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Abstract 

Sustainable development implies resource management that simultaneously guarantees the 
satisfaction of the present and future generations, considering the social, economic, and 
environmental dimensions. This paper proposes an approach to quantitatively assess 
software products' sustainability quality based on a library of requirements (i.e., general 
goals) considered as criteria in a multicriteria evaluation and analysis. To increase the 
environmental sustainability of software products, we argue that it is fundamental to 
comparatively evaluate them, identify the ones most in need of change, and quickly adapt 
existing products effectively and efficiently. 

Keywords: Software Sustainability, Requirements Specification, Multicriteria 
Evaluation 

 

1. Introduction 

There is a growing concern regarding the environmental conservation throughout recent 
decades [5], [16], [26,27,28]. This concern goes hand in hand with the awareness 
that ecosystem services are fundamental and climate change and pollution significantly 
negatively impact those services [22], [29]. Pollution can have different forms, such as 
air pollution or acidification of the seas etc., many of them highly pervasive for any 
animal [23]. As a consequence of this reality, sustainable development was defined by 
the UN in 1987 as the development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs [27]. 

This work acknowledges the three dimensions of sustainability, i.e., economic, 
social, and environmental, but its focus is on the environmental sustainability of software 
products (SPs). Like other products, SPs can contribute to pollution, e.g., due to high 
levels of energy consumption and disposal of electronic products at the end of life [6]. 
Considering these impacts, this paper proposes a multicriteria environmental 
sustainability evaluation of SPs from a GREEN in IT perspective, based on a library 
of g e n e r a l  requirements (i.e., goals) and an evaluation indicator. This proposal 
contributes to the discussion of sustainability in information systems, possibly allowing a 
simple first understanding of resource usage by SPs and its impact. 

"GREEN in IT" means that it shall be possible to make SPs more environmentally 
sustainable, and "GREEN through IT" means that it might be possible to have a more 
environmentally sustainable production and pollution mitigation or a greener world with 
IT products [18]. 

The impacts of IT products, e.g., allowing more intelligent and effective monitoring 
and mitigation of the environmental effects, are difficult to evaluate [8]. Regardless 
of this, software firms may consider the environmental impact of SPs more often if the 
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auditing activity has a low cost and a well-defined process. This perspective of 
GREEN in IT is better accomplished with the tools we discuss because it might be 
possible to audit, design and develop SPs according to specific environmental 
sustainability qualities. 

This paper is structured in 6 Sections. Section 2 introduces the sustainability 
dimensions of SP. Section 3 presents a library of requirements defined as general goals 
for environmental sustainability. Section 4 presents the multicriteria evaluation model for 
the evaluation of SPs. Section 5 supports the application of our model and the discussion 
with a simple but effective example. Finally, Section 6 presents the main conclusion. 

 

2. Sustainability of Software Products 

Sustainable software is an SP that is energy-efficient, has a positive impact on socio-
economic activity, and minimizes the environmental impact of the process it supports 
[30]. The impact of sustainable software can be direct, through consumed resources, and 
indirect [10], through the activity of services and products produced with the support of 
the IT industry. This definition gathers the five dimensions of sustainability, as admitted 
by Venters, C. et al. [30], Becker et al. [2] and Lago et al. [14]: environmental, individual, 
economic, social and technical. We adopt this classification with five dimensions. From 
another perspective, Zaidan et al. [34] discussed six concerns that must be considered for 
the sustainability of software products: usability, functionality and features, security, 
developer support, customizability, and ease of installation. 

The focus of this paper is the environmental sustainability of SPs. We try to contribute 
to increasing SPs' environmental sustainability without compromising other 
sustainability dimensions. Moreover,  it is fundamental to acknowledge that IT is closely 
linked to industrial products with cyber-physical and IoT-based software. Also, digital 
twins is a technology that can be used to improve the environmental sustainability 
of industrial products by simulating, measuring and computing information obtained in 
real-time that can be used to generate optimization and design solutions [4]. For example, 
content management systems [1] is a class of software frameworks that simplifies and 
increases the production of SPs, especially o f  websites. However, their usage can only 
be considered environmentally friendly if it respects what is defined as being 
acceptable software practices, e.g., as defined by the researchers accepting the 
Karlskrona Manifesto [2]. 

To evaluate the environmental friendliness of SPs some authors consider the usage of 
conceptual frameworks like "Green Requirements Engineering" as fundamental [18]. In 
contrast, others think energy is the most crucial indicator of environmental sustainability 
of SPs, e.g., for websites or mobile apps [9] [32]. Penzenstadler et al. [18] and Kern et al. 
[13] assume that to define new requirements for environmental sustainability; we should 
start by looking for the ones that were defined in the context of other SPs sustainability 
dimensions, e.g., usability, security, and adapt them. Kern et al. [13] mention explicitly that 
SPs can be considered "relatively sustainable" when compared among them. 

 

3. Environmental Sustainability Requirements for Software Products 

Requirements Engineering (RE) intends to specify rigorous requirements in the early 
phase of software engineering, where the exact scope of the system is determined, and 
the stakeholders' needs and concerns are iteratively elaborated [18]. For example, 
requirements can be used to automate acceptance tests to verify if stakeholders' needs 
and concerns are satisfied [17], [36]. 

In this paper,  w e  define how to audit and evaluate SPs regarding their 
environmental sustainability. The scope of our research is a class of requirements 
for environmental sustainability or green requirements that can be labelled as an example 
of Green Requirements Engineering, in which there is a focus on the environmental 
impacts of the system in consideration [18]. 
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This research identifies high-level requirements, defined as goals, classified by 
general categories. To each goal, a number is attached to an environmental impact that 
might be negative or positive if they are considered a problem or a solution, respectively. 
Examples of categories for environmental sustainability of SP are the following: (C1) 
Color; (C2) Video; (C3) Elements; (C4) Energy; (C5) Aesthetics; (C6) Hardware; and 
(C7) SoftProduct.  

All these requirements, if not satisfied, are considered problems because they may 
imply a higher level of electric energy consumption or more work to build the 
product. These were the chosen requirements because they help us understand the 
impact of the SPs elements that are usually responsible for an important volume of 
energy consumption [9] and complexity [15]. According to Maguel et al. [15], SP 
complexity is the measure of how difficult the program is to comprehend and work with. 
In this paper, we consider the number of elements an adequate measure of it. 

These general categories can be applicable to every SP, being C1 to C5 and C7 
straightforward examples. C6 assumes that any non-SP is designed and/or produced with 
the help of an SP that makes its environmental sustainability goals possible. Examples of 
such goals (and respective categories, indicated in square brackets) are presented as 
follows: 

 
Goal 1. SP shall use lighter colours [Color]. SP shall use no lighter colours (lighter 

than a certain level) because darker colours mean lower electric energy consumption 
[2; 9]. Explains how to audit the lighter colours of a SP. It indicates the number of 
colours to change. 

Goal 2. SP shall use static images instead of videos [Video]. SP shall use images 
instead of videos because moving images imply more electricity consumption [2; 9]. 
Indicates the number of videos to replace by static images. 

Goal 3. SP shall use a minimum value of energy consumption [Energy]. SP shall 
use a maximum level of 18 Watts electric energy power because we use a similar value 
of mobile phones as a benchmark. It indicates areas in need of energy-saving. 

Goal 4. SP shall have pleasant aesthetics [Aesthetics]. SP shall have a 
comparison between colours that does not imply a change in aesthetics, i.e., the contrast 
between colours allows easy reading. 

Goal 5. Hardware shall meet its environmental purposes [Hardware]. Hardware 
shall be able to provide the desired output respecting its environmental purposes. 

Goal 6. SP shall meet its environmental purposes [SoftProduct]. SP shall be 
able to provide the desired output respecting its environmental purposes [2]. 

Goal 7. SP shall have user-centric goals [SGoals]. SP shall have clearly defined 
goals for the end-user. Indicates the number of clearly defined user-centric goals. 

Goal 8. SP shall be kept simpler as possible [Elements]. SP shall have a minimum 
of elements because the lowest number implies the minimum complexity. It indicates the 
number of elements, i.e., the system components seen by the end-user, e.g., text, static 
images and videos [31]. The SP with a  higher number of elements is a smell that 
is the most complex, eventually needing simplification. The number of colours plus 
videos plus static images plus texts define the value of Elements. 

 
The simplicity of this approach compares well with other proposals [21] and makes 

possible future modelling of goals easier with tools such as Pistar [19]. This set of goals 
can be used to audit a SP regarding its environmental impact and shade the light on 
new tools that can h e l p  t o  rebuild SPs to make them more environmentally 
sustainable and, at the same time maintain all the other requirements that make its usage 
sustainable, e.g., by combining usability and security requirements. 
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4. Multicriteria Evaluation for Environmental Sustainability of Software 
Products 

Multicriteria evaluation or multicriteria analysis (MCA) is a technique used in several 
fields of science, such as computer science [3], [11], civil engineering [35], public 
policy [25], a n d  environmental planning [29]. MCA can complement or be an 
alternative to cost-benefit analysis, being relevant at two of the stages of Impact 
Assessment, namely [25]: assessing the economic, social and environmental 
dimensions and comparing policy options. This analysis uses the following concepts: 
(i) objectives, i.e., t h e  indication of the direction of change desired, (ii) evaluation 
criterion, i.e., the basis for evaluation in relation to a given objective, (iii) goal is a 
synonymous with a target, and (iv) attribute, i.e., a measure that indicates if goals 
have been met or not. There are various multicriteria analysis' methods, but the MCA 
method can be defined as an aggregate of all objectives, criteria (or attributes) and 
criterion scores [8]. 

The main objective of this evaluation is to minimize energy consumption and SP 
complexity. In this paper, the goals referred to in the previous section are used as 
attributes, and the concept objective is labelled as direction to avoid confusion with the 
mentioned goals. Table 1 shows the proposed model used to compare and evaluate SPs, 
with some concrete values (as an example), where: 
 WP, the Weighted Performance, is equal to W * D * P;  
 W the weight (between 0 and 1, the higher the value the higher the importance);  
 D the direction (-1 if negative and 1 if positive); and  
 P the performance (number of elements for the corresponding Goal).  
 

Table 1. Multicriteria evaluation model for environmental sustainability of software products. 

 Input Matrix 
Software products 

SPX 

Goal Category Goal Weight (W) Direction (D) Performance (P) Weighted Performance 
(WP) 

C1. Color G1 0.4 -1 3 -1.2 

C2. Video G2 0.4 -1 3 -1.2 

C8. Elements G8 0.2 -1 4 -0.8 

C7. SGoals G7 D 1 2  

 TOTAL -1.5 
 

For the values shown in Table 1, we may have the evaluation indicator of 
environmental sustainability defined by the following formula: 

 

𝐸𝑆𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑙𝑜𝑢𝑟𝑠 ∗ 0.4 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑉𝑖𝑑𝑒𝑜𝑠 ∗ 0.4 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑠 ∗ 0.2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑃 𝐺𝑜𝑎𝑙𝑠
 

 
 
The indicator uses the number of SP Goals dividing the total value of WP to determine 

the average environmental impact per sustainability goal. The values for the parameters 
𝑁umbe𝑟 of Colours, 𝑁umbe𝑟 of Videos and 𝑁umbe𝑟 of Elements are the values for criteria 
Colours, Videos and Elements, respectively. The weight of 0.2 for the total number of 
elements is 50 % of the weight for the other two criteria, meaning that it has 50 % 
importance. It contains text and buttons but other elements already computed, such as 
images and videos.  

The considered goals are relevant both to desktop and web-based SP. The scores used 
consider that images and colours, each with a 40 % score, are the main sources of energy 
consumption in standalone software [9][21]. Text elements, with a 20 % score, are less 
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impactful for energy consumption but increase the complexity of an SP, i.e., any element 
added to an SP implies work and time to develop and maintain it.  

 

5. Application Example and Discussion 

This section discusses the application of the proposed evaluation model with three 
concrete websites: inaturalist.org, identify.plantnet.org, elixir-europe.org (see Table 2). 
These websites were chosen because they have environmental goals and represent an 
important community of end-users interested in biological and ecological issues. SP3 has 
significantly distinct goals as compared with those of SP1 and SP2. Other SP could 
have been chosen, but these are commonly used enough to explain the proposal. 

 
Table 2. SPs used to apply the proposed model. 

SP Id  Website  Description 

SP1  inaturalist.org  Community of people interested in a database of species 

SP2  identify.plantnet.org  Community of people interested in a database of plants species 

SP3  elixir-europe.org  Community of life sciences institutions interested in developing a 
database of scientific knowledge 

 
Table 3. Multicriteria evaluation model for environmental sustainability of software products. 

 
Input Matrix 

Software products 
SP1 SP2 SP3 

Category Goal Weight 
(W) 

Direction 
(D) 

Performance 
(P) 

Weighted P 
(WP) 

 

P 
 

WP 
 

P 
 

WP 

C1 G1 0.4 -1 2 -0.8 1 -0.4 1 -0.4 
C2 G2 0.4 -1 2 -0.8 0 0 1 -0.4 
C8 G8 0.2 -1 53 -10.6 247 -49.4 98 -19.6 
C7 G7 D 1 2 n.a. 2 n.a. 3 n.a. 

  Score  -4.01  -16.6  -6.8 

 
Table 3 shows the application of the evaluation model with these SPs. 
Criteria Color, Video and Elements are used in a continuum of integer values. A 

higher number for each criterion means a lower score value because lighter colours and 
moving images imply more energy consumption [2; 9]. A higher number of elements 
imply more development effort, meaning more energy and resource 
consumption. Elements in SP1 is 53 (2 Color plus 2 Video plus 25 text plus 24 image), 
in SP2 is 247 (1 Color plus 0 Video plus 201 text plus 45 image) and in SP3 is 98 (1 
Color plus 1 Video plus 84 text plus 12 image). Both text and image elements are not 
computed for simplicity and because they are considered not as much relevant as 
others. SGoals is criteria that divides the total score of other not abstract criteria to 
obtain a total value that considers the complexity of different goals between software 
products. The SGoals identified, from the end-user perspective, and classified as 
suggested by Function Point Analysis, i.e., the system components as seen by end-
user where [31]: (i) Build a database; (ii) Connect with users; (iii) Retrieve Inst. Info 
and (iv) Management Support. 

This example showed that RE makes i t  possible: it may add rigour and 
efficiency when performing tasks. This is a reality, even though our MCA and library 
of environmental sustainability requirements include o n l y  a restricted number of 
elements to guarantee its simplicity. The result of using ESustainability is the score -
4.01 for SP1, -16.6 for SP2 and -6.8 for SP3. SP2 is the one with the  lowest value, 
i.e., the one whose change is the  mos t  relevant, because regardless of having no 
videos and only having one colour that need to be changed, it contains 247 elements 
regardless of having the same number of goals as SP1. This value is reached even if 
ignoring that this number of elements represents a very heterogenous group, such as 
algorithms, text, and images, being images a very relevant type of element in website 
evaluation due to eventual communication burdens they can be responsible for [9]. 

Nevertheless, for simplicity, the elements' distinction was also ignored that only 
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SP2 (identify.plantnet.org) do not use moving images and algorithms were not counted. 
We also acknowledge that the objective of elixir-europe.org is more complex and has 
more goals, and as a result, we understand that it is performing relatively better when 
compared with SP1 and SP2. Regardless of  the score and goals, any of these websites 
could be further optimized for environmental sustainability, e.g., by eliminating or 
reducing automatic movement, simplifying the structure (fewer elements), avoiding 
external links, etc. Also, the criteria Aesthetics can complement our analysis showing 
that SP1 and SP2 need to change their background colours because they are too light. 
Nevertheless, measuring the area that the colour to be changed covers needs an 
automatic procedure with fine granularity. 

Our model assumes that the website most in need of change, i.e. SP2, is the same 
that http://www.websitecarbon.com/ [32] indicates as the least environmentally friendly, 
as measured on 21 March 2022: (i) inaturalist.org produces 1.42g of CO2 per visit; 
(ii) identify.plantnet.org produces 2.30g of CO2 per visit, and (iii) elixir-europe.org 
produces 0.87g of CO2 per visit.  

The sustainablewebmanifesto.com only produces 0.01g of CO2 per visit, and it might 
be considered a benchmark for improving more environmentally sustainable websites. 
While our approach considers an SP as a white box, where every element is perfectly 
identifiable, http://www.websitecarbon.com is an example of a black- box approach 
where only the e n e r g y  performance is measured. In our approach, first we audit the 
SP, identifying each element and showing the ones that can justify a given result and 
should be changed to obtain more environmentally friendly performances. In other 
words, this method produces information needed for the changes to be made 
automatically for adapting existing SP. 

It is assumed that an improvement is possible regardless that savings of 
resources d o  not always mean less environmental impact due to the impacts of the 
service provided, and the difficulties of recycling continue to exist. 

 

6. Conclusion 

This paper proposes and discusses a multicriteria analysis to evaluate software products 
regarding their environmental impact. This model is supported by a library of 
requirements for environmental sustainability, defined as general goals. Previous work 
that considers green requirements engineering should be developed within the context 
of general-purpose requirements engineering is acknowledged [18]. 

The new idea we present in this paper is the application of MCA with only a very 
limited number of criteria. This first step is building an SP to make others more 
environmentally sustainable. This proposal might use an algorithm that inputs the data 
provided by our model and outputs sequences of instructions of change for the SP. 
Furthermore, this number of criteria is not only for SP but also for industrial products. 
It needs more testing, especially in industrial design using digital twins, GREEN through 
IT testing. For instance, (1) a printer software that optimizes environmental 
sustainability of paper printed documents; (2) an SP that searches new usages for natural 
molecules or raw materials; or (3) software that tests a new machine to collect 
microplastics in a laboratory. 

Future research would include extending and improving the rigorous specification of 
the discussed requirements library, maintaining simplicity, and designing a tool to better 
support the audit and evaluation processes. We also plan to conduct more case studies and 
tests to help validate and extend the model proposed in this article. 
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