollo del software y
obtener un producto verde/sostenible? [Where to begin to implement practice green/sustainable in the develop-
ment process of software and get a green/sustainable product?], by A. Herndndez, 2016, 18 Convencidn Cientifica
de Ingenieria 'y Arquitectura, IX Simposio Universitario Iberoamericano sobre Medioambiente (SUIMA), p. 3
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Herndndez (2016) provides a detailed description of the subdivisions found within
the term green IT. One of these subdivisions is green IN IT, which refers to information
technologies, either software or hardware. In turn, two distinct approaches can be identified
within green in IT. The first is green in software engineering, which focuses on the process
and product of green software development. The second approach is other green software
aspect, which addresses the business processes and governance related to green software
implementation.

On the other hand, the term green by IT is used when information technologies are used
as tools to achieve green objectives. This involves minimizing waste production and redu-
cing energy consumption through the implementation of specific applications and methods.
It is crucial to consider these subdivisions within the scope of green IT in order to develop
appropriate and effective solutions to sustainability challenges in the field of technology
(Herndndez, 2016).

2.2 Sustainable software engineering

The importance of software maintainability as a fundamental quality requirement is increa-
singly evident today. As Venters et al. (2017) highlight, the ability to maintain and upgrade
software is a key factor in ensuring the durability and effectiveness of a product. In other
words, software sustainability plays a critical role in the long-term success of any software deve-
lopment project. However, sustainability is not limited to software durability alone, but also
encompasses its impact on the environment.

Although software itself does not consume energy, it has a significant impact on the
energy consumption of the hardware on which it runs. Data centers, mobile devices and smart
devices are just a few examples of devices that are affected by software energy consumption.

It is in this context where green technology becomes relevant, as it seeks to use hardware
resources in a sustainable way in order to reduce environmental impact. To achieve this, it is
necessary to review software development methodologies and promote the creation of more
sustainable software. Software engineers play a key role in this process, as they must consider
the impact on energy consumption of each design and implementation decision in the final
system. Microsoft Learn (2023), through a course, presents two key philosophies for sustai-
nable software engineering:

e  Everyone must be involved in solving the climate problem:

Sustainable software engineering promotes the involvement of everyone in solving
the climate problem, and small changes can have a big impact. Environmentalists
work across all engineering disciplines, and standardizing the discussion of sustaina-
bility in technical meetings can lead to major changes in any organization.
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e  Sustainability alone is sufficient to justify our work:

As sustainable software engineers, we know that creating sustainable applications
is beneficial because of their lower cost, higher performance and resilience. But the
main reason is sustainability.

The development of software that is easy to maintain is a goal highlighted by Gonzalez
(2018), who states that this allows necessary changes to be made efficiently and cost-effectively
to adapt to changes in the business, rather than replacing the software entirely. In this way, it
is possible to extend the useful life of the software and make it more sustainable. In addition,
Akinli (2013) mentions that various green metrics can be used to assess the environmental
impact of software, such as the percentage of CPU usage, storage medium, work throughput
and system energy consumption in kilowatt hours (kWh). The application of these metrics
is essential to monitor the influence of information technologies and systems on the envi-
ronment, as well as to evaluate the performance of companies that choose to implement
sustainable approaches to software development.

On the other hand, Padilla et al. (2023) point out that the software programming
process involves electrical energy consumption, and as the amount of code increases, so does
the energy expenditure, which has an impact on the carbon footprint and the environment.
Danny van Kooten, a programmer, has proposed the reduction of lines of code as a way to
contribute to the fight against climate change within the technology industry (Padilla et al.,
2023). According to calculations made by Ramos, this modification could have a significant
impact on the reduction of CO, emissions, equivalent to stopping driving a car for 421 000
kilometers or reducing CO, emissions by 59 tons per month. It is important to note that redu-
cinglines of code not only has the potential to reduce energy consumption and CO, emissions
but also can simplify and improve software efficiency, reduce maintenance costs and improve
software durability (Padilla et al., 2023).

3. METHODOLOGY

The main purpose of the study was to analyze the most recent advances in energy saving
through green software. To conduct this research, a review process was chosen based on the
methodology proposed by Nina et al. (2021) but adapting it to the objective of this research,
instead of performing a systematic mapping as the aforementioned authors did; i.e., a focused
and specific review of the relevant literature was carried out.

First, planning was carried out to identify the interest, population and current context of
the review. Subsequently, questions applicable to the review were formulated and a search for
articles was conducted using keywords and constructing search strings. Finally, articles related
to the research were filtered and selected. These steps were carried out in detail to ensure a
thorough and rigorous review of the existing literature on the topic.
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3.1 Study planning

The first step began by conducting a study planning using the PICo technique:

e Population: Articles selected to address the questions posed.

o Interest: Identification of progress in the field of study.

e  Context: Application of green software for the reduction of energy consumption.
o  The following four questions were identified:

- What are the current tools and frameworks that promote energy sustainable
software design?

- What techniques and principles are recommended to optimize energy efhi-
ciency in software development?

- What strategies are employed in resource planning to manage energy consump-
tion in data centers and cloud services?

- How can virtual machine allocation algorithms be optimized to reduce energy
consumption in data centers and cloud computing platforms?

3.2 Article search

Asasecond step, a search for articles was carried out in renowned databases such as Scopus, IEEE
and ACM, which are the most frequently used for studies related to computer systems, informa-
tion technologies, among other specialties. These databases were chosen not only because of their
renown but also because of the precision they offer when performing detailed searches using
keywords, which speeds up and improves the selection of relevant publications. The search for
articles was focused on the topic of software development aimed at reducing energy consump-
tion. As a result, 92 articles were obtained. Each of these were reviewed and evaluated based on
their abstract and where they were published, either in a journal or a conference.

This paper mainly focuses on the analysis of trends in the field of software engineering,
green computing, cloud services, green software, energy saving, data centers, intelligent software,
software development. An analysis of articles published between 2016 and 2022 is presented.
The filtering process included reviewing titles and abstracts to select those related to the study.

To be included in the research, the articles had to be from databases or journals ranked
Q1 or Q2, be directly related to the main topic and be available in English or Spanish In
addition, the articles presented at recognized international symposia in the field of computer
engineering and informatics were included.

On the other hand, the inclusion of articles from journals ranked Q3 or lower was
rejected, as well as those whose focus was far from the main topic. Likewise, articles derived
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from international symposia that were not within the specific field of computer engineering
and informatics were discarded.

Finally, after filtering the articles, a total of 23 papers were selected, including journal arti-
cles and papers presented at conferences, which met the acceptance criteria established above.
These papers were subject to a detailed analysis to identify trends and approaches related to
software development aimed at reducing energy consumption, with the purpose of answering
the questions posed in section 3.1. This selection and analysis process ensured the inclusion of
only the most important and highest quality papers in the research.

4. RESULTS

4.1 What are the current tools and frameworks that promote energy sustainable
software design?

According to the research conducted by Georgiou et al. (2020), two main categories of lite-
rature that focus on promoting sustainable and energy-efficient software development can be
identified. On the one hand, there are those centered on the generation and application of
tools and frameworks that facilitate the task and monitoring of sustainable software develop-
ment. On the other hand, there are papers that explore and evaluate various design lines and
development techniques that can be applied in a wide range of projects.

Munoz et al. (2017a) took a significant step along the way by developing a plugin that
monitors the performance and energy efficiency of security interfaces in mobile operating
systems. This line of research and development is complemented by other efforts, such as
that of Dorn et al. (2019), who introduced the Producing Green Applications Using Genetic
Exploration algorithm. This tool has the ability to identify variants of a program based on
specific code transformation criteria, enabling optimal energy consumption without compro-
mising software functionality. These advances are testimony to the growth and diversity in
energy sustainability-oriented strategies in software development.

Yeganch et al. (2019) presented the development of a dynamically priced capacity planning
tool, which was designed specifically for green data centers in mobile networks seeking to efhciently
balance energy consumption and operational costs. The main focus was on determining the optimal
number of servers and balancing the cost of operation with service waiting times. This tool provides
asignificant advance in the search for solutions for a more sustainable software design.

Finally, Cruz and Abreu (2017) developed a tool focused on improving energy consump-
tion in mobile devices. In a similar but more technical approach, Mancebo et al. (2018)
proposed a framework that uses physical and digital modules, such as Energy Efficiency Tester
and Software Energy Assessment, to accurately measure the energy consumption of a program
during its execution.
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4.2 What techniques and principles are recommended to optimize energy efficiency
in software development?

In energy efficiency-oriented software design, there are principles and techniques that must
be considered to ensure an effective implementation. In line with this, it is imperative to
mention the energy focused virtual machine selection policy (Mandal et al., 2020). This tech-
nique focuses on the dynamic consolidation of virtual machines (VMs). By considering crucial
aspects such as host server overload conditions and the current state of the VMs, it secks to
achieve two main goals: a significant reduction of energy consumption and minimization of
service level agreement (SLA) violations.

Pereira et al. (2017) introduced the SPectrum-based energy leak localization. This tech-
nique is based on statistical analysis and execution tracing to identify critical points in the
source code where less efficient energy consumption occurs. The proposal by Conoci et al.
(2018) show us a strategy that secks to efficiently leverage multiple processing threads on
modern processors by setting precise energy limits.

Finally, in the context of the development of the Internet of Things (IoI') and fog
computing, Lenka et al. (2019) stress the importance of optimizing energy efficiency through
specialized routing protocols for IoI" sensing infrastructure. They propose an approach that
involves the creation of a rendezvous region in the center of the network area and adopts
clusteringand multipathing techniques. These strategies have been shown to effectively reduce
power consumption and extend the lifetime of IoT network infrastructure.

It is clear that to effectively address the challenges of optimization and energy efficiency in
software development, it is critical to take an interdisciplinary approach. Collaboration among
diverse specialists offers a more holistic and effective approach to sustainability in this domain.

4.3 Whatstrategiesare employed in resource planning to manage energy Consumption
in data centers and cloud services?

Currently, a number of approaches focused on resource planning have been recognized with
the purpose of addressing the challenges of energy consumption in data centers and cloud
services. Within this line, several studies have emphasized the implementation of advanced
algorithms that directly correlate with energy optimization. Garg et al. (2019) not only
analyzed this relationship but also highlighted the importance of reliability and stability of
running applications.

On the one hand, Haddad et al. (2021) proposed a biphasic methodology focused on
efliciency and sustainability. This methodology emphasizes, in its first phase, the optimal allo-
cation of computing resources through a binary search algorithm, ensuring adequate attention
to the demands of the IT area. And in its second phase, priority is given to the integration of
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sustainable electrical resources, such as photovoltaic panels and wind turbines, complemented
with energy storage systems to ensure continuity.

In addition, the use of machine learning techniques has been explored to find efficient
solutions to this problem. Sahoo et al. (2018) developed a framework that uses machine lear-
ning to optimize task scheduling. In doing so, they managed to obtain promising results in
terms of efficiency and resource optimization.

Hu etal. (2021) provide another perspective by introducing a fine-grained heterogencous
power distribution model for geographically dispersed data centers. This model, together with
a two-phase online algorithm, secks to minimize energy costs and the derived distribution
gap. Simulated results confirm its effectiveness.

4.4 How can virtual machine allocation algorithms be optimized to reduce energy
consumption in data centers and cloud computing platforms?

Several techniques have been proposed in the literature with the objective of improving the
allocation of virtual machines and reducing their energy consumption (Gupta et al., 2018).
One such technique is virtual machine migration, which uses specific algorithms to optimize
available resources (Hu et al., 2021).

Another approach is workload balancing, which seeks to improve the efficiency of exis-
ting algorithms (Liu et al., 2016) or predict the load that will be presented on different VM
resources to perform efficient migrations (Wu et al., 2017; Li et al., 2018).

In addition, it is taken into consideration that the growth in demand for cloud-based
computing services has led to the need to increase the energy efficiency of data centers. To
address this challenge, an energy-efficient hybrid framework has been proposed by Alarifi et
al. (2020). This framework combines request scheduling and server consolidation, allowing
virtual machines to be allocated more efficiently. Client requests are ranked according to their
energy and time requirements, and specialized algorithms are used to manage resource migra-
tion and consolidation. Results indicate that an energy-efficient hybrid is superior to other
approaches, offering improved energy efficiency, performance and cost savings.

In addition, approaches that combine container and virtual machine migration have been
proposed with the goal of reducing energy consumption (Gholipour et al., 2020). Algorithms
that take into account the target energy load and available resources have also been developed
to determine the optimal allocation of virtual machines and thus reduce the final energy
consumption (Mohammadhosseini et al., 2019).

Finally, idle virtual machines, consuming up to 70 % of the total server energy, present a
significant challenge. An innovative algorithm called Active & Idle Virtual Machine Migration
(Hossain et al., 2020), inspired by Ant Colony Optimization, has emerged to address this
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issue. This tool relocates idle virtual machines, promoting significant energy savings and opti-
mizing efficiency in data centers. These advances in green software point to future innovations
that further refine the management of virtual machines in ecological terms.

5. CONCLUSIONS

The technology sector is undergoinga transition to more sustainable and energy-efficient prac-
tices, especially in software development and data center management. This research focuses
on understanding the current state of these initiatives and identifying areas of opportunity.

Despite the existence of multiple tools and techniques aimed at fostering sustainability in
programming, a significant gap is evident: the lack of integrated and structured methodolo-
gies for projects specifically dedicated to green software. While existing tools offer solutions to
improve energy efficiency at the code level, the absence of a coherent methodological approach
could slow down the actual implementation of these practices in technology projects.

In the realm of data centers and cloud-based services, there is a tendency to rely on simu-
lations rather than testing in real scenarios. While simulations are valuable for conceptualizing
and evaluating initial proposals, their limitation lies in not being able to capture all the uncer-
tainties and variabilities that arise in real-world situations. Strategies that prove successful in a
controlled environment may not be as successful in a practical context.

It is imperative, therefore, to conduct further research in real-world scenarios in order to
validate the proposed solutions for energy management in data centers. Furthermore, it would
be beneficial for the technology industry to advocate for the development and adoption of
comprehensive methodologies, specifically targeted at sustainable software, thus facilitating
its implementation throughout the development lifecycle.
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