Chapter 1
Introduction to Green in Software
Engineering

Coral Calero and Mario Piattini

1.1 Introduction

Sustainability is gaining importance worldwide, reinforced by several initiatives
with wide media coverage such as the Earth hour'; this is a worldwide grassroots
movement uniting people to protect the planet, organised by the WWF (World
Wide Fund for Nature). Other organisations such as the United Nations (UN) also
highlight the importance of reducing energy consumption and our carbon footprint,
including this issue in the Millennium Development Goals (MDGsz). In Rio+20,
the United Nations Conference on Sustainable Development, the world leaders
approved an agreement entitled ‘“The Future We Want’, where it is stated that “We
recognize the critical role of technology as well as the importance of promoting
innovation, in particular in developing countries. We invite governments, as appro-
priate, to create enabling frameworks that foster environmentally sound technol-
ogy, research and development, and innovation, including in support of green
economy in the context of sustainable development and poverty eradication. .. .

Clean and efficient energy as a societal challenge has also been included by the
European Union in Horizon 2020, the biggest EU Research and Innovation
programme with nearly €80 billion of funding available from 2014 to 2020.
Other initiatives related to environmental sustainability can likewise be found in
other countries.

! http://www.earthhour.org/

2 http://www.un.org/millenniumgoals/

3 http://ec.europa.eu/programmes/horizon2020/
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Although these initiatives point to ICTs (information and communication
technologies) as a key to achieve these goals, we must be aware that ICTs also
have a negative impact on the environment. In fact, as noted by [20], when
pursuing strategic sustainability, the impact of technology is important from two
different points of view at the same time. On the one hand, it helps organisations to
tackle environmental issues (using video conferences, dematerialisation, more
efficient processes, etc.); on the other hand, technology itself is often responsible
for major environmental degradation (amounts of energy consumed by the engi-
neering processes used to manufacture products). This dual aspect of technology
means that organisations also face two challenges: they need to have more sus-
tainable processes and they must produce products that contribute to a more
sustainable society.

As far as the ICT sector is concerned, it contributes about 2 % of the global CO,
emissions and is responsible for approximately 8 % of the EU’s electricity use, and
some 2 % of its carbon emissions come from the ICT equipment and services and
household electronic sector. The total electricity consumption of the ICT sector is
forecast to increase by almost 60 % from 2007 to 2020 (see Fig. 1.1) due to the
increasing number of devices as well as to network expansion [24].

In [38], the authors estimate that present-day systems for business email, pro-
ductivity and CRM software in the United States require 268, 98 and 7 petajoules
(PJ) of primary energy each year, respectively, when the direct energy use and
embodied energy of all system components are considered. When combined, the
present-day primary energy footprints of these three business software applications
add up to as much as 373 PJ per year.
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Fig. 1.1 ICT carbon footprint outlook (Mtonnes CO2e) (from [2])
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It is therefore essential to control the use of ICTs in order to reduce their impact
on sustainability as much as possible. We will focus specifically on software
technology, because software is more complex to sell, service and support than
hardware, and dollar for dollar, software generates more downstream economic
activity than hardware [31], but it has been disregarded in this area until now.
Spending on software is growing faster than spending on IT overall—4.8 % a year
between 2008 and 2013, compared to 3.3 % for all IT spending [31].

Sustainability has also become more and more important to business recently.
A business that fails to have sustainable development as one of its top priorities
could receive considerable public criticism and subsequently lose market legiti-
macy [20]. According to a global IBM survey in 2008, 47 % of organisations have
begun to redesign their business models on the basis of sustainability, treating
sustainable development as a new source of innovation, a new opportunity for
cutting costs and a new mechanism for gaining competitive advantage. All of this
can be summarised under the concept of ‘strategic sustainability’, introduced by
[55]. Most people claim that they will pay more for a green product [13]. In early
2010, the ISO 26000 standard [33] for corporate social responsibility (CSR) was
published, providing executives with the directions and measures for demonstrating
social responsibilities. In this standard, businesses are required to take a precau-
tionary approach to protecting the environment; the aim is to promote greater
environmental responsibility through business practices and encourage the adop-
tion of environment-friendly information technologies. CSR involves the voluntary
integration by companies of social and environmental concerns in their business
operations, as well as in relationships with their partners [26]. Expectations from
corporations are higher than ever. Investors and other stakeholders consider com-
panies in terms of the ‘triple bottom line’, reflecting financial performance, envi-
ronmental practices and corporate social responsibility (CSR). The present-day
dominant conception of CSR implies that firms voluntarily integrate social and
environmental concerns in their operations and interactions with stakeholders
[12]. All the CSR definitions consistently refer to five dimensions: voluntariness,
stakeholders, social, environmental and economic [17].

In general, the initiatives that foster respect for the environment by means of
ICT, IT, software, etc., are called Green or Greening ICT/IT/Software or sometimes
sustainability in IT. The problem that arises is that, as in every new discipline, there
is no clear map of concepts and definitions. As [8] points out, however, the fact is
that Green IT is not only a trend; it is becoming a necessity as more and more
organisations are implementing some form of sustainable solutions. These same
authors comment that, according to Forrester Research, it is expected that the Green
IT services market will grow from $500 million to nearly $5 billion in 2013.

In the next section, we will try to clarify the differences, similarities and
relationships between all these concepts.
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1.2 Sustainability

The aim of this section is to give a general definition of the word ‘sustainability’
without actually linking it to any particular context. To do so, we will first
summarise the main definitions of sustainability.

Sustainability is a widely used term and refers to the capacity of something to

last for a long time. Some more precise definitions are as follows:

The Collins dictionary [16] defines sustainability as ‘the ability to be maintained
at a steady level without exhausting natural resources or causing severe ecolog-
ical damage’.

A similar definition of ‘sustainable’ can be found in Merriam-Webster: ‘of,
relating to, or being a method of harvesting or using a resource so that the
resource is not depleted or permanently damaged’ [39].

According to [9], a sustainable world is broadly defined as ‘one in which humans
can survive without jeopardizing the continued survival of future generations of
humans in a healthy environment’.

In [49], the authors affirm that ‘sustainability can be discussed with reference to
a concrete system (ecological system, a specific software system, etc.), therefore,
global sustainability implies the capacity for endurance given the functioning of
all these systems in concert’.

‘Sustainability is the capacity to endure and, for humans, the potential for long-
term maintenance’ [47].

From another perspective, sustainability can be viewed as ‘one more central
quality attribute in a row with the standard quality attributes of correctness,
efficiency, and so forth’ [47]. These same authors also defined the term sustain-
able development as that which ‘includes the aspect to develop a sustainable
product, as well as the aspect to develop a product using a sustainable develop-
ment process’.

The Brundtland report from the United Nations (UN) defines sustainable devel-
opment as the ability to ‘meet the needs of the present without compromising the
ability of future generations to satisfy their own needs’ [62]. According to the
UN, sustainable development needs to satisfy the requirements of three dimen-
sions, which are the society, the economy and the environment.

In [2], the author identifies the same dimensions as the aforementioned UN
report for sustainable development: economic development, social development
and environmental protection:

— ‘Environmental sustainability ensures that the environment is able to replen-
ish itself at a faster rate than it is destroyed by human actions. For instance,
the use of recycled material for IT hardware production helps to conserve
natural resources.

— Social development is concerned about creating a sustainable society which
includes social justice or reducing poverty. In general all actions that promote
social equity and ethical consumerism.
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— The economic pillar ensures that our economic growth maintains a healthy
balance with our ecosystem,; it integrates environmental and social concerns
into business’.

Of all the definitions above, the most widely used is that established by the
Brundtland report of the United Nations (UN) [62].

If we take a close look at the definitions, we can observe that there are two
fundamental pillars underpinning sustainability: ‘The capacity of something to last
a long time’ and ‘the resources used’.

Another aspect that is related to sustainability, and that can be found in the
literature, has to do with the topic to which it is applied: information systems, ICT,
software, etc.

Taking into account that our focus is on software engineering (SE), Fig. 1.2
summarises the different levels of sustainability that relate organization to infor-
mation systems and to software engineering.

In the following sections, we will present some definitions for each of the levels
in Fig. 1.2. We have worked mainly with papers published in the area of software,
software engineering and information systems, because that is what this book
focuses on. This means that we will not present an exhaustive study on definitions
(i-e. on those beyond the scope of this book), but we believe our work will provide a
snapshot of how things are interpreted in the software engineering area.

ORGANIZATION
SUSTAINABILITY

Business
Process
Sustainability

Services
Sustainability

Information
Systems

Sustainability

ICT Sustainability

IT Sustainability

Hardware
Sust.

Fig. 1.2 Sustainability levels
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1.2.1 IS Sustainability

It must be noted that, in the literature, authors do not differentiate between ‘IS
sustainability’ and ‘sustainable IS’ (the same applies to the other levels), so we take
these concepts as equivalent in this book.

As articulated in the SIGGreen Statement, ‘the Information Systems discipline
can have a central role in creating an ecologically sustainable society because of the
field’s five decades of experience in designing, building, deploying, evaluating,
managing, and studying information systems to resolve complex problems’ [27].

The authors of [64] recommend using the term IS sustainability over IT sustain-
ability, because they consider that the exclusive focus on information technologies
is too narrow.

As remarked by [53], it is only through process change and the application of
process-centred techniques, such as process analysis, process performance mea-
surement and process improvement, that the transformative power of IS can be fully
leveraged in order to create environmentally sustainable organisations and, in turn,
an environmentally sustainable society.

Taking this one step further, we contend that IS researchers must consider
process-related concepts when theorising about the role of IT in the transformation
towards sustainable organisations. This will not only allow us to better understand
the transformative power of IS in the context of sustainable development but will
also enable us to proceed to more prescriptive, normative research that has a direct
impact on the implementation of sustainable, IT-enabled business processes [53].

Although there are some groups working on information systems and environ-
mental friendliness, it is difficult to find suitable IS sustainability concepts. Most of
the work being done is about Green IS. In [13], it is considered that the sustainability
in IS must take into account aspects such as efficiency systems, forecasting, reporting
and awareness, energy-efficient home computing and behaviour modification.
Finally, the book focuses on Green Business Process Management consolidating
the global state-of-the-art knowledge about how business processes can be managed
and improved in the light of sustainability objectives [63].

1.2.2 ICT/IT Sustainability

Donnellan et al. [4] remark that sustainable ICT can develop solutions that offer
benefits both internally and across the enterprise:

¢ Aligning all ICT processes and practices with the core principles of sustainabil-
ity, which are to reduce, reuse and recycle

« Finding innovative ways to use ICT in business processes to deliver sustainabil-
ity benefits across the enterprise and beyond

The Ericsson report [24] points to dematerialisation and increased efficiency as
the two main ways of aligning ICT with sustainability.
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Following the definition provided by [61], IT sustainability is a shorthand for
‘global environmental sustainability’, a characteristic of the Earth’s future, in which
certain essential processes persist for a period of time comparable with human lives.

1.2.3 Software Sustainability

There are several areas in which software sustainability needs to be applied:
software systems, software products, Web applications, data centres, etc. Various
works are in process, but most of this concerns data centres, which consume
significantly higher energy than commercial office space [36].

As noted in [10], the way to achieve sustainable software is principally by
improving power consumption. Whereas hardware has been constantly improved
so as to be energy efficient, software has not. The software development life cycle
and related development tools and methodologies rarely, if ever, consider energy
efficiency as an objective [11]. Energy efficiency has never been a key requirement
in the development of software-intensive technologies, and so there is a very large
potential for improving efficiency [59].

As remarked by [21], software plays a major role, both as part of the problem and
as part of the solution. The behaviour of the software has significant influence on
whether the energy-saving features built into the platform are effective [56].

In [49], it is said that ‘The term Sustainable Software can be interpreted in two
ways: (20) the software code being sustainable, agnostic of purpose, or (24) the
software purpose being to support sustainability goals. Therefore, in our context,
sustainable software is energy-efficient, minimizes the environmental impact of the
processes it supports, and has a positive impact on social and/or economic sustain-
ability. These impacts can occur direct (energy), indirect (mitigated by service) or
as rebound effect [30]’.

According to [18], sustainable software is ‘software, whose impacts on econ-
omy, society, human beings, and environment that result from development,
deployment, and usage of the software are minimal and/or which have a positive
effect on sustainable development’.

These authors subsequently use the same definition for the concept of green and
sustainable software. They therefore define green and sustainable software as
‘software, whose direct and indirect negative impacts on economy, society,
human beings, and environment that result from development, deployment, and
usage of the software are minimal and/or which has a positive effect on sustainable
development’ [46]. They consider that direct impacts are related to resources and
energy consumption during the production and use of software, while indirect
impacts are effects from the software product usage, together with other processes
and long-term systemic effects.

One of the most complete definitions is the one proposed by [34], which
considers that green and sustainable software is software whose:
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e ‘Direct and indirect consumption of natural resources, which arise out of
deployment and utilization, are monitored, continuously measured, evaluated
and optimized already in the development process

e Appropriation and utilization aftermath can be continuously evaluated and
optimized

¢ Development and production processes cyclically evaluate and minimize their
direct and indirect consumption of natural resources and energy’

Another related term is sustainable computing. It is used to transfer the political
concept of sustainability to computer systems, including material components
(hardware) as well as informational ones (software); it includes development as
well as consumption processes [40].

As commented at the beginning of Sect. 1.2, the literature contains some
definitions of sustainable (or sustainability), while others refer to the term green
(or greenability).

This phenomenon is especially noteworthy in the case of software, because
various authors such as [46] and [34] use both terms synonymously. We believe
that this approach is faulty and that it ought to be avoided, since we are talking
about two different concepts, as will be seen in due course.

What does seem true, however, is that software sustainability, although still in its
early stages, is a very important research topic that will be of great importance in
the next few years. That said, general work on its significance is needed. The goal of
that work would be to raise awareness on the part of all those involved with
software: the companies that develop software, those who buy it and also the people
who use it.

1.2.3.1 Software Engineering Sustainability

One part of the software sustainability is the software engineering sustainability.
Within the context of software engineering, not many proposals have tackled the
concept of sustainability [50]. In a recent update of this work, the authors observed
that the number of proposals has increased considerably over the last 2 years
[49]. This fact serves to demonstrate that there is an ever-growing concern to tackle
sustainability in the context of software engineering.

Sustainability should generally be taken into account from the very first stages of
software development. That is not always feasible, since it is not easy to change
how developers work. Moreover, there is little guidance on how software engineer-
ing can contribute to improving the sustainability of the systems under development
[48]. In this work, the authors consider five dimensions of sustainability that are
important for the analysis of software systems:

 Individual sustainability: This refers to the maintenance of the private good of
individual human capital. Health, education, skills, knowledge, leadership and
access to services constitute human capital [52]. For software engineering (SE),
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we have to ask: ‘How can software be created and maintained in a way that
enables developers to be satisfied with their job over a long period of time?’

» Social sustainability: This means maintaining social capital and preserving the
solidarity of societal communities. Social capital is investments and services that
create the basic framework for society [52]. For SE, we ask: “What effects do
software systems have on society (e.g. communication, interaction,
government)?’

» Economic sustainability: This aims to maintain assets. Assets include not only
capital but also added value. This requires a definition of income as the “amount
one can consume during a period and still be as well off at the end of the period,
as it devolves on consuming added value (interest), rather than capital” [52]. For
SE, the question is: ‘How can software systems be created so that the stake-
holders’ long-term investments are as safe as possible from economic risks?’

¢ Environmental sustainability: This seeks to improve human welfare by
protecting natural resources such as water, land, air, minerals and ecosystem
services; hence, much is converted to manufactured or economic capital. Envi-
ronment includes the sources of raw materials used for human needs, as well as
ensuring that sink capacities recycling human wastes are not exceeded [39]. For
SE, we pose the question: ‘How does software affect the environment during,
inter alia, development and maintenance?’

e Technical sustainability: From a point of view of (software) systems engineer-
ing, there is another dimension that has to be considered. Technical sustainabil-
ity has the central objective of long-time usage of systems and their adequate
evolution with changing surrounding conditions and respective requirements.
For SE: How can software be created so that it can easily adapt to future change?

There are many definitions of sustainable software engineering. We present
some of these in Table 1.1. It is clear that there are many more works which use
the term sustainable software engineering.

1.3 From Sustainability to Greenability

As detected in several definitions, sustainability is generally considered from three
dimensions (the social, the economic and the environmental) provided by the
UN [62].

If we apply the definition to our context, the third dimension, the one related to
the technical aspects, is the one that we call the ‘green’ dimension. Figure 1.3 shows
this in diagram form.

Taking this distinction as a basis, in the next section we will show the definitions
of green applied to each one of the levels in Fig. 1.2. As happened in the case of
sustainability, in the literature authors use the terms green and greenability



12

Table 1.1 Sustainable
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Reference

Term

Definition

[3]

Sustainable software
engineering

Sustainable software engineering aims to create reli-
able, long-lasting software that meets the needs of users
while reducing environmental impacts; its goal is to
create better software so we will not have to compro-
mise future generations’ opportunities

Sustainable software
engineering

Sustainable software engineering aims to create reli-
able, long-lasting software that meets the needs of users
while reducing the negative impact on the economy,
society and the environment

[33]

Sustainable software
engineering

Sustainable software engineering is the art of defining
and developing software products in a way so that the
negative and positive impacts on sustainability that
result and/or are expected to result from the software
product over its whole life cycle are continuously
assessed, documented and optimised

[58]

Sustainable software
engineering

Sustainable software engineering is the development
that balances rapid releases and long-term sustainabil-
ity, whereas sustainability is meant as the ability to
react rapidly to any change in the business or technical
environment

[19]

Green and sustainable
software engineering

Green and sustainable software engineering is the art of
developing green and sustainable software with a green
and sustainable software engineering process. There-
fore, it is the art of defining and developing software
products in a way, so that the negative and positive
impacts on sustainable development that result and/or
are expected to result from the software product over its
whole life cycle are continuously assessed, documented
and used for a further optimisation of the software
product

[35]

Green and sustainable
software engineering

The objective of green and sustainable software engi-
neering is the enhancement of software engineering,
which targets

1. The direct and indirect consumption of natural
resources and energy

2. As well as the aftermath that are caused by soft-
ware systems during their entire life cycle, the goal
being to monitor, continuously measure, evaluate and
optimise these facts

[31]

Software engineering
for sustainability

The aim of software engineering for sustainability
(SE4S) is to make use of methods and tools in order to
achieve this notion of sustainable software

(e.g. Green IS and IS Greenability) synonymously; we will do the same, presenting
definitions found for both concepts.
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1.3.1 GreenlS

At the top level, we found the Green IS concept. Chen et al. [14] unite the terms
Green IT and Green IS and suggest that ‘Green IS & IT refers to IS & IT products
(e.g., software that manages an organization’s overall emissions) and practices
(e.g., disposal of IT equipment in an environmentally-friendly way) that aims to
achieve pollution prevention, product stewardship, or sustainable development’.

The authors of [64] define Green IS as inclusive of Green IT, extended with
people, processes, software and information technologies to support individual,
organisational or societal goals (Fig. 1.4).

The Green Book [29] focuses on Green IS projects, programmes and initiatives
as potential influences on the sustainability of organisations and communities under
threat from climate change and other aspects of environmental degradation.

1.3.2 Green ICT/IT

The literature provides us with a variety of definitions of the concept of Green
IT. The term Green IT refers to the relationship between IT and energy
efficiency [11].

In [6], the authors state that Green IT means using technology efficiently while
taking into account the triple bottom line: ‘economic viability, social responsibility
and environmental impact’.
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The same author in [5] presents eco-computing and green computing as syno-
nyms of Green IT, defining them as a set of best practices for the optimal use of
computing resources. Green practices in technology can cover several phases of the
product or service life cycle: from acquisition to recycling and final disposal.

In [45], the author considers that Green IT ‘refers to the study and practice of
designing, manufacturing, and using computer hardware, software, and communi-
cation systems efficiently and effectively with no or minimal impact on the envi-
ronment’. In his opinion, Green IT is also about ‘using IT to support, assist, and
leverage other environmental initiatives and to help in creating green awareness’.
The author refined the definition in [44] in the following manner: ‘Green IT is the
study and practice of designing, manufacturing, and using computers, servers,
monitors, printers, storage devices, and networking and communications systems
efficiently and effectively with minimal impact on the environment. It includes
environmental sustainability, the economics of energy efficiency, and the total cost
of ownership, which incorporates the cost of disposal and recycling. Green IT is
also about the application of IT to create energy-efficient, environmentally sustain-
able business processes and practices’.

Very similar definitions are provided in the following pieces of work:

e In [22], ‘the aim of Green IT is to produce as little waste as possible during the
whole IT lifecycle (development, operation and disposal)’.

e In[35], ‘Green IT considers the optimizing the resource and energy consumption
of ICT itself, induced during the whole life cycle, and tries to optimize it’.

e In [28], Green IT ‘denotes all activities and efforts incorporating ecologically
friendly technologies and processes into the entire life cycle of information and
communication technology’.

e In [15], the authors use the term green computing. This term ‘refers to environ-
mentally sustainable computing which studies and practices virtually all com-
puting efficiently and effectively with little or no impact on the environment’.
The green computing term is the same as Green IT [4].

e In [42], ‘Green IT is a systematic application of environmental sustainability
criteria to the design, production, sourcing, use and disposal of the IT technical



1 Introduction to Green in Software Engineering 15

infrastructure as well as within the human and managerial components of the IT
infrastructure in order to reduce IT, business process and supply chain related
emissions and waste and improve energy efficiency’.

e In [7], the authors consider Green IT and green computing as synonymous,
defined as the study and practice of designing, manufacturing, using and dis-
posing of computers, servers and associated subsystems efficiently and effec-
tively with minimal or no impact on the environment. Green IT thus
encompasses hardware assets, software assets, tools, strategies and practices
that help improve and foster environmental sustainability.

o In [54], the authors consider that the definition of Green IT is broad, as it can be
applied to situations where IT enables greenhouse gas emission reductions and
to situations where IT enables structural changes that lead to changes in broader
societal patterns, which takes us closer to the low-carbon society and leads to
further emission reductions.

A different definition is provided in [1]. In this work, the author believes that
Green IT can be described by dividing IT-related issues into four different fields:

— ‘Field 1 concerns the IT product itself and the energy and environmental impact
they cause and in particular the products people use on a daily basis. This field is
important to gain (sic) credibility to Green IT solutions because it is difficult to
take Green IT seriously if the products needed have not been undertaken by the
process of diminishing environmental impact.

— Field 2 is about transportation, communication and virtual mobility. This field is
pictured as two separate parts, which represents the transportation of goods and
the transportation of people.

— Field 3 is about community planning on all levels, ranging from whole regions,
cities and small towns down to the personal household planning level.

— Field 4 handles the production and consumption patterns. I'T opens possibilities
to measure environmental impact on production and consumption and following
a product or a service throughout its entire lifecycle enables control over the total
environmental effect’.

In [41], the authors explain that Green IT initiatives can range from those that
focus on reducing IT infrastructure’s carbon footprint to those that transform a
business. Green IT can be deployed to support a variety of sustainability initiatives,
such as those to measure carbon footprints, monitor the environmental impact of
business practices, reduce waste in business processes, lower resource consumption
or increase energy efficiency and reduce greenhouse gas emissions.

From our point of view, one of the definitions that best expresses how the term
Green IT is tackled in the literature, at the same time as being more thorough and
precise, is the definition provided in [48], which encapsulates all the definitions in
[15, 22, 28, 35].

For a deeper insight into Green IT, we recommend the book Harnessing Green
IT [43], in which the idea is to give a holistic perspective on Green IT by discussing
its various facets and showing how to embrace them strategically.
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As remarked by [22], however, over a long time, the topics of Green IT involved
only research dealing with hardware. It is clear that, independently of the efforts
made until now, software is also part of IT and must be taken into account when
talking about Green IT.

Apart from the previous definitions of general Green IT, there is an important
aspect to be taken into account, which is related to the difference between Green in
IT and Green by IT. The next section introduces this difference, along with the
definitions found between them.

1.3.2.1 Green by IT Versus Green in IT

The main difference between Green in IT and Green by IT is the role played by the
IT and the focus of the greenness. As indicated by [61], the difference depends on
considering IT as a producer to handle the emissions produced by the IT gadgets
themselves or considering IT as an enabler to enable reduction of emissions across
all areas of an enterprise. This difference was also highlighted recently in [22],
where it is stated that IT can contribute to eco-sustainability in two ways: on the one
hand, Green IT (Green in IT), when IT itself has an impact on the environment, and
on the other hand Green by IT, when IT provides tools for making tasks environ-
ment friendly.

This means that when the goal pursued is to reduce the energy consumption and
the resources used by IT, we are talking about Green in IT. When the focus is on
using IT to achieve more environment-friendly systems in other domains, then this
is Green by IT. This same idea is set out in [35], where it is stated that IT can
contribute to sustainability from two perspectives. On the one hand, IT can support
sustainability by optimising the resources and energy consumption of ICT itself, as
induced during the whole life cycle. This concept is called Green IT (Green in IT).
On the other hand, IT can support sustainability by providing ICT solutions that
reduce the environmental impact in other fields [23]. This is the concept known as
Green by IT.

As we know, IT is composed mainly of software and hardware; this means that
the same considerations can be applied at these levels; thus, we can have green in
software, green in hardware, green by software and green by hardware (Fig. 1.5).

Finally, we can combine the BY and the IN aspects in software and in hardware.
We have called this green software and green hardware, respectively, which
together make up Green IT. In Fig. 1.5, these relationships are shown in the form
of a diagram.

We will use these concepts when presenting the different definitions found
because, as shown previously, there are discrepancies between the concepts and
the meanings given by the different authors.
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Fig. 1.5 Green software, green hardware and Green IT

We will therefore use the terminology in Fig. 1.5 to unify the different defini-
tions. Readers will find in italic and parentheses the alternative concept to that used
by the authors.

In [6], the authors talk about Green IT 1.0 and Green IT 2.0, defining both as
follows: Green IT projects can be divided into two categories:

1. Green for IT (Green in IT), projects aiming to reduce the environmental impact
of IT, also known as Green IT 1.0. For example, 10 GbE (10 gigabit per second
Ethernet), clean energy to power data centres, hardware virtualisation, cloud
computing services (i.e. software as a service (SaaS), Web services, infrastruc-
ture as a service, developing platform as a service), data centre outsourcing and
co-location services, IT asset disposal and recycling services, IT energy mea-
surement, localised cooling, managed printing services, PC power management
software, storage capacity optimisation, thin clients (i.e. low-cost terminals
limited to user interface (UI) processing, data processing being run on the server)

2. IT for Green (Green by IT), projects aiming to reduce the environmental impact
of operations using IT, also known as Green IT 2.0. For example, process
automation, remote collaboration, TelePresence, and resource usage manage-
ment (energy, water, paper, CO,), for example, Project 2 degrees

The same names of Green 1.0 and 2.0 are used by [44] but in another sense.
These authors argue that we are now marching towards the second wave of Green
IT. The first wave, Green IT 1.0, was internally focused on re-engineering IT
products and processes to improve their energy efficiency and meet compliance
requirements. Green IT 2.0 is externally focused on business transformation,
sustainability-based IT innovations and enterprise-wide sustainability [44].

The definition given in [25] highlights the fact that there are two concepts used,
depending on the nature of IT: Green IT (Green in IT), defined as the IT sector’s
own activity and its impact on environmental efficiency, and green applications of
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IT (Green by IT) or IT for Green, defined as the impact of IT on the environmental
productivity of other sectors, particularly in terms of energy efficiency and their
carbon footprint.

A slightly different definition of the concepts is the one given by [42], where
waste (materials or substances which harm the environment or demand surplus
energy or resources) is used as a definition criterion: Green IT (Green in IT) is to
produce as little waste as possible during the whole IT life cycle (development,
operation and disposal), and Green by IT aims at producing as little waste as
possible by means of IT.

In [51], the author talks about sustainability for software engineering (how to
make SE itself more sustainable) and sustainability in software engineering (how to
improve the sustainability of the systems we develop). Although the author talks
about sustainability, we think she refers to what we call green software engineering
and, more concretely, to green in software engineering (from the point of view of
the process and of the product).

As can be observed, most of the authors use Green IT and Green by IT instead of
Green in IT and Green by IT. We maintain that this is confusing because concep-
tually Green in and by IT are part of Green IT. That is why we have decided to use
Green in IT instead of only Green IT, giving Green IT an upper level that contains
Green in IT and Green by IT.

1.3.3 Green Software

As remarked in the Intel technical article Impact of Software on Energy Consump-
tion, much of the computer energy used (and saved) is based on the effectiveness of
hardware energy efficiency and the hardware power states of the computer. But
software has an impact as well, in two ways: while running a ‘workload’ and while
‘idle”.*

Until recently, the greater part of the work done within the Green IT industry was
related to the area of hardware, focusing mainly on improving the energy efficiency
of hardware.

Hardware is of course fundamental, but hardware and software together form a
whole; one has no meaning without the other. It thus seems self-evident that
research work needs to be broadened to include software. As [22] points out,
researchers have to pay attention to the effect of software within Green IT.

The trend has been changing in the last few years, and new pieces of work
related to the area of green software are emerging. However, there is no common
definition of green software [1], a fact that leads us to outline some of the definitions
that can be found for the term green software.

* https://noggin.intel.com/content/impact-of-software-on-energy-consumption
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Murugesan and Gangadharan [43] define green software as environment-

friendly software that helps improve the environment. The authors classify green
software into four categories:

Software that is greener (consumes less energy to run)

Embedded software that assists other things in going green (smart operations)
Sustainability-reporting software (or carbon management software)

Software for understanding climate change, assessing its implications and
forming suitable policy responses

Green software is defined in [57] as software that must fulfil three high-level

requirements:

1.

2.
3.

The required software engineering processes of software development, mainte-
nance and disposal must save resources and reduce waste.

Software execution must save resources and reduce waste.

Software must support sustainable development.

According to [22], green software is ‘an application that produces as little waste

as possible during its development and operation’.

1.3.3.1 Green by Software Versus Green in Software

As happened with Green IT, green software can be divided into green by software
and green in software. Again, the main difference is whether the goal pursued is to
have more environment-friendly software or if it is rather to produce software that
helps the environment. Figure 1.6 shows this in diagram form.
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Fig. 1.6 ‘Green by’ and ‘Green in’ software
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Green by software appeared some time ago. In general, green by software covers
software developed for domains that work in the preservation of the environment,
as well as software that helps to manage energy-intensive applications.

On the other hand, green in software is related to how to make software in a more
sustainable way resulting in a more sustainable product (this is called green
software engineering). The next section will discuss this.

Of course, green in software also includes other aspects aside from software
development, such as governance.

1.4 Green in Software Engineering

Green in software engineering is part of green in software and therefore of green
software; green in software engineering is the focus of this book. Its main goal is to
include green practices as part of the software development process, as well as the
rest of activities that are part of software engineering (see Fig. 1.7).

ISO/IEC/IEEE Systems and Software Engineering Vocabulary (SEVOCAB)
defines software engineering as ‘the application of a systematic, disciplined, quan-
tifiable approach to the development, operation, and maintenance of software; that
is, the application of engineering to software’ [32].

Based on this definition, we can define green in software engineering as those
practices which apply engineering principles to software by taking into consider-
ation environmental aspects. The development, the operation and the maintenance
of software are therefore carried out in a green manner and produce a green
software product (Fig. 1.8).
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Fig. 1.7 Green in software engineering
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In [22], the author explains that software engineering can be green in three ways
[60]: (a) by producing green software, (b) by producing software to support
environmental consciousness (green by software) and (c) by producing less waste
during the development process.

As can be observed, the author mixes green by software with green in software in
defining green software engineering. Taking into account the definition of software
engineering, it seems that ways (a) and (c) fit, but (b) is does not.

This book gives information on the efforts that are being made nowadays in the
arena of green in software engineering. The following chapters will provide infor-
mation about the different areas of SWEBOK [65], attempting to give a complete
snapshot of the present state of the art [32].

1.5 Other Green Concepts in This Book

In this section, we provide a list of the definitions related to green software given in
the different chapters of this book but not yet dealt with by us. To that end, Table 1.2
shows the chapter in which the term appears along with the term itself and its
definition. It should be underlined that the definition is not necessarily proposed by
the authors themselves; it may have been taken from the literature but used in the
authors’ work. This means that it is advisable to look up the chapter that contains
the definition if the reader wishes to find out the exact source of a particular term. It
should also be noted that the chapters in this book include definitions of concepts
already treated in this chapter that we have not taken into consideration to avoid
unnecessary repetitions.
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Table 1.2 Green definitions
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Chapter
number Term

Definition

2 Software engineering envi-
ronment (SEE)

It describes the network of people, software, hard-
ware and infrastructure involved in the construc-
tion of software

Design for sustainable

It denotes how designers can influence users to act

behaviour in a more environment-friendly manner with
respect to their use of products, services and
environments
3 Green and sustainable soft- It is a product that should have little impact on the

ware product

sustainable development and, if it is its specific
benefit, promote the pursuit of sustainable
objectives

4 Green software services When green software is delivered as online services
(GSS)
5 Green strategy It is a plan of action intended to accomplish a
specific environmental goal
Green goal It is an objective that an organisation sets itself to
achieve and which is quantified where practical
6 Software engineering for sus- | Addresses issues and questions of where and how

tainable development

software and software engineering can help sus-
tainable development

Green quality

It is only indicated by some quality indicators,
either indirectly or directly

Sustainability of software
systems

Systems which generate much waste can be con-
sidered more harmful to the environment than those
systems that are better at recycling

Green quality factors

They are factors that define how software supports
sustainable development

Resource efficiency
(in software engineering)

It is related to software life cycle, including soft-
ware design, management, maintenance and
disposal

Software execution resource
efficiency

It is related to software execution and software
platform usage

Software client process
resource efficiency

It is related to how software stakeholders benefit
from software and its software system

Triftness

It is a factor that evaluates how software reduces
waste

Social sustainability

It is a factor that evaluates how software supports
social equality

7 Sustainable

Capable of being upheld; maintainable; and to
sustain as ‘to keep a person, community, etc., from
failing or giving way’; to keep in being; to maintain
at the proper level; to support life in; nature, etc.,
with needs

Requirements engineering for
sustainability

It denotes the concept of using requirements engi-
neering and sustainable development techniques to
improve the environmental, social and economic

(continued)
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Table 1.2 (continued)

Chapter
number

Term

Definition

sustainability of software systems and their direct
and indirect effects on the surrounding business
and operational context

Green requirements
engineering

It denotes the same concept as requirements engi-
neering for sustainability with a specific focus on
the direct and indirect environmental impacts of
systems

Environmental requirements

Requirements with regard to resource flow,
including waste management, can be elicited and
analysed by life cycle analysis (LCA)

Green software maintenance

It is performed during the entire software working
cycle and ends with the retirement of the software
product, undertaking at this point all the required
activities to reduce the environmental impact of the
retired software. It includes modification of code
and documentation in order to solve possible devi-
ation of the greenability requirements (or the
implementation of new ones), without modifying
the original functionality of the source code

Ecological debt

The cost (in terms of resource usage) of delivering
a software system with a greenability degree under
the level of the non-functional requirements
established by stakeholders, plus the incurring cost
required to refactor the system in the future

10

Sustainable software

It refers to a mode of software development in

development which resource use aims to meet (product) software
needs while ensuring the sustainability of natural
systems and the environment

Greenability Degree to which a product lasts over time,

optimising the parameters, the amounts of energy
and the resources used

Energy efficiency

Degree of efficiency with which a software product
consumes energy when performing its functions

Resource optimisation

Degree to which the resources expended by a soft-
ware product, when performing its functions, are
used in an optimal manner

Capacity optimisation

Degree to which the maximum limits of a product
or system parameter meet requirements in an opti-
mal manner, allocating only those which are
necessary

Perdurability

Degree to which a software product can be used
over a long period, being, therefore, easy to mod-
ify, adapt and reuse

Greenability (in use)

Degree to which a software product can be used by
optimising its efficiency, by minimising environ-
mental effects and by improving the environmental
user perception

(continued)
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Table 1.2 (continued)

Chapter
number Term Definition

Efficiency optimisation Optimisation of resources expended in relation to
the accuracy and completeness with which users
achieve goals. Relevant resources can include time
consumption, software resources, etc.

User’s environmental Degree to which users are satisfied with their per-
perception ception of the consequences that the use of soft-
ware will have on the environment

Minimisation of environmen- | Degree to which a product or system reduces the

tal effects effects on the environment in the intended contexts
of use
Quality in use It is the degree to which a product or system can be

used by specific users to meet their needs in order
to achieve specific goals with efficiency, freedom
from risk, greenability and satisfaction in specific
contexts of use

1.6 Challenges and Future Work

Several efforts trying to highlight the importance of including green aspects within
software engineering have been undertaken in recent years.

Our task is to raise awareness among software developers (software industries,
development departments, etc.) as well as users, who hold in their hands the
responsibility of choosing and demanding a software that is more respectful of
the environment.

If we achieve this, the whole software development ecosystem will be forced to
adopt greener software processes and produce greener software products if they
want to remain competitive.

As the issue of green software develops and strengthens, the terminology used
will also become clearer. In this chapter, we have attempted to gather the main
terms used today. We are certain that these are subject to modification, evolving as
the area itself grows in maturity and thereby solving some of the currently present
inconsistencies and lack of precision.

Green in software engineering is a nascent research area, so there are plenty of
challenges. It is our firm belief that in the next few years we will see research
findings and practical applications that we could never even imagine at the
present time.
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