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Abstract—Recently, sustainability in software engineering and
especially in requirements engineering is an emerging field.
Especially, increasing demand for energy and intensive use of
software and software-related services are the key motivators for
designing software products with environmental requirements. In
this study, we identify the software practitioners perception of
the energy-related impact of software quality in order to develop
environmentally sustainable software product. We present the
result of a survey study that is conducted with 53 software
practitioners in 7 different companies. Through this survey, we
aim to explore the correlation between software quality and
energy efficiency. We found out that there are significant negative
correlations between functional suitability and compatibility;
performance efficiency and security; reliability and compatibility
with respect to energy efficiency. We built regression models
by using energy efficiency and resource efficiency. Regression
models show that performance efficiency, reliability and usability
attributes have significant energy-related impact on the quality of
the environmentally sustainable software product. We believe that
our analysis gives insights to software practitioners to consider
energy efficiency in making requirements prioritization decisions.

Index Terms—environmental sustainability; software quality;
non-functional requirements; energy efficiency; decision making

I. INTRODUCTION

It is important to define the sustainability of a software
product by considering different sustainability dimensions
such as economic, social, technical and environmental in
order to evaluate the consequences of product or process
decisions properly [1], [2]. We observe that decision-making
in software development involves trade-offs either between
different quality criteria such as performance versus reliability,
or between economic dimension and quality, such as cost
versus performance. Environmental dimension, especially, has
big concerns since the immediate effect of energy efficiency
and resource efficiency can easily be evaluated for any new
product by understanding its functionality. Some studies argue
that energy efficiency usually conflicts with quality goals
(e.g. energy-performance trade-off)[3]. However, we believe
that decision-making on sustainability-related software should
complement quality rather than to replace it.

Recently, several authors have explicitly promoted sustain-
ability in software engineering [4], [5]. Some studies claim
that sustainability should be part of software quality models [4]
such as in ISO/IEC 25010. Other studies reveal that sustain-
ability has to be considered as a non-functional requirement
(aka quality attribute) [5], [6]. Becker [7] stated that there is a
need of understanding of the relationships between sustainabil-
ity and software qualities supported by empirical studies. This
reflects that sustainability has to be understood as a software
quality and it should be part of design and development of
software [8]. In order to integrate sustainability as a quality
attribute, we believe that the starting point is the awareness
of the practitioners. They need to be aware of sustainability
concerns and understand the relationship between quality and
sustainability requirements.

Although, it seems to be an abundance of information on
sustainability, the level of awareness in the software engi-
neering field is low in practice [9]. A recent study shows
that developers consider sustainability at the level of the
software artifact and they define sustainability in terms of
maintainability and usability [10]. So far there is no consensus
in the literature on how to relate sustainability in terms of
software quality.

In most cases, sustainability has been associated with the
use of environmental resources and it requires simultaneous
consideration of environmental protection and direct effects
of energy consumption. In contrast, as Hilty et al. [11]
mentioned in their latest report, knowledge about designing
and configuring software in an environmental manner is not
sufficient today. Therefore, there is a need to have a common
understanding of sustainability among software practitioners.

In this study, we are motivated to analyze the relationship
between environmental sustainability and software quality
from the points of view of software practitioners. Our analysis
complements the literature on decision-making frameworks
[12], [13] in the area of environmental sustainability and
software engineering. We state our research question as:

• How does environmental sustainability relate to software
product quality?

We studied how software practitioners consider the direct
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effect of product quality on environmental sustainability. We
show a practical guide for practitioners to identify the impor-
tant quality factors at early stage of software development. The
data come from surveys that were completed by practition-
ers. We analyzed the correlations between software product
quality criteria and environmental criteria. Then we built a
regression model using product quality and environmental
criteria. We identified a significant correlation between product
quality attributes (i.e. functionality and performance), and
sustainability attributes (i.e. energy efficiency and resource
efficiency). The regression model is built using these criteria
with significant correlations. The regression analysis results
showed that resource efficiency measures may be useful to
clarify environmental sustainability of software. Moreover,
the results revealed a negative correlation between energy
efficiency and quality. Our contributions are summarized as:

• Explore environmental dimension of sustainability in
software engineering

• Identify and discuss the main challenges in the devel-
opment of environmentally sustainable software quality
attributes that are compatible with current software engi-
neering quality practices.

• Perform an empirical study that integrates environmental
sustainability into quality.

• Present the correlation between current software quality
attributes and environmental attributes.

• Provide insights for practitioners to incorporate environ-
mental sustainability in requirements selection decisions.

The paper is organized as follows. Section II represents
related work. Section III provides with the methodology of our
study. Analysis and results are given in Section IV. Section V
presents threats to validity, and Section VI finalizes our work
by giving a conclusion and future work.

II. SUSTAINABILITY AND SOFTWARE ENGINEERING

Brundtland commission [14] defines sustainability as “meet-
ing the needs of the present without compromising the ability
of future generations to meet their own needs“, Seacord et al.
[15] define sustainability in the field of software engineering
as the “ability to modify a software system based on cus-
tomer needs and deploy these modifications“. Sustainability
has different dimensions including economic, environmental,
social, individual, and technical. Economic dimension relates
to financial aspects and business value, whereas environmental
dimension refers to usage and care of the natural resources. So-
cial sustainability aims at preserving the societal communities
in their solidarity and services and individual sustainability
refers to maintaining individual human capital (e.g., health,
education). Technical dimension relates to long-time usage
of systems and their adequate evolution regarding changing
surrounding conditions and related requirements [2], [6], [7],
[16].

In the field of software engineering, recent discussion of
sustainability tended to focus on the sustainability as a re-
quirement in terms of technical, economic and environmental
perspectives [17].

A. Sustainability in Decision Making

Considering sustainability into any research domain requires
a multidisciplinary approach [18], [19]. Karlskrona Manifesto
set out key principles and commitments for sustainability
design [16]. One of the key principles of this manifesto is
that sustainability needs to be integrated on multiple levels of
the decision-making processes by using modeling and analysis
techniques.

Software companies as well as software engineering re-
search community have been mostly focused on the software
quality attributes (e.g. reliability, performance and efficiency)
and the cost-benefit analysis of these attributes in making
decisions [20], [21]. These approaches mainly concentrate on
the analysis of the economic and technical aspects.

Cabot et al. [22] implemented sustainability within the goal
model [23] to support decision making, but they do not provide
a methodological framework on how to apply or to use for
decision support. Stefan et al. [24] used a quantitative approach
with a case study where goals are given formal and measurable
definitions. Mahaux et al. [25] performed a case study on
a business information system but they did not discuss the
challenges in the decision-making. Gu et al. [26] proposed a
green strategy model that provides decision makers with the
information to employ green strategies. They give a broader
view on sustainable software engineering. Penzenstadler et al.
[27] discussed sustainability as one of the major consideration
in software product management decision-making and they de-
fined a value-based approach for sustainability. However, they
do not discuss how sustainability aspects could be measured
in practice.

All of above the models in the literature are qualitative base
models; therefore they offer a limited support for decision-
making. In order to consider sustainability in decision-making
process, a practical framework that includes all the relevant
quality attributes is needed. These qualities need to charac-
terize the sustainability concerns of software products and
identify interdependency of qualities with respect to sustain-
ability. In our previous studies [12], [13] a multi-criteria
decision-making framework was built for prioritization of
software requirements. The emphasis was on environmental
sustainability. However, there are still open issues, especially
on developing sustainability attribute, as they are interpreted
as quality attribute, and incorporating them during the process
of software development. The work in this paper is the first
step towards capturing and analyzing the practitioners insights
on the impact of quality and environmental sustainability.
Therefore, the method and the results will provide evidence on
how software practitioners may incorporate environmental sus-
tainability in terms of energy efficiency and resource efficiency
when they make software requirements selection decisions.

B. Sustainability as a Software Quality

Current discussions on the sustainability requirements are
built on how to define, measure and assess sustainability
as a quality attribute of software [28]. The recent qual-
ity model/standards are introduced by ISO (ISO/9126 and



ISO/IEC 25010) [29] but none of the sustainability dimensions
are considered as quality attribute in the standards.

In the software engineering literature, the first quality model
for green and sustainable software was developed by Kern et
al [30]. It refers to a quality factors from ISO /IEC 25000
based on the direct and indirect quality attributes of software.
The quality model gives an overview of potential aspects that
may be taken as sustainability attribute as well as the metrics
for software products. The model just considers the product
quality factors, however, the quality aspects standardized in
ISO /IEC 25000 are also related with the quality of software
in use. Calero and Bertoa [4] consider sustainability as a
new factor that affects software product and process quality.
They presented a new quality model (ISO 2510+S) based
on ISO/25010. In the model they differentiate the quality
factors with respect to the sustainability impact and they
describe related and unrelated sub-characteristics. All these
studies discuss the relationship between the software quality
and sustainability in general terms. They point out that the
product as well as the quality in use needs to be considered
when assessing the sustainability of the software. On the other
hand, none of the studies have mentioned and investigated the
impact of the quality on sustainability dimensions. Our study
is the first one that attempts to analyze correlation between the
standardized quality attributes and environmental sustainability
attributes to identify their effects on environmental sustainabil-
ity.

III. METHODOLOGY

We conducted an eight-week survey study at Galatasaray
University, Center for Research and Decision Analysis and
Applications in Turkey using a questionnaire. The study was
conducted with 53 software practitioners in 7 different compa-
nies in Turkey. Four of them are large size information tech-
nology (IT) companies and the remaining three are small and
medium size IT companies. The majority of the participants
are working in the development and quality assurance teams.

A. Development of the Questionnaire

A questionnaire was designed to understand and evaluate the
relationship of different criteria. In order to clarify the term
we used “criteria“ as for attribute. Software practitioners were
asked to prioritize the importance of different criteria regard-
ing product quality and environmental sustainability in their
decision-making process. The procedure was adopted from
Wohlin and Aurum [31] when designing the questionnaire:

• A brainstorming session was held to identify suitable
criteria of quality and environment to include in the
questionnaire as well as to design the format of the
questionnaire. The session included all the authors.

• The questionnaire was designed by the main author of
this paper based on the outcome of the brainstorming
session.

• The questionnaire was reviewed and updated by the
authors to further improve the questions. Then it is sent
to a contact person at different companies.

Fig. 1: Hierarchical structure of factors and criteria

The brainstorming session and the review process included
some discussion about whether it was possible to identify
dependencies in criteria. It was concluded that it would only be
possible if the criteria were kept at a high level of abstraction.
This would mean that few criteria would be evaluated and
prioritized by the practitioners in the study. In summary,
the objective was to judge the importance of an individual
criterion among the other criteria. We identified the quality
and environment as factors that are described as the external
view of the software (as it is viewed by the users), and criteria
that are described as the internal view of the software (as it
is seen by the practitioners). Figure 1 shows the hierarchical
structure that divides quality and environmental factors into
criteria which may consist of sub-criteria. Please note that the
terms factor and criteria are not part of the ISO/IEC standard,
but we introduced them here for the sake of simplicity.

B. Description of Criteria

After literature review and brainstorming, we selected eight
criteria (shown in Table I) that would be assessed by the
practitioners. Many of the criteria were general in the sense
that they were often referred in the literature when discussing
software quality. It was agreed among the researchers that the
eight criteria are covered by two factors, software product
quality and environmental sustainability, although this group-
ing was not communicated to the practitioners.

1) Product Quality Criteria: Software product quality cri-
teria were adopted from the ISO/IEC 25000 (SQuaRE) [29]
series. ISO/IEC 25010 is a part of Square series that is
composed of a quality in use and a product quality model.
Considering the scope of our study, we used product quality
model that categorizes product quality properties into eight
characteristics (functional suitability, reliability, performance
efficiency, usability, security, compatibility, maintainability
and portability). While functional suitability, reliability, per-
formance efficiency, usability, security and compatibility are
defined as internal quality characteristics; maintainability and
portability are external characteristics. For the purpose of this



TABLE I: Software quality and environmental factors and their
related criteria

(Q) Software Quality [29]

Q1 Functional
Suitability

The product fits the functional requirements of the
user and customer.

Q2 Performance
Efficiency

How well the product responds to user requests and
how efficient it is at execution time.

Q3 Reliability The product produces failures and hence may not be
available.

Q4 Usability How easily the system can be used.

Q5 Security Keep data intact and a secret as well as to maintain
repudiation.

Q6 Compatibility The quality that a product does not disturb or can
even work together with other products.

(E) Environmental Sustainability [12], [13]

E1 Energy Effi-
ciency

The level of energy performance of the software and
the amount of energy resources used, under stated
conditions.

E2 Resource Effi-
ciency

How efficiently the resources used by the product
when performing its functions and/or serving useful
workload.

study, we only adopt internal characteristic as quality criteria.
The criteria defined by model are relevant to all software
products and computer systems [29].

The main motivation of choosing the standard is that it
becomes the most well-known software quality model in
practice and it covers all well-known quality characteristics.

2) Environmental Criteria: Environmental criteria were
adopted from our previous works [12], [13]. In order to
analyze environmental dimension of sustainability, the clas-
sification is important since all the interdependencies related
to both quality and environment are elicited for the analysis.
Similar classification may also be used to identify other
aspects of sustainability dimensions that correspond to quality
requirements.

Environmental sustainability aims at improving human wel-
fare while protecting natural resources [32]. If the software
product is considered, this dimension aims at addressing
ecological requirements including energy efficiency [33]. In
software intensive systems, it does not consider only the
energy efficiency and optimization. However, main motivation
here is that energy efficiency is the most important attribute
and it has direct effect (first order effect) on the environmental
sustainability. First order effects are the immediate opportuni-
ties and effects created by the physical existence of software
as a product and process involved in its design and production
[33]. Although second- and third-order effects are very impor-
tant for an informed decision-making on sustainability-related
software, the main focus in this study is to identify relations
on the first order effects. Computing resources (memory,
processing, network bandwidth, and storage) are the principal
source of consumption within the software system. Given a
monitoring of energy consumption over certain time frames,

energy efficient resource usage possibilities may be spotted
and subsequently applied. For this reason, resource efficiency
is adopted as another characteristic of environmental quality
of the product.

C. Conducting the Questionnaire

The questionnaire was distributed online via e-mail to the
participants. At the questionnaire the practitioners were given
a short introduction which included positioning the question-
naire such that this is an international collaborative research
project and the main research objective. The practitioners were
also guaranteed anonymity.

The first part of the questionnaire contains an introduction
and the context. The second part introduces the criteria that are
shown in Table 1. The third part is the actual questionnaire.
The eight criteria were listed in a table and the practitioners
were asked to fill out different columns with respect to the
given factor (quality and environment). The practitioners were
asked questions to indicate the level of importance of the each
criterion regarding the importance of the factors (quality and
environment). For example, the they were asked “How im-
portant is functional suitability with respect to environmental
sustainability“, “How important is functional suitability with
respect to resource efficiency“. The questions were inspired
from [34] We used Likert scale with nine response categories
(1-9) [35]. The nine-point scale has been shown to reach the
upper limits of the scales reliability [36]. A score of 1 indicates
not important and 9 represents the extremely important. The
higher the value, the more important the criterion is.

IV. RESULTS AND ANALYSIS

The questionnaire was initially sent to one company to
check if the questionnaire was easy to understand and if there
is major problem existed. this provided a validation of the
questionnaire. It was validated that the questions are clear and
understandable, no changes were needed. Later, it is sent to
six more companies. The results presented here are based on
the responses of seven companies. In total, 53 practitioners
responded from those seven companies. The participants have
between 5 to 20 years of software engineering experience.

A. Data Analysis

We used Spearman correlation analysis in order to find
the correlation between quality and environmental criteria. A
correlation is the measurement of the relationship between two
variables. A positive and negative correlation simply indicates
that there is a relationship between the two variables. The
most important concept is that correlation does not indicate
causation. Spearman correlation is a measure of the existence
and strength of the relationship between two variables [37].
Here we used Spearman test to determine the importance of
the relationships between quality and environmental criteria.
The important elements of the test are the data distribution
does not necessarily follow the normal distribution and the
data must be ordinal. As we used 1 to 9 Likert scale to
determine the the rank of importance, Spearman correlation



TABLE II: Descriptive statistics and correlations for E1

Q1 Q2 Q3 Q4 Q5 Q6

Q1

Q2 0.22

Q3 0.25 0.13

Q4 -0.28* 0.01 -0.08

Q5 0.03 -0.33* 0.43** -0.20

Q6 -0.42** -0.13 -0.53** 0.34* -0.42**

*correlation is significant at p < 0.05

**correlation is significant at p < 0.01

test suits best to our data and distribution type. As a result
of this analysis, the relationship between criteria is expressed
by a value between -1 and 1. The values close to 1 or -
1 indicate high correlation. Positive values represent positive
correlation in the same direction while negative values indicate
correlation in the opposite direction. We took the significance
level as 0.05. We applied correlation analysis on each criterion
separately and obtain p and StdErr values for each of them. We
used SPSS Statistics software package for statistical analysis.
After correlation analysis, we performed regression analysis
on criteria whose correlation analysis yields significant results.
We created and evaluated regression models in which the
independent variables are quality criteria and the dependent
variables are the environmental criteria. In order to evaluate
the explanatory power of the regression models, we used the
R2 coefficient. It is the ratio of the regression sum of squares
to the total sum of squares [37]. R2 ranges from 0 to 1, and
the higher the value is, the more variability is explained by
the model, i.e., the better the explanatory power of the model
is. Another indicator of the explanatory power used is the
adjusted R2. This takes into account the degrees of freedom
of the independent variables and the sample population.

B. Correlation Analysis Results

We analyzed the relations regarding the importance of
energy efficiency (E1) criteria. For six quality criteria using
Spearman correlation (Table II), we found that functional
suitability is significantly negative correlated with usability
(-0.28) at the 0.05 level and compatibility (-0.42) at the
0.01 level. Another negative significant correlation was found
between reliability and compatibility (-0.53); security and
compatibility (-0.42); at the 0.05 level. A positive correlation
was found between reliability and security (0.43) at the 0.01
level.

Regarding the importance of energy efficiency, the nega-
tive correlation reveals that functional suitability has negative
correlation with usability and compatibility. That can be in-
terpreted as the level of functional suitability increases with
the decreasing level of usability and compatibility. However,
this correlation does not imply the causality. Usability focuses
on efficiency of use. Its goals are easy to accomplish quickly

and with a few or no users errors, customer acceptance and
how well the customer can use the product to complete the
required task. The way in which energy is consumed is the
result of the customers characteristics and the way in which
they use the product. In this sense, energy efficient product
usability requirements need to build around people and busi-
ness objectives. In contrast, developers are most comfortable
with the functions and tend to focus on them. As a result,
in most development environments, usability requirements are
less constructed. Instead, the developers agree on a basic
functions that are the most desired. Principally, developers
can and should embrace and care about energy efficiency and
usability, just as much as they embrace functionality based
development.

Another negative correlation lies between security and
compatibility. Ability of the software to work with other
systems provide compatibility of the product, on the other
hand working with different platforms/operating systems may
create a security risks. This is not only under the operating
system level but also in resource consumption.

The positive correlation between reliability and security
may help ascertain the faults and defects, preventing mishaps
and be helpful to establish the behavior of the software
product with respect to the energy efficiency of system that
it is deployed on. Knowing this positive correlation also
helps to distinguish system reliability failures and systems
security failures for analysis at the time of system design. The
negative correlation of reliability and compatibility implies
that reliability is greatly influenced by the compatibility of
the software. This may be used for the decision to adopt the
software product. For example, even if the product is 95%
compatible, the remaining 5%, may result in breakdown and
this affects reliability and energy efficiency negatively.

Regarding resource efficiency (E2) we found the similar
results with energy efficiency shown in Table III. There are
negative significant correlations between functional suitability
and usability (-0.28), compatibility (-0.50), respectively.

Another negative correlation is fond between performance
efficiency and security (-0.41) at 0.01 level. The only posi-
tive significant correlation are found between reliability and
security (0.51) at 0.01 level.

C. Regression Analysis Results

Following our correlation analysis, we applied regression.
We built regression models using quality criteria as indepen-
dent variables. We also tested the statistical significance of
the regression models using the F-test. We ran the stepwise
regression analysis to look at the contribution of each quality
criteria (Table IV, V) to regression models. Table IV shows
the stepwise regression models for energy efficiency.

Model 1 was run for functional suitability (Q1). The model
is significant at the level of 0.05. When we add performance
efficiency (Q2), surprisingly, Model 2 leads to reduction of
Adjusted R2 from 0.11 to 0.10. However, addition of reliability
(Q3) to regression model (Model 3) R2 increases and F change
is significant. These results indicate that, reliability is an



TABLE III: Descriptive statistics and correlations for E2

Q1 Q2 Q3 Q4 Q5 Q6

Q1

Q2 0.25

Q3 0.17 -0.26

Q4 -0.28* 0.04 -0.11

Q5 0.09 -0.19 0.51** -0.02

Q6 -0.50** -0.16 -0.41** 0.17 -0.43**

*correlation is significant at p < 0.05

**correlation is significant at p < 0.01

TABLE IV: Stepwise Analysis-R2 Changes for energy effi-
ciency

Model R2 Adjusted
R2

R2

Change
F
Change

Sig. F
Change

1 0.128 0.112 0.128 7.665 0.008

2 0.143 0.109 0.014 0.844 0.363

3 0.424 0.389 0.281 24.423 0.000

4 0.567 0.531 0.143 16.155 0.000

5 0.649 0.612 0.082 11.178 0.002

6 0.665 0.622 0.016 2.316 0.135

important quality criterion considering energy efficiency. This
result is also supported by the correlation analysis results (see
section VI-B) and the prioritization analysis results in Akinli
Kocak et al [13]. In addition to reliability criterion, usability
is also seen as an important criterion for energy efficiency
(Model 4). Moreover, adding security (Table V-Model 5)
also contributes to increase R2. However, the contribution
of compatibility criterion to the models is very low and the
changes in F value are not significant.

As seen in the Table V, Model 1 was run only with
functional suitability (Q1). The model is sufficient, however
when we added the performance efficiency (Q2), this leads to

TABLE V: Stepwise Analysis-R2 Changes for resource effi-
ciency

Model R2 Adjusted
R2

R2

Change
F
Change

Sig. F
Change

1 0.612 0.604 0.612 81.978 0.000

2 0.729 0.718 0.117 22.001 0.000

3 0.786 0.774 0.058 13.457 0.001

4 0.834 0.821 0.048 14.187 0.000

5 0.835 0.818 0.001 0.311 0.579

6 0.836 0.815 0.000 0.091 0.764

TABLE VI: Regression analysis Results

Model A (DV: E1) Model B (DV: E2)

Variables Beta VIF Beta VIF

Q1 -0.239* 3.21 0.234* 3.60

Q2 -0.,223* 3.74 0.163* 3.43

Q3 0.467** 3.94 0.263* 3.68

Q4 0.834 3.11 0.424** 3.33

Q5 0.404** 2.53 -0.053 2.73

Q6 0.285 2.01 0.039 1.92

R2 0.665 0.83

Adjusted
R2

0.622 0.81 0.091

F 15.559*** 39.845***

Durbin-
Watson

2.022 1.52

* p < 0.05, ** p < 0.01, *** p < 0.001

significant increase of R2 (from 0.61 to 0.73) in Model 2.
This means that performance efficiency has a high effect on
resource efficiency. Similarly, usability and reliability signifi-
cantly increase the R2. Interestingly, we could not observe the
same result for security and compatibility. This analysis results
reveal that, how the system behaves with respect to energy
efficiency is highly influenced by reliability, performance
efficiency and usability.

We ran the regression to investigate the unique contribution
of each criterion on both energy efficiency and resource
efficiency (Table VI). We also tested for collinearity among
any variables by calculating the variance inflation factor (VIF)
for each of the regression coefficients. Since all the values of
VIF are below 10, multi-collinearity is not a problem [38].
The regression results in Model A show that, reliability has
the highest effect on energy efficiency. The reliability is a
failure-free operation. This also means the actual usage time
of the product by user. Therefore, the reliability is correlated
with the efficiency of software over time. As time passes,
the energy efficiency increases. Surprisingly, we found that
security criterion has also high effect on energy efficiency.
An increase in the functional suitability and performance
efficiency lead to a decrease in the energy efficiency. We could
not find any significant correlation between compatibility and
energy efficiency.

In Model B, we ran the regression for resource efficiency.
The results show that usability criterion (Q5) has the highest
impact on resource efficiency, followed by reliability, func-
tional suitability and performance efficiency. Even though
performance efficiency increases with the increase in resource
efficiency, the effect is not very pronounced. No significant



correlations have been found regarding compatibility.
We can conclude that performance efficiency, usability and

functional suitability and reliability measures are important
indicators for the development of environmentally sustainable
software product.

V. THREATS TO VALIDITY

We discuss four types of threats to validity: construct
validity, internal validity, external validity, and reliability.

1) Construct validity: Regarding construct validity, one
limitation is the selection of the criteria. We chose the quality
criteria from the well-known quality model [29]. We selected
the environmental criteria from the related literature studies
explained in Section III/B. Environmental concerns are rising
more attention and will consequently gain more importance in
software projects. Hence, the environmental criteria might be
different for different applications. Moreover, in the scope of
our study, we chose the criteria related to the direct effect on
environmental sustainability.

Another limitation is mono-operation bias which refers to
problems with single exemplars of a level of independent
variable or a single measure of dependent variable This is
minimized by including different companies into the study.
Another threat to construct validity is evaluation stress which
is limited by guaranteeing anonymity to the participants which
had been done before the questionnaire.

2) Internal validity: Internal limitation may be the selection
of practitioners for the questionnaire. In order to mitigate this
threat we conducted our questionnaire with the practitioners
who have a sufficient amount of experience (5-20 years) in
software engineering domain, mostly in quality assurance.
Additionally, confounding factors influencing measurements
are another thread to internal validity. In order to mitigate this
threat, we performed statistical regression. The focus in this
study is determining the correlations not establishing a causal
relationship. Therefore, we have only collected practitioners
opinion on how the environmental sustainability relates to
product quality.

3) External validity: It refers to generalization of the results
of this work. The number of questionnaires filled by the
practitioners may be seen as an external threat to validity.
Various rules-of-thumb have been suggested in the literature
for determining the minimum number of subjects required to
conduct multiple regression analyses. Based on the literature
review and Green‘s [39] approach, sample size of over 50 is
sufficient for our study. The final threat is that we did not
make any differentiation between different types of software
engineering projects and the role of practitioners. These limit
the range of issues that could be identified.

4) Reliability: It is a threat that the results of the research
are influenced by interpretation. In order to mitigate this threat,
data analysis had been conducted using statistical analysis
techniques.

VI. CONCLUSION AND FUTURE WORK

In this paper, we present an analysis of the relationship
between environmental sustainability and software quality

from the standpoint of software development practitioners. We
analyze the effect of the quality criteria on sustainability.

The results from the survey conducted at seven companies
with 53 practitioners are reported. Analysis results show that
there is significant correlation between energy efficiency and
quality criteria. The regression analysis results indicate that
using quality and energy efficiency for designing and analyz-
ing environmental sustainability of the product may be useful.
Practitioners should be careful in using resource efficiency,
since the resource efficiency measures may not be consistent.
Our study may guide practitioners especially requirement
engineers when defining quality requirements that specify
what environmental sustainability means in terms of qualitative
characteristics of a software product. We believe this work
would provide hard evidence to requirement engineers on
the relations of quality and environmental requirements while
taking these requirements into account during the requirements
process.

There is a tendency to threat environmental sustainability as
a quality of the system once other priorities are set. However,
we recommend that environmental sustainability should be
considered in balance with the existing quality attributes of
the system. The analysis in this paper also helps practitioners
to better understand the relations and impact of environmental
factors with quality attributes to make informed feasibility
analysis.

Going forward, we would like to extend the set of criteria.
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