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As the environmental impact of digital technologies gains increasing attention, the con-
cept of green coding has emerged as a critical aspect of sustainable software engineering.
This study investigates the practical adoption of green coding practices in organizations in
Finland and globally to understand how they approach green coding in their software de-
velopment workflow. It applies qualitative research methodology, combining a systematic
literature review and semi-structured interviews. Key findings indicate that while organi-
zations adhere to coding practices that fall under the green coding spectrum, the explicit
focus on sustainability is often deprioritized, especially in organizations outside EU. Inter-
estingly, in larger organizations, such as banks, green coding initiatives are mostly driven
from the bottom up, led by software engineers and technical teams. This reflects a positive
shift that demonstrates the need for the integration of green coding in curricula to produce
software practitioners with a sustainability mindset. However, consulting companies often
struggle to communicate the value of green coding to their clients, as clients view it as an

added cost despite its long-term savings and environmental benefits.
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Introduction

Green ICT is becoming increasingly popular, especially in the European Union (EU). Many
countries, including Finland, have pledged to become carbon-neutral by 2050, as decided
at the UN Climate Change Conference in Glasgow (COP26). Finland has set an even more
ambitious target by aiming to achieve carbon neutrality by 2035, creating a challenging
climate goal for the ICT industry (I). Within the broader ICT industry, the software
sector plays a crucial role, given its rapid growth and the increasing use of digital services
in daily life. As the dependency on software systems increases, the need for developing
software also expands, which has sustainability impacts on humans, society, and the envi-
ronment. Therefore, integrating sustainability practices becomes increasingly essential. A
key aspect of developing software systems with sustainability in mind involves designing
and implementing green software to minimize the environmental impact of software across

its lifecycle.

Green coding, a subset within green software, in particular, aims to reduce the carbon
footprint associated with the coding process itself. Research shows that Green coding prac-
tices can significantly reduce energy consumption and enhance energy efficiency through
various approaches, techniques, and strategies (2)). For example, a study demonstrates
that the selection of the appropriate algorithm for data collection can reduce energy con-
sumption by 38% (3)). Similarly, another study has found that energy consumption could
be reduced by up to 67% through various architectural design strategies, which are energy

efficient (4)).

Organizations such as the Green Software Foundation GSFE| work to improve software

"https://greensoftware.foundation /



1. INTRODUCTION

sustainability in the EU by creating standards, providing training, and working with tech-
nology companies to reduce emissions related to software consumption, which is consistent
with the EU’s climate objectives. Similarly, in Finland, TIEKEH is leading efforts such
as the Green ICT Ecosystem, which brings together academia, businesses, and govern-
ment to promote the development of energy-efficient software. While there is a growing
awareness and desire among practitioners to pursue sustainable behavior in software devel-
opment, many practitioners still lack clear guidelines and a comprehensive understanding
of green coding principles (5)). Similarly, insufficient awareness, education, and established
sustainable software engineering practices further contribute to a gap between awareness
and actual implementation, highlighting the importance of further research and practical

guidance in this area (0)).

The study uses a qualitative research approach that involves interviews with industry
professionals to capture real-world practices, experiences, and perceptions toward green
coding. By mapping theoretical constructs found in the literature to empirical insights
gained from practitioners, this research seeks to bridge the gap between theoretical rec-
ommendations and industry realities. Specifically, it synthesizes a set of green coding
practices that emerged from both existing literature and interviews taken across different
organizations in Finland and globally, comparing and validating the practices commonly
adopted in real-world settings. This synthesized set of evidence-based practices provides
developers, architects, and decision makers with clear and actionable guidelines to support

the wide adoption of green coding across the software industry.

1.1 Importance and Contribution of Research

As digital services expand, their environmental impact becomes more critical, increasing
the need for sustainable practices. However, despite growing awareness, many software
professionals lack a clear understanding and practical knowledge of how to apply these
principles effectively (7) (6). Studies reveal that practitioners often have a limited view of
sustainability and face challenges due to unclear guidelines and insufficient best practices,
making it difficult to integrate green coding into daily workflows (7). Furthermore, edu-
cation gaps and the lack of standardized tools to measure software sustainability further

slow the adoption (5)).

"https://tieke.fi/en/green,ct.cosystem



1.1 Importance and Contribution of Research

This gap highlights the need for a detailed study to understand how different companies
implement green coding concepts in their software development workflow. This study aims
to fill this gap by providing practical insights and real-world examples through the explo-
ration of industry practices, perceptions, and experiences. Furthermore, this research aims
to offer a comparative perspective on the global adoption of green coding by analyzing
the extent to which these strategies are adopted between organizations in different coun-
tries. In general, this research aims to deliver actionable recommendations that support
companies and professionals in advancing the wide adoption of green coding.

The main research objectives are as follows:

1. Assess the state of art and state of practice and evaluate whether the green coding
practices mentioned in the state of art and state of practice align or diverge from

each other.

2. Understand the perception and experiences of software practitioners in the use of

green coding practices, along with their impact on promoting sustainability.

3. Examine the variation in terms of usage/adoption of green coding practices in differ-
ent companies. In addition, identify potential differences or inconsistencies between

countries/regions.

By conducting a comprehensive analysis of these factors, this study makes valuable
contributions to the field of green software development, with a focus on green coding

principles. The research aims to contribute to the following areas:

¢ Knowledge Advancement: A deeper understanding of how Green Coding prac-
tices are being approached within industry settings can serve as a foundation for
future research and contribute to a more comprehensive understanding of the imple-

mentation of green coding in real-world projects.

e Supporting Industry Practice: By identifying successful strategies and best prac-
tices, this research can provide valuable recommendations to software development
companies on how to improve their efforts towards green software. Likewise, the
findings of this research are expected to support software architects and software
developers in utilizing green coding practices in their daily workflows to design and

develop software systems that are technically robust as well as energy efficient.



1. INTRODUCTION

1.2 Research question(s)

This research will focus on the following key questions.

RQ1: What are the Green Coding practices reported in the literature?
This question aims to investigate the current state of the art and identify the most com-
monly mentioned strategies. Also, how can they contribute to energy efficiency for devel-

oping sustainable software?

RQ2: What Green Coding practices are currently adopted by organizations
in Finland and globally?
This question is crucial to identify and understand what green coding practices are adopted
by organizations while developing a software system. By understanding to what extent
organizations are adopting the strategies mentioned in the literature, this research can
identify if there are any potential gaps or inconsistencies between the state of the art and

practice.

RQ3: How does the adoption of Green Coding practices vary between orga-
nizations in Finland and globally?
The question seeks to investigate how the adoption of green coding practices varies between
different companies and regions. By analyzing this difference, this research can contribute
to the body of knowledge on Green Coding practices for software development companies

within Finland or globally.



Background

2.1 Green Coding and Sustainable Software Development

Green Coding comes from the umbrella term 'Green Software’. Green software refers to
software designed to be environmentally friendly. This means they use less energy and
create less waste (§). However, it can be either: Green in Software or Green by Software.
Green in software is when the software itself prioritizes the reduction of energy consump-
tion to become greener by integrating environmentally friendly practices into the software
development process and other related activities within the field of software engineering.
Green by Software, on the other hand, involves developing software solutions that support
environmental preservation or help manage energy-intensive applications (9). Although
these systems do not necessarily reduce the energy consumption of the software, they
contribute to larger sustainability goals by enabling greener operations in their respective

domains.

Green coding is more related to the first concept, that is, Green in software and denotes
the set of approaches utilized in software development to generate new programs or soft-
ware that consume less energyﬂ It involves writing and optimizing code to reduce energy
consumption and minimize environmental impact by improving algorithm efficiency, reduc-
ing data usage, and eliminating unnecessary processes. It is more of an effort of software
developers and software architects to design software architecture and choose algorithms
that reduce the environmental impact created on behalf of technology and software, both

of which are important given that technology alone is currently responsible for 4% of global

"https://greenly.earth/en-gb /blog/industries /what-is-green-coding.



2. BACKGROUND

GHG emissionsﬂ Energy efficiency focuses on minimizing energy consumption by optimiz-
ing code to ensure smooth and rapid execution, as inefficient or prolonged processing leads

to unnecessary energy use.

Different research studies have found the positive impact of Green coding practices not
only on reducing the code’s carbon footprint, but also on how it can help companies op-
timize their costs through resource optimizations. Studies show that an organization can
save from 14.3% to 74.2% on power consumption if they have a proper application of VM
scaling and consolidation in their cloud architecture (10). They can further save 20.1% to
85.4% of the consumption by applying the BestFit algorithm instead of a simple round-
robin style algorithm. Hence, developers are encouraged to reduce resource consumption
during the coding, testing, and deployment processes (II]). Similarly, incorporating green
coding rules into quality control processes, such as those used in DevOps, can improve

both sustainability and software quality (12).

However, despite the number of studies that highlight positive impacts of green coding
techniques and strategies, the practical usage of these strategies has not yet been explored
in the industry context. Therefore, it is important to study how widely green coding

practices are being adopted by companies to gather their practical experiences and insights.

2.2 Why is Green Coding important?

The Internet and communication technology sector is responsible for between 2-7% of
global greenhouse gas emissions and is predicted to be responsible for 14% by 2040 (13).
Many of these emissions are correlated with the way software systems are designed, de-
veloped, and deployed, presenting an urgent need to adopt sustainable practices during
the corresponding software development lifecycle (SDLC) (13). Software has become an
integral part of today’s digital society. From healthcare to transportation and the public
sector, its presence can be seen in various sectors. However, increasing reliance on soft-
ware for day-to-day activities, from online shopping to virtual medical consultations, not
only has brought undeniable convenience, but also poses significant environmental reper-
cussions. The energy consumed by data centers to power this software also contributes to

carbon emissions and resource depletion on a global scale. Software applications require

"https://greenly.earth /en-gb/blog/industries /what-is-green-coding.



2.3 Regional context on initiatives

substantial energy for operation, and the energy footprint is often overlooked in develop-

ment processes (14)).

Integrating green coding practices into developer workflows is an opportunity to re-
duce energy consumption and improve efficiency as the software industry scales. Research
identifies approaches, techniques, and strategies for improving software energy efficiency.
Numerous approaches, techniques, and strategies are highlighted in research to increase
the energy efficiency of software (2). For example, a study demonstrates that the selec-
tion of the appropriate algorithm for data collection can reduce energy consumption by
38% (3). Similarly, another study has found that energy consumption could be reduced
by up to 67% through various architectural design strategies, which are energy efficient (4)).

In general, green coding shows potential to support broader sustainability goals. As
regulatory pressure increases, such as the CSRD for European organizations, and cus-
tomers demand more responsible technology, organizations that prioritize sustainability
in software will also be better positioned competitively. Green coding, therefore, is not
only important for technical enhancement, but also has the potential to improve brand
image to help organizations attract eco-conscious customers and investors. Together with
the opportunity for software practitioners to contribute to the future of responsible digital

development.

2.3 Regional context on initiatives

According to the EU Corporate Sustainability Reporting Directive (CSRD)EL among large
companies, software companies are also required to disclose their impact on environmen-
tal, social, and governance (ESG) due to their significant energy consumption from data
centers, cloud infrastructure, and digital services. Therefore, to meet regulatory require-
ments and stakeholder expectations, companies are trying to adopt green coding practices,
and there are also organizations such as the Green Software Foundation that are actively
promoting sustainable practices within the software industry, highlighting the importance

of community participation in the promotion of green coding (12]).

"https://finance.ec.europa.eu/capital-markets-union-and-financial-markets,/company-reporting-and-

auditing/company-reporting/corporate-sustainability-reportingen



2. BACKGROUND

Similarly, in particular, for countries in the EU, such as Finland, according to the na-
tional climate policy of Finland, Finland must be carbon neutral by 2035 at the latest.
Therefore, green coding in the Finnish software industry is gaining traction as a response
to the increasing demand for sustainable practices in software development. There is also
a push to integrate green coding concepts into higher education curricula, so that future
developers can be prepared enough through their studies to prioritize sustainability in
their work (I5)). Building a green ICT ecosystem in Finland involves collaboration be-
tween various stakeholders to share best practices and strategies for sustainable software
development (16). Hence, initiatives such as TIEKE are leading efforts to bring together
academia, businesses, and government to promote the development of energy-efficient soft-

ware.

Given Finland’s goal to achieve carbon neutrality by 2035, together with collaborative
efforts and initiatives aimed at promoting sustainable software development, it is clear
that it is necessary to investigate the extent to which these ambitions are reflected in

organizational practices.

2.4 Motivation and Relevance of the Study

As discussed in the previous section, Finland’s ambitious national goal of achieving carbon
neutrality by 2035 has led to increased attention to energy efficiency in various sectors,
including the software industry. Similarly, initiatives, such as those led by TIEKE, and
growing efforts in academia to integrate sustainability into software education reflect a
strong local push toward green coding practices. However, it remains unclear how these
ambitions and initiatives are translating into real-world adoption within Finnish software

organizations.

This study is therefore motivated by the need to understand how organizations in Finland
are responding to these national goals through sustainable software development practices
or green coding in particular. At the same time, it seeks to compare these efforts within a
broader international context by comparing them with green coding initiatives and prac-
tices observed globally. The goal is to examine how Finland’s practices align with or differ
from global trends and to explore whether regional goals, such as Finland’s goal of carbon

neutrality, are driving a faster or deeper adoption of green coding methods.



2.4 Motivation and Relevance of the Study

In parallel, while interest is growing among software engineers and organizations toward
green coding and sustainable software development, there seems to be a noticeable gap
between academic research and its practical application in the software industry. Numer-
ous techniques and strategies for the development of energy-efficient software have been
proposed in academia, but it is unclear to what extent these are being adopted in practice,
both in Finland and internationally. Therefore, this study aims to bridge that gap by ex-
ploring both the state of the art (as seen in academic research) and the state of practice (as
seen in industry practice). In doing so, it contributes to a more complete understanding of

the adoption of green coding within Finland and how it compares to practices globally.



Related Work

The increasing interest in sustainable software development has led to growing research
exploring software developers’ awareness of sustainable practices. For example, Melo et al.
(I7) conducted a qualitative study involving 21 Brazilian software professionals to investi-
gate how sustainability is understood and practiced in real-world settings. Their findings
reveal growing awareness among developers, but also show that practical implementation
is limited due to a limited expertise and insufficient dissemination of sustainable practices

within teams.

Similarly, Ahmad (I8) conducted a large-scale survey of 135 software practitioners in
Malaysia to explore awareness and implementation of sustainable software development
practices in environmental, economic, and social dimensions. Although the study does not
explicitly address green coding, it reports a growing awareness of environmental sustain-
ability, such as high power consumption and carbon emissions. However, the study does

not examine how such concerns are operationalized at the level of code development.

This concern is also echoed by Karita et al. (7) through a state-of-practice survey that
revealed that developers often recognize sustainability as a quality attribute, but there
remains a limited understanding of specific practices such as green coding. The current
literature also reveals a gap between the state-of-the-art and the state-of-practice. Junger
et al. (15), in their review of existing research on green software development, points out
that while academic discourse increasingly explores the potential and principles of green
coding, there is a notable lack of empirical studies that examine how these principles are

translated into actual development workflows, tools, or organizational practices.

10



Other researchers have examined the organizational and systemic factors that influence
the adoption of green software. For example, Pathiranage and Madrika (19) explored the
adoption of Green Information Systems (Green IS) in global IT organizations, finding that
while these practices have the potential to improve environmental outcomes, many orga-
nizations lack the strategic commitment to adopt them meaningfully. Likewise, Lohikoski
(20) through interviews with ICT professionals identified barriers such as the absence of
formal policies, unclear incentives, and low organizational support, even in cases where de-
velopers were personally committed to sustainable software development. Chandrasekaran
and Subburaman n.d. (2I) emphasized the transformative potential of sustainable soft-
ware engineering in global software practices, but noted the need for a more comprehensive

approach to support adoption on a scale.

Although these studies vary in geographic focus, from Brazil and Malaysia to global IT
organizations, they all reflect a shared challenge: green practices are conceptually accepted
but unevenly implemented due to practical, organizational and knowledge-related barri-
ers. Most studies also focus on a single country or region, limiting the ability to compare

practices in cultural and organizational contexts.

This research builds on and extends previous work in two key ways. First, a qualitative
methodology is applied using semi-structured interviews to gather deeper insight into how
developers experience and navigate the adoption of green coding in practice. Second, it
introduces a comparative regional perspective, focusing on both Finland and international
insights. This enables the identification of both common patterns and context-specific
factors that influence the adoption of green coding. By synthesizing first-hand practitioner
experiences across regions, this study contributes to bridging the gap between the state
of the art and the state of practice (rooted in actual industry practice), providing insight
into how sustainable coding practices are perceived, implemented, and supported - or not

- within diverse software environments.

11



Research Design

This chapter discusses the research methodology used to investigate the research questions
outlined in Chapter 1. A qualitative approach is chosen, including both a systematic lit-
erature review and semi-structured interviews to gain a comprehensive understanding of
the practical adoption of Green Coding practices in organizations in Finland and globally.
Qualitative research helps to explore the meanings of social phenomena experienced by
individuals themselves, in their natural context (22)). Therefore, in the context of this re-
search, this methodology allows for an in-depth exploration of the experiences, perceptions,
and attitudes of the participants toward Green Coding practices. Therefore, the research

is structured into three interconnected phases:

Phase 1: Data Collection Phase 2: Data Analysis Phase 3: Data Reporting
r - ° r + 1 f |
Knowledge Gathering Industry Practitioners Collected State of the art
Interview data data

@gj

¥ v v ¥

H
v . Semi-structured . . Findings and RQ

Systematic Literature Review ]—b[ Interview ]—»[ Thematic analysis H answers H Final Outcomes ]
5 ' |

H ! 1

b4 ¥

State of the art State of the practice Compilation of recurrent

themes and patterns

R
@ 7

Results

Figure 4.1: Overview of the research design.
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4.1 Phase 1: Data Collection

4.1 Phase 1: Data Collection

The first phase is designed to be a Data Collection phase where the two major sources
of data, i.e., System Literature Review and semi-structured interviews, are considered. A
comprehensive review of the literature is designed to be conducted first, followed by semi-
structured interviews, so that the data collected from the literature review can be utilized
to guide the interview protocol. The output of this data collection phase is then used to
establish the State of the art and State of practice, respectively, which are used primarily

in the data analysis phase.

4.1.1 Systematic Literature Review:

The Systematic Literature Review followed a structured protocol to ensure consistency
and reliability. This protocol includes database searches, inclusion and exclusion criteria,

and an important categorization of selected studies into different themes.

A. Database selection

The papers relevant to this study were identified by applying a database search in the

following databases:

o [EEE Xplore
e ACM
e Web of Science

e Scopus

The four databases mentioned above were selected because of their reputation of pub-
lishing a substantial number of articles related to the field of study and cover the most
relevant publications. Therefore, databases other than these were not considered for this
study given their lack of alignment with this research area or insufficiency of relevant

results.

B. Literature Search Strategy

A set of keywords was identified as given below on the basis of the research questions
and objectives. These keywords were selected to reflect the fundamental concepts of the
study. These keywords, along with their synonyms, were used in different combinations to

maximize the retrieval of relevant research articles.
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4. RESEARCH DESIGN

Keywords

Synonym words

Green coding

green software, sustainable software, energy-efficient

software, software sustainability

adoption implementation, practice, use, integration
software companies software industry, software development
Table 4.1: Keywords with synonyms for search query
Database Search query
IEEE ("green coding" OR "green software" OR "sustainable software" OR "energy-
efficient software" OR "software sustainability") AND ("adoption" OR "im-
plementation" OR "practice" OR "use" OR "integration") AND ("software
industry" OR "software companies" OR, "software development'")
ACM ("green coding" OR, "green software" OR "sustainable software" OR "energy-

efficient software" OR "software sustainability") AND ("adoption" OR "im-
plementation" OR "practice" OR "use" OR "integration") AND ("software

industry" OR "software companies" OR "software development")

Web of Science

("green coding" OR, "green software" OR "sustainable software" OR "energy-
efficient software" OR "software sustainability") AND ("adoption" OR "im-
plementation" OR "practice" OR "use" OR "integration") AND ("software

industry" OR "software companies" OR "software development")

Scopus

TITLE-ABS-KEY ( ( "green coding" OR "green software" OR "sustainable
software" OR "energy-efficient software" OR, "software sustainability" ) AND
( "adoption" OR "implementation" OR "practice"” OR "use" OR "integra-
tion" ) AND ( "software industry" OR "software companies" OR "software
development" ) ) AND PUBYEAR > 2014 AND PUBYEAR < 2025 AND (
LIMIT-TO ( LANGUAGE , "English" ) ) AND ( LIMIT-TO ( DOCTYPE ,
"¢p" ) OR LIMIT-TO ( DOCTYPE , "ar" ) OR LIMIT-TO ( DOCTYPE ,
"ch" ) ) AND ( LIMIT-TO ( EXACTKEYWORD , "Sustainable Softwares"
) OR LIMIT-TO ( EXACTKEYWORD , "Energy Efficiency" ) OR LIMIT-
TO ( EXACTKEYWORD , "Energy Utilization" ) OR LIMIT-TO ( EXAC-
TKEYWORD , "Green Software" ) OR LIMIT-TO ( EXACTKEYWORD
, "Systematic Literature Review" ) OR LIMIT-TO ( EXACTKEYWORD |,
"Sustainable Software" ) OR LIMIT-TO ( EXACTKEYWORD , "Software
Design" ) OR LIMIT-TO ( EXACTKEYWORD , "Software Engineering" ) )
AND ( LIMIT-TO ( SRCTYPE |, "p" ) OR LIMIT-TO ( SRCTYPE , "j" ) )
AND ( LIMIT-TO ( SUBJAREA |, "COMP" ) OR LIMIT-TO ( SUBJAREA
, "ENGI" ) )

Table 4.2: List of search queries
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4.1 Phase 1: Data Collection

Include Exclude

Papers in English Papers other than English

Papers from 2015 to 2025 Papers before 2015

Papers that are accessible Papers that are not accessible

Papers that contain the keywords Papers that doesnf contain the keywords

Table 4.3: Literature Selection Criteria

Database Initial Results | After Initial Screening
IEEE Xplore 80 20
ACM Digital Library 185 24
Scopus 96 29
Web of Science 72 3
Total 433 76

Table 4.4: Search Results from Different Databases

Of 76 articles after the initial screening process based on inclusion and exclusion criteria,
the articles were merged in Mendeley, and then duplicates were removed. Likewise, the
articles were further screened to check if they answered research question 1. Thus, 40

primary studies were finalized.

4.1.2 Semi-Structured Interviews:

To gain qualitative insights into the real-world adoption and perception of green coding
practices among software professionals, 15 semi-structured interviews with software profes-
sionals from organizations in Finland and outside of Finland were conducted. The flexible
and open-ended nature of semistructured interviews enables a thorough investigation into
the nuances and complexities of the adoption of Green Coding in the software industry

(23). The interview follows a structured protocol as described below.

A. Participant recruitment:

The initial identification of potential organizations was carried out by reviewing publicly
available materials such as company sustainability reports, corporate blogs, and official
websites to identify those that explicitly referenced green coding or energy-efficient soft-
ware development practices. LinkedIn was heavily utilized as a key platform to locate

individual software practitioners affiliated with such organizations, particularly those in
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4. RESEARCH DESIGN

roles related to software development, architecture, or DevOps.

Given the practical limitations encountered during the recruitment process, such as chal-
lenges in establishing contact, low response rates, and research time constraints, the scope
was expanded to include professionals from companies that may not publicly advertise

green coding practices, but were still likely to offer valuable perspectives on the topic.

However, the recruitment process followed specific criteria to ensure the relevance and

quality of input:

e The organization should be involved in software development or have an internal

software development team.

e The participant must have a solid understanding of software engineering practices,
regardless of whether they are in hands-on software engineer roles or higher-level

technical leadership positions (e.g., developers, architects, tech leads).

Participants were individually contacted through LinkedIn messages and/or professional
email, with a brief introduction to the study and an invitation to participate in a voluntary
interview for 30-60 minutes, depending on their availability. All participants were assured

of anonymity for their identities and the name of their organization.

B. Geographic and Organizational Scope

The sample size distribution was designed and intended to provide balanced insights into
regional differences in awareness, adoption, and challenges related to green coding prac-
tices. As discussed in earlier sections, Finland has set an ambitious goal to achieve carbon
neutrality by 2035, and green coding as part of sustainable software development is in-
creasingly gaining traction as part of this national effort. This momentum is also being
supported by initiatives that integrate green software development into higher education
and foster collaboration between academia, industry, and government to build a green ICT
ecosystem. Therefore, to reflect Finland’s strong commitment to these goals, at least five

Finnish organizations were included in the sample.
To allow for a meaningful comparison beyond the Finnish context, the sample also in-

cluded five organizations from other EU countries and five from non-EU countries. This

division was intended to capture a broader range of perspectives. In the EU, regulations
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4.1 Phase 1: Data Collection

such as the Corporate Sustainability Reporting Directive (CSRD) require large companies,
including software companies, to report their environmental impact, which encourages the
adoption of green coding practices. Having non-EU organizations helps to expand the
study in a global context outside the EU to explore how companies approach green coding

adoption, having different regulations.

Thus, this allows the study to explore both similarities and differences in how green
coding is understood and implemented in different regions. A total of 15 interviews were
considered sufficient, although they may not be sufficient, while remaining feasible within

the study time and resource constraints.

C. Interview Design

The interviews were designed to be flexible, but guided by a structured framework to en-
sure consistency between participants while allowing for elaboration based on individual
experiences and contexts. Therefore, the interview guide was structured in such a way that

it covers topics around the major themes that emerged from the literature review findings.

Each interview session lasted approximately 30 to 60 minutes and was conducted using
Microsoft Teams. Participants were asked to provide their consent to record the meeting.
Google Slides were used to introduce research goals, outline the interview flow, and struc-

ture the questions around four thematic sections.

Section 1: Background information (3-5 minutes)
This introductory part was aimed at contextualizing the role and experience of the partici-
pant. Participants were asked to briefly introduce themselves, describe their responsibilities
within the company, and share their own and their team’s familiarity with green coding or

energy-efficient software practices.

Questions:

1. Can you describe your role & responsibilities, and if possible, a brief insight into the

kind of projects carried out in your company?

2. How familiar are you and your team with green coding or energy-efficient software

practices?
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4. RESEARCH DESIGN

Section 2: Adoption and Experience of Green Coding (15-20 minutes)
This section explored the techniques integrated into their workflows (e.g., algorithm ef-
ficiency, database optimization, or architectural strategies such as modular design and
microservices). Further inquiries examined the use of energy-efficient practices in cloud

infrastructure or DevOps pipelines as a part of software development workflow.

Questions:

1. What are the common green coding practices that are adopted in your company
while developing/designing software solutions? (e.g., resource-efficient algorithms,

optimizing network load, etc.)

2. Do you consider green software design/architectural patterns when making system-
level decisions? (e.g., modular design, caching, microservices, etc.)? If so, what are

they?

3. Do you optimize your CI/CD pipelines or DevOps workflow to reduce unnecessary

builds or energy consumption? If so, what are they?

4. As many companies now rely on cloud infrastructure, do you apply any strategies
to optimize cloud resource usage (e.g., CPU, memory, storage) to reduce energy

consumption?

Section 3: Decision-Making, internal guidelines and tools (5-10 minutes)
Participants were asked to reflect on how decisions related to green coding are taken and
whether energy considerations impact their choice of programming languages or frame-
works. The section also inquired about internal guidelines, templates, or tools used around

green coding adoption.

Questions:

1. Do energy use or performance metrics affect your choices of programming languages,

frameworks, or tools?

2. Are there any internal practices, templates, or standards that guide how your team

approaches efficiency or optimization?

3. How do you assess or validate the environmental impact of your code or development

processes?
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4.2 Phase 2: Data Analysis

4. Do you use any tools, libraries, and plugins to monitor or optimize energy /resource

usage?

Section 4: Education, Training, and Awareness (2—3 minutes)
This short segment addressed whether the organization had provided formal training or
awareness initiatives on green software development for developers, architects, or other

stakeholders.

Questions:

1. Has your organization provided any guidance, training, or internal discussions around

making software more efficient or sustainable?

2. Are there internal efforts to raise awareness about the impact of software design on

infrastructure use or performance?

Voluntary Section: Closing Questions (5—7 minutes)
The interview ended with an open space for participants to share additional insights,
thoughts, or suggestions about green coding and software sustainability. This also in-
cluded an opportunity for the participant to ask clarifying questions or express interest in

the study results.

All interviews were conducted according to ethical research guidelines and participants
were informed of their right to withdraw at any time. Notes were taken during the inter-

view, and participants’ identities were anonymized to ensure confidentiality.

4.2 Phase 2: Data Analysis

The data collected undergoes a detailed analysis to extract relevant results. The total of
40 articles from the systematic review of the literature are used as a basis to identify key
patterns and the research gap in the current literature. The identified research gap helped
define the focus of this study. Detailed insights into the current state of the art can be
found summarized in the Chapter [3} ‘Related Work’. In addition, the insights found from
the current state of the art were utilized to guide the interview structure and questionnaire.
The detailed current state of art results, specifically focusing on green coding practices by
identifying the recurring themes and categorizing them into different themes, can be found

in the chapter [6} ‘Results’.
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4.2.1 Thematic Analysis

The data gathered from the semi-structured interviews are also categorized into different
themes as part of the thematic analysis. Thematic analysis was conducted following Braun
and Clarke’s six-phase framework (24]), which provides a structured, yet flexible approach
to identify and interpret patterns in qualitative data, ensuring methodological rigor and

transparency throughout the analysis process.

4.3 Phase 3: Data Reporting

The third phase focuses on synthesizing the findings of the systematic literature review
and semi-structured interviews to interpret the results in terms of the state of art and
the state of practice. These two dimensions serve as the primary sources of evidence
for addressing research questions (RQ). The results of this synthesis are presented in the

chapter [6} ‘Results and Analysis’.

By integrating insights from both academic literature and industry practitioners, this
phase constructs a comprehensive narrative that highlights how green coding practices are
currently adopted across the software industry. The interpretation also examines the extent
of alignment between academic discourse (state of the art) and real-world implementation
(state of practice), while drawing comparisons across organizations in Finland and globally

based on empirical findings.

4.4 Final Outcomes

The final phase of this study focuses on contributing empirical insights into the adoption of
green coding practices in various regions. The findings are also expected to highlight the
ground reality of organizational perceptions, motivations, and challenges. Furthermore,
the findings of this research are intended to inform both academic understanding and in-
dustry discourse on green coding practices through the synthesized findings from state of

the art and state of practice.

Furthermore, the study aims to present a comparative view of how green coding is
understood, practiced, and influenced by regional and organizational contexts. These
outcomes can support future research, inspire curriculum development, and raise awareness

in the software industry.
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4.4 Final Outcomes

The anticipated contributions include:

e A nuanced view of the alignment (or misalignment) between academic discourse and

industry practice.
e Real-world examples of green coding adoption in different types of organizations.

e A regional comparison that highlights enabling or inhibiting factors for green coding

adoption.

Further discussion of these findings and their implications is presented in Chapter [7}

Discussion.
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Research Execution

The execution of this study began with a systematic review of the literature (SLR), follow-
ing the research design outlined. Insights from the SLR shaped the subsequent phase of
primary data collection, which involved conducting semi-structured interviews with soft-
ware professionals. These interviews were also guided by the State of art findings identified
during the literature review. To ensure transparency and replicability, each step of the pro-
cess was carefully documented. The interviews were conducted through Microsoft Teams
and recorded with consent. The interview was transcribed by Microsoft Teams itself and

then exported to utilize it as the basis for qualitative analysis.

5.1 Data Collection

The primary data collection methods used in this study are as follows.

5.1.1 Systematic Literature Review:

The overall data collection process for the SLR is represented in Figure[5.1] Data collection
begins with the identification phase, where 433 papers are found from 4 different database
searches (IEEE, ACM, Web of Science, and Scopus). From the initial 433 papers, duplicate
articles found in multiple sources are removed, reducing the papers to 363 unique papers.
Articles are further selected and assessed by applying inclusion and exclusion criteria as
defined in the table [£.3l This assessment aims to exclude articles that are not relevant or
are not directly related to the focus of this research. Then, as a final stage, the abstract of
each article is read to further finalize the relevant papers. Hence, a total of 40 papers are
selected for a complete review process. The full text of the articles is read to assess their

relevance to the research question and their quality as sources.
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Figure 5.1: Overview of the literature review process.
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5.1.2 Semi-structured interviews:

Distribution of Participating Companies
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Figure 5.2: Participating organizations: type and region

In-depth virtual interviews are conducted with software professionals from 15 different
organizations within and outside Finland. As shown in Figure the participating orga-
nizations are based in Finland(5), as well as other EU countries, such as the Netherlands(3)
and France(1), and non-EU countries, including the United Kingdom(1), Canada(1), the
United States(1), and India(3). The organization consisted of financial institutions such as
banks and other related organizations, software development companies, I'T services and

consulting companies, and telecommunications companies.

The role of interviewed participants comprised software engineers, devOps engineers,
staff engineers, and Chief technical officers, and the interviews were conducted using Mi-
crosoft Teams IH The participating organization names are anonymized and replaced with
placeholders such as company A, B, C, etc. to protect the confidentiality of the partici-

pating organizations.

"https://www.microsoft.com /en-us/microsoft-teams,/group-chat-software
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5.1 Data Collection

Company Size | Number of Employees
Small Fewer than 50 employees
Medium 50 to 249 employees
Large 250 or more employees

Table 5.1: Classification of company sizes based on number of employees.

S.N.| Organization Name | Country Type Size
Company A France Financial Institution Large
Company B Finland Software Development | Medium
Company C Finland IT Services & IT Con- | Small

sulting

4 Company D Finland IT Services & IT Con- | Small

sulting

5 Company E Finland IT Services & IT Con- | Large

sulting

6 Company F Finland Telecommunications Medium

7 Company G Netherlands | Software development | Large

8 Company H Netherlands | Financial Institution Large

9 Company I India Software development | Large

10 Company J India IT Services and IT | Large

Consulting

11 Company K Canada Software development | Small

12 Company L USA Financial Institution Large

13 Company M India Software Development | Large

14 Company N UK Software Development | Small

15 Company O Netherlands | Financial institution Large

As it is semi-structured interviews, the discussions are guided by a flexible protocol that
allows probing and follow-up questions to gather in-depth and contextual insights. The

complete list of interview questions is included in the Interview Design section The

Table 5.2: Distribution of participating organizations

interview questions are focused on the following sections.

1. Section 1: Background Information

2. Section 2: Adoption and Experience of Green Coding
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3. Section 3: Decision-Making, internal guidelines and tools

4. Section 4: Education, Training, and Awareness

Selection of participants:
Potential organizations are initially identified by Google search, reviewing publicly avail-
able materials such as company sustainability reports, corporate blogs, and official websites
to identify those that explicitly reference green coding or energy-efficient software develop-
ment practices. However, connections are also utilized to address challenges in establishing
contact, low response rates in email and LinkedIn messages, and research time constraints.
The scope, therefore, expands to include professionals from organizations that may not
publicly advertise green coding practices but are still likely to offer valuable perspectives

on the topic.

However, the selection of participants followed specific criteria to ensure the relevance

and quality of the input:

e Software Development: The organization involved in software development or
having an internal software development team is included to study the adoption of

green coding practices.

¢ Regional Diversity: Organizations from Finland, the EU, and outside the EU are
considered to study possible regional variations in the adoption of green coding due

to regional policies and regulations.

e Technical Expertise: The participant with an understanding of software engineer-

ing practices is selected to allow a detailed exploration.

5.2 Data Analysis

Nviwﬂ tool is utilized to perform the qualitative data analysis technique that involves cod-
ing the data to identify recurring themes and concepts, helping to understand the nuanced
perspectives of different professionals and the real-world adoption of green coding practices
in the software industry in different regions. For the data, the interview recordings are
first exported as a textual transcription and anonymized by removing the organization

name and the participant’s personal information. The data is then uploaded to NVivo for

"https://lumivero.com /products/nvivo/
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further processing. Those data are then analyzed using thematic analysis, a method to
identify, analyze, and report patterns (themes) within the data (Braun Clarke, 2012)(24),
which are then mapped to the research questions. This approach enables the exploration
of in-depth information and the experience of participants associated with green coding

practices in the IT industry.

However, the analysis follows an iterative process, alternating between data collection
and analysis to refine the emerging themes and ensure that they accurately represent the
participants’ perspectives. The six steps followed in the thematic analysis process are as

follows.

1. Familiarization with the data: The process begins with a thorough study of the
data. As all interview recordings were extracted as text-based transcription, each tran-
script went through multiple rounds of reading to ensure an in-depth understanding and
to become well acquainted with the data and the context. During this phase, initial notes
were also taken to capture the first clues on the data patterns that appeared significant
or repetitive. This phase helped to gain a holistic understanding of the data before any

formal coding was started.

2. Inmitial coding: The transcripts were thoroughly examined and relevant data seg-
ments related to the research questions were highlighted. The codes started to emerge
from the data rather than having a prepared set of codes; therefore, an inductive coding
(bottom-up) approach was used. Each relevant segment /sentence was assigned a code that
reflected its core idea with the help of NVivo. Thus, a codebook was iteratively developed

to track and organize all codes across transcripts.

3. Themes identification: Once all data were coded, similar codes were further
grouped into broader categories, which formed the basis of preliminary themes. This
involved identifying patterns or narratives that overlapped the responses of the partici-
pants. Based on this, potential themes such as architecture & design patterns, code-level

optimization, etc. started to emerge.

4. Review and refinement of the themes: The themes were reviewed and refined

to ensure that they correctly represent the coded data in each theme. Each preliminary
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theme was critically reviewed, and themes that were too broad, overlapped, or weakly sup-
ported were refined, combined, or removed. And this was done with the participation and
support of academic and industry supervisors whose insights and feedback helped validate

the relevance of the themes for this research.

5. Matching themes: After the review and refinement process, each theme was also
given descriptive names to ensure that it communicated the core idea effectively. Sub-

themes were also created wherever necessary to reflect more detailed nuances.

6. Reporting of results: The final phase involved synthesizing the themes into a co-

herent narrative that addressed the research questions.

The findings derived from this thematic analysis are then utilized to answer the research
questions of this research and draw conclusions about the current state of Green Coding

practices in organizations, both in Finland and globally.

5.2.1 Tools Used:

For the comprehensive data collection and analysis process, the main tools used to stream-

line the process and enhance data analysis are the following:

e Mendeley: E This tool facilitated the SLR process, ensuring a more efficient man-

agement of the relevant research articles.

e Microsoft Excel: FExcel is utilized to record, categorize and analyze the data ex-

tracted from both the reviewed articles and semi-structured interviews.

e NVivo: NVivo is further utilized to perform a qualitative data analysis. Line-by-line
open coding was performed for efficient identification and labeling of relevant segments
related to the research questions. It was also used to contribute to the development of

relevant themes and helped ensure consistency throughout the analysis process.

"https://www.mendeley.com/
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e Python Notebook: The notebook is utilized to analyze the data extracted from

semi-structured interviews and visually present the state of practice.

5.3 [Ethical Considerations and Data Confidentiality:

This research strictly adheres to ethical research principles throughout the data collection
and analysis process. Informed consents were obtained before recording interviews with all
participants, ensuring that they fully understood the purpose of the study, their voluntary
participation, and their right to withdraw at any time. The transcripts generated from
the recordings were also carefully anonymized by removing any identifying information
to protect confidentiality. These anonymized data were securely stored and managed to
prevent unauthorized access. Furthermore, only the anonymized data were utilized during
the analysis process, ensuring that individual identities remained confidential throughout

the study.
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Results & Analysis

This section presents the results derived from SLR and expert interviews to highlight
strategies reported in the academic literature, and expert interviews are divided into two

sections.

6.1 Results from Systematic Literature Review

After the literature review, the findings on green coding practices are categorized accord-
ing to different themes based on the common area of interest. Research identifies numer-
ous resource-efficient and energy-efficient practices in algorithms, databases, architecture,
Ul, and related strategies. Strategies such as selecting efficient programming languages,
databases, and architectural design patterns emphasizing reusability, modularity, flexibil-

ity, and extensibility can be found reported with dominance in the literature.

In addition, there is research on LLMs supported by Al to recommend energy-efficient
software libraries. Similarly, tools have been proposed for the automated identification and
refactoring of energy-inefficient code and the generation of automated energy usage reports
that highlight resource-intensive areas. Detailed findings can be found in the table below

with associated themes.

Category Focus Areas Green Coding Strategies
Programming Language | - Native languages (C, Rust)(25)) (26)) (13))
Code-Level Choices - Energy-efficient VM languages (e.g.,
Optimization C#)(25)
- Green compilers, optimized native
code(18]) (27))
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Category

Focus Areas

Green Coding Strategies

Database and Data
Storage Optimization

- Efficient databases (SQL vs NoSQL)(28)
- Indexing, caching, compression (27
- Efficient data structures(29)) (26)

Algorithm-wise  Opti- | - Dynamic programming, memoization,
mization merge sort (30) (2)) (3T)) (29)
- Refactor energy smells (reduce 5%+
energy ) (2)) (32)
Code-Specific Opti- | - Code refactoring &

mization optimizing (26) (33)) (34) (35) (7))
- reduce algorithm complexity, choose
correct algorithm (29)) (18)) (36) (2) (27)
UI/UX - Avoid  unnecessary  graphics &
Con.tent & UI animations(27) (31)
Design - Energy-efficient Ul  design (dark
mode, adaptive streaming, compressed
images) (27)) (31))
- Lazy loading and asynchronous
loading (37)) (27)

Content-specific

- Compressed and responsive images(31)) (38)
- Adaptive streaming for video(27))
- Efficient formats (WebP, SVG)(27)

Device and User-Aware
Operations

- Push notifications over polling, race-to-idle
patterns(31))

- Dynamic
operations(31))
- Prefer WiFi over mobile data(31)

retry  delays, batch

Architecture and
Design Patterns

Green Software Design
Patterns

- Edge computing, caching, modularization
(26) (30) (27)

Sustainable Software

Architecture

- Genetic Improvement (GI) methods (39)
- Modular architecture,
microservices(26]) (30)

- Agile design: reusable, flexible(40) (41]) (34])

Cloud and
Infrastructure

Green DevOps Prac- | - Green Continuous Testing(42)
tices - Sleep mode servers, disable unused
ETL43))(44)
- Demand shaping/Workload scheduling(26)
Virtualization and | - VM scaling and consolidation (L10) (18]

Cloud Optimization

- Energy-aware infrastructure (26))
- Choose green cloud providers(13)) (45)
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Category Focus Areas Green Coding Strategies

Emerging Adoption of Advanced | - Use of advanced technologies like AI, IoT,
Technologies and | Technologies Blockchain (46)

Trends - Multi-objective  optimization (e.g.,
GEMMA for GUIs)(47)

Tool Proposals - SPELL, CAST AIP, GreenAdvisor,
PEEK (48)(32)(26)

- LLMs recommending green libraries(49)

- Auto-generated energy reports(35)

Table 6.1: State-of-the-art strategies and focus areas in green coding practices

6.1.1 Code-Level Optimization:

A major focus is placed on optimizing source code for energy efficiency. Studies high-
light that the choice of programming language is an important factor, as native languages
such as C and Rust are more energy efficient (25))(26)(13). Energy-efficient virtual ma-
chine languages such as C# and green compilers are also discussed (25)) (I8) (27). Database
optimization strategies, including indexing, caching, and compression, have been shown
to reduce energy use in data storage (27). Algorithmic optimizations such as dynamic
programming and memoization are commonly cited for their impact on reducing computa-
tional energy (30))(2))(31)(29). Additionally, codebase refactoring for code optimization is
highlighted as important techniques (26)(33))(34) (35) (7). These practices show that even

small changes at the code level can scale to significant savings over time.

6.1.2 Content and UI Design:

Many studies emphasize UI/UX strategies to reduce energy consumption. Common tech-
niques include avoiding unnecessary graphics and animations, implementing energy-efficient
UI design such as dark mode, adaptive streaming, and the use of compressed and respon-
sive image formats such as WebP and SVG (27) (31) (38) . Lazy loading and asynchronous
content loading are also frequently recommended to improve energy efficiency (37)(27).
These practices not only reduce the energy consumption of rendering and network opera-

tions, but also enhance responsiveness and user experience.
Research also highlights dynamic operational strategies such as preferring push notifi-

cations over polling to minimize background activity, implementing race-to-idle patterns,

using dynamic retry delays and batch operations, and favoring WiFi connections over
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mobile data to reduce power consumption (31). These approaches align with energy pro-
portional computing principles, where resources are used only when needed and in the

most efficient mode possible.

6.1.3 Architecture and Design Patterns:

The choices of software architecture can enable or hinder energy efficiency. Sustainable
software architecture patterns, such as modular architectures and microservices, promote
reusability and flexibility while reducing energy consumption (26)(30). Similarly, practices
such as Edge computing and caching are often mentioned as green software design patterns
that reduce hardware stress (26) (30)(27). Some studies also explore Genetic Improvement
(GI) methods to evolve software towards more energy-efficient configurations over time,

showcasing an intersection between software architecture and Al-based optimization (39).

6.1.4 Cloud and Infrastructure:

At the infrastructure level, Green DevOps principles advocate for practices such as putting
idle servers to sleep, disabling unused ETL pipelines, and shaping demand to match energy
availability (42)(43)(44) (26]). Virtualization strategies such as virtual machine scaling and
consolidation help reduce server over-provisioning (10)(I8)). Furthermore, choosing green-
certified cloud providers and energy-aware libraries offers developers concrete paths toward

reducing the carbon footprint of hosted applications (26))(13))(45).

6.1.5 Emerging Technologies and Trends:

The literature also reflects a forward-looking perspective. Technologies such as [oT, Al, and
blockchain are being examined for their dual role in contributing to and mitigating energy
consumption (46). Green coding tool support, such as CAST AIP, SPELL, GreenAdvisor,
and PEEK, is being proposed to help developers monitor and improve the energy profile of
their software (48)(32)(26). Likewise, large language models (LLMs) are being proposed
as intelligent assistants to recommend greener alternatives to external libraries during de-

velopment (49)).
Collectively, these strategies illustrate that green coding is not limited to a single prac-

tice or tool, but rather involves a multi-layered systemic approach. The findings show

that sustainability in software is achievable through conscious design, code optimization,
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and tool support. By embedding these green coding practices into standard workflows,

developers can contribute meaningfully to the goal of sustainable software engineering.

6.2 Results from Interviews

This section presents the key findings from the semi-structured interviews, organized into
themes derived from the thematic analysis of the qualitative data obtained from interviews.
Seven dominant themes emerged from the analysis that are related to green coding practices

and perceptions, as shown in the figure [6.1]

Number of companies per main theme

devops

Tools

Content & Design
Company culture

Code-Level Optimization

Main themes identified

Cloud and infrastructure

Architecture and Design Patterns

0 2 4 5] 8 10 12 14
Number of companies

Figure 6.1: Themes identified from interviews

6.2.1 Theme 1: Code-Level Optimization

This theme comprises practices related to writing efficient, clean and optimized code at
the implementation level, which 14 out of 15 participants identified as a key green coding
strategy. 12 participants emphasized the importance of clean coding principles, such as
clear naming conventions, modular functions, and minimizing unnecessary computations to

reduce CPU and memory usage. Common practices included choosing appropriate data
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structures (e.g., dictionaries over lists), optimizing algorithms for time and space com-

plexity, and minimizing redundant API calls.

Likewise, batch processing was also mentioned by the participants to reduce network
communication overhead. For example, one participant (Company F) shared that instead
of processing data one by one, they process in batches of 100, which reduces the number

of network calls and improves efficiency.

Another participant highlighted how they adopt practices such as SQL query opti-
mization and regular database maintenance to improve performance. For example,
one participant (Company A) shared that they routinely optimize their database queries

and clean up indexes to reduce load and speed up response times.

Likewise, 5 participants indicated that code reviews are also important and were used

to check for inefficient patterns such as redundant loops or non-performant data structures.

These practices collectively contribute to reducing resource consumption, which aligns

with green coding objectives.

6.2.2 Theme 2: Architecture & Design Patterns

This theme summarizes the architectural choices and design patterns organizations em-
ploy to improve efficiency and sustainability in software systems, thus reducing resource
consumption and supporting green coding principles. In 14 companies, several common
architectural approaches and design patterns emerged, focused on optimizing processing,
reducing unnecessary data handling, and improving resource utilization. Key practices

include:

Caching and Memoization: This is widely used to reduce redundant processing and
database calls by temporarily storing data in faster access memory. For example, one par-
ticipant (Company N) mentioned that they try to cache data in Redis so that subsequent
requests can retrieve data from memory rather than query the database. Caching reduces

CPU load and I/0 operations, saving energy, and improving performance.

Lazy Loading: Several participants mentioned that they apply lazy loading to defer

data or resource loading until necessary, helping to minimize unnecessary data processing
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and memory usage. For example, one participant (Company K) said that they use lazy

loading to avoid loading all data upfront and only fetching what is needed on demand.

Asynchronous Processing and Concurrent Programming: To optimize CPU us-
age and avoid blocking, asynchronous and multithreaded programming practices were fre-
quently mentioned. This approach improves resource efficiency by maximizing hardware
utilization. For example, two participants (Company A, Company J) said that they em-

ploy asynchronous processing and multithreading to optimize CPU usage.

Event-Driven Architectures: Some participants mentioned that they leverage event-
driven designs to trigger processing only when necessary, thus reducing constant polling or
unnecessary compute cycles. For example, one participant (Company D) mentioned that
they use an event-driven architecture to respond only when an event occurs rather than

continuously processing.

Modular Design and Microservices: Modularization and microservices architecture
allow organizations to isolate components, improve maintainability, and enable indepen-
dent scaling, which can enhance efficiency. For example, one participant (Company J) said
that they make everything modular to ensure that each service can be scaled or updated

independently.

Minimalism and Efficiency Mindset: Some participants highlighted the principle of
doing the minimum necessary processing and minimizing the data fetched or processed.
For example, one participant (Company D) said that they always try to do the minimum
amount of processing needed to fulfill the task. Similarly, another participant (Company E)

highlighted that they try to fetch as little data as possible, only what is wise and necessary.

All of these architectural choices and design patterns collectively contribute to more sus-
tainable software development by reducing resource wastage and optimizing performance.
Strategies such as caching, lazy loading, and asynchronous processing reduce compute cy-
cles and memory usage, while modular and event-driven designs increase adaptability and

scalability, aligning with green coding principles.
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6.2.3 Theme 3: Tooling and Monitoring

This theme captures various technical tools and platforms that companies use to monitor,
measure, and improve the efficiency of their code, software, and infrastructure. Across
the organizations interviewed, a variety of tools were used to measure and improve the
sustainability of software systems. Some tools were common across multiple organizations,

while others reflected niche or organization-specific efforts.

Google Lighthouse was mentioned by multiple participants (company A, B, and K) as
a popular choice to evaluate performance and accessibility in web applications. For exam-
ple, one participant (Company B) said that they use Lighthouse for performance profiling
and accessibility. One participant also noted that using sustainability measurement tools

provides a good baseline for checking the environmental impact of their web pages.

Another participant (Company C) shared that they automate their web sustainability
assessments using CO2.js to streamline the measurement process. Likewise, they also
mentioned using the tool to automatically collect and aggregate data from Ecolndex and

Lighthouse, making it easier to track and improve their site’s sustainability performance.

Some participants, on the other hand, said that they monitor websites using Ecolndex
and Playwright. They highlighted how these tools helped assess environmental impact
through page complexity and design.

Code-level analysis tools: Many participants (Companies H, L, J, and O) mentioned
using code analysis tools, such as SonarQube and static code scanners that integrate ’green’

rulesets or performance criteria to catch memory leaks or flag inefficient code.

Some participants mentioned that they take more targeted action towards sustainable
code. For example, one participant (Company A) mentioned that they use Creedingo,

an energy analysis tool for JVM-based languages.
Some participants also shared that they use conventional back-end logging and mon-

itoring tools with a sustainability mindset. For example: Company N tracked database

query performance to reduce unnecessary energy use.
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In more customized scenarios, Company H integrated the Electricity Maps API into
its reporting dashboards to track where electricity was sourced and how carbon-intensive

1t was.

CI/CD tools: One participant (Company C) mentioned that they are building inter-
nal tools to measure their energy and carbon footprint, especially targeting their CI/CD
pipelines. In this way, developers can see the energy consumption associated with deploy-

ments and build processes to improve efficiency.

Infrastructure and Cloud Monitoring Dashboards: The participants mentioned
a variety of infrastructure-level tools to monitor and reduce energy use. For example, some
participants (Companies F and L) shared that they use AWS CloudWatch, where Com-

pany F described using it dynamically to reduce idle capacity and emissions.

Azure’s CO5 monitoring and dashboard tools were also mentioned by some participants
(Companies E, H, and I) who use this tool’s dashboard to gain insights into infrastructure-

level emissions.

Similarly, a participant (Company A) also mentioned that they use tools like Daily-
Clean to automatically shut down unused Kubernetes pods and SlimFaaS to run only
minimal functions when needed, minimizing unnecessary compute and idle resource con-

sumption.

6.2.4 Theme 4: Cloud and Infrastructure Efficiency

This theme reflects the strategies and practices that organizations employ to optimize cloud
resources and infrastructure, thus minimizing energy consumption and resource wastage,
and supporting green coding goals. Most companies (14 out of 15) mentioned various
approaches to efficiently manage cloud resources by right-sizing, automating shutdowns,
dynamically scaling, and adopting serverless architectures. The identified key practices

include

Resource Right-Sizing and Oversizing Control: Participants mentioned that they
monitor their cloud resource usage per namespace or environment to ensure that they
are neither over-provisioning nor under-provisioning, aligning resource allocation with ac-

tual needs. For example, one participant (Company A) explained, For every namespace in
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production, we check if we are oversizing or undersizing to maintain the right resource level.

Automated Scheduling and Shutdowns: Some Participants (Company A and F)
mentioned that they automate turning off resources during low usage periods, such as

nights or weekends, to avoid running unnecessary instances.

Dynamic Scaling and Serverless Architectures: Participants mentioned that they
also utilize dynamic scaling and serverless functions (e.g., AWS Lambda). For example,
one participant (Company D) said that their lambda-based services only run when needed

and scale automatically, improving resource efficiency.

Energy-Aware Scheduling: This was another strategy mentioned by participants.
For example, one participant (Company H) mentioned that they try to schedule batch

jobs when energy is most green, considering data center locations.

These combined practices demonstrate how cloud infrastructure management plays a
vital role in achieving green coding goals by reducing unnecessary energy usage, increasing

automation, and optimizing resource allocation.

6.2.5 Theme 5: Content & Design

This theme captures how organizations optimize their digital content and design to en-
hance performance, user experience, and sustainability, focusing on minimizing resource

usage and improving accessibility. Key strategies identified include:

Minimizing and Optimizing Content: Several participants emphasized the reduc-
tion of file sizes and content weight to speed up loading and reduce bandwidth. For
example, one participant (Company B) explained that they compress all media assets
to minimize loading time and bandwidth. Likewise, other participants (Company H and
Company K) echoed this, highlighting their use of optimized raster images and compressed

videos.

Streamlining User Journeys and Interface: Participants also mentioned how they
try to make user journeys as short and simple as possible, eliminating unnecessary elements
to reduce cognitive load and improve efficiency. For example, one participant (Company

B) shared that they design the user interface to minimize the number of steps users take
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to complete tasks. Likewise, another participant (Company C) said they also remove un-

necessary Ul elements to reduce cognitive and computational load.

Lazy and Dynamic Loading: Participants also mentioned dynamic content loading
techniques. For example, one participant (Company K) said that they use dynamic input
so that only the required components are loaded per page. Likewise, another participant
(Company B) mentioned that they utilize JavaScript’s deferred loading techniques to speed

up initial rendering.

Improving Accessibility: Some participants, such as (Company B, Company L),
shared that they focus on designing accessible websites, ensuring that sustainability im-

provements go hand in hand with inclusive design.

All of these highlighted practices are crucial to develop efficient, sustainable and user-
friendly digital services. Minimizing file sizes, optimizing media, simplifying user journeys,
and implementing dynamic loading improve both performance and accessibility, which in

turn enhance user satisfaction and reduce environmental impact.

6.2.6 Theme 6: Company culture

This theme explores how companies cultivate a culture that supports sustainability aware-
ness and practices within their organizations. This includes internal guidelines, discussions,
and communication to contribute to environmental responsibility. Key elements identified

across five companies include:

Learning and Awareness: Some Participants mentioned that they invest in educating
their employees about sustainable practices. For example, one participant (Company A)
said that they provide educational materials to employees in order to increase awareness

about green coding.
Internal Guidelines: One participant (Company B) mentioned efforts in their orga-

nization for the development of internal green coding guidelines to encourage sustainable

practices across teams.
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Company culture plays an essential role in fostering the adoption of green coding. Al-
though they may not directly relate to the adoption of green coding, these kinds of efforts

can motivate software developers to be aware and to begin practicing green coding.

6.2.7 Theme 7: DevOps Practices

4 participants mentioned DevOps-related strategies under green coding principles. This
theme highlights the approaches organizations take to improve the efficiency, reliability,
and sustainability of their software integration and implementation pipelines. Key insights

include:

Optimization of CI/CD Processes: Participants mentioned that they actively seek
opportunities to reduce processing time and resource consumption in their continuous inte-
gration and deployment pipelines. For example, one participant (Company C) mentioned
that they managed to cut 30% of processor time used in the CI/CD build step by parallel

execution of tasks.

Strategic Deployment Practices: Participants shared that deployment can also be
done strategically to avoid unnecessary pushes, reducing resource use and potential disrup-
tions. For example, one participant (Company E) mentioned that they push the changes
only when testing is needed, avoiding unnecessary builds. Likewise, another participant
(Company I) mentioned that instead of performing larger tests such as system integration

testing every time, they schedule it monthly.

Efficient Package Management: Participants also highlighted that minimizing de-
ployment package sizes contributes to faster deployments and reduced resource usage. For
example, one participant (Company C) said that they optimize the size of deployment

packages to reduce resource consumption during builds.
These practices show how DevOps workflows can be streamlined with different strategies,

such as smarter scheduling and resource-aware deployment strategies to contribute to green

coding goals.
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This section reflects on the results obtained from the study in relation to the three guiding

research questions of this research, as mentioned in the Introduction section

7.1 State of Art: Green Coding Practices in Literature (RQ1)

The literature reveals a wide variety of green coding practices. Common strategies include
optimizing algorithms to reduce computational complexity, minimizing resource usage by
efficient memory and I/O management, using energy-efficient programming languages and
frameworks, and adopting energy-aware software design patterns. Table provides a
quick overview of commonly reported green coding practices in the literature by listing
the practices into different categories according to the recurring themes and patterns in
the green coding spectrum. These approaches collectively contribute to reducing the envi-
ronmental impact of code by reducing energy consumption during both development and

execution.

In addition, the literature also emphasizes the role of early-stage design decisions, sug-
gesting that these decisions can shape the implementation phase. For instance, choosing
programming languages such as C or Rust can use less energy and execute faster (25).
Likewise, in the realm of database and data storage optimization, choosing appropriate
database types (e.g. SQL versus NoSQL) and employing efficient data structures are es-

sential considerations for reducing energy consumption (29).

At the code and architectural level, codebase optimization (reducing extraneous scripts,

codebase refactoring), and algorithmic improvements (dynamic programming, memoiza-
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tion) are frequently recommended. Similarly, green DevOps practices, including continu-
ous testing with energy awareness and demand shaping, point to operational aspects of

sustainability that extend beyond the code itself.

Although numerous effective green coding strategies have been identified in the literature,
they underscore the multifaceted nature of green software development, which requires not
only technical expertise but also organizational commitment. However, these strategies are
often fragmented in various sources, which presents a barrier to practical adoption. This
fragmentation highlights the need for standardized and consolidated guidelines, such as
the Web Content Accessibility Guidelines (WCAG)E] to offer developers a centralized and
accessible reference for implementing green coding practices. Future research should aim
to develop such a comprehensive framework to support coherent application and facilitate

the evaluation of these strategies in real-world settings.

Likewise, the literature presents a range of promising tools and techniques, from large
language model (LLM)-based assistants that recommend green libraries to tools like SPELL
that utilize a spectrum-based energy leak localization technique that identifies inefficien-
cies in code. However, many of these innovations remain at a conceptual stage or are
underutilized in practice. This gap between theoretical proposals and industrial adoption
underscores the importance of applied research and validation. Many strategies still lack
empirical evaluation in production-scale environments, where collaboration with industry
stakeholders could prove vital to advance the adoption of green coding across industry in

general.

7.2 State of Practice: Adoption of Green Coding Practices
in Industry (RQ2)

The results of the interview show that organizations, both in Finland and globally, are
adopting green coding practices directly- through explicit sustainability focus and strate-
gies and indirectly- through general software optimization efforts for quality. Some or-
ganizations, particularly in Finland and other countries in the EU, have a well-defined

sustainability agenda that guides their adoption of green coding tools and methods, while

"https://www.w3.org/ TR/WCAG21/
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Figure 7.1: Summary of green coding practices in organizations

others incorporate energy-efficient practices without explicitly labeling them as "green cod-

ing."

Many organizations are incorporating green coding practices in software architecture,
development workflows, cloud infrastructure, and design. A common emphasis was on
performance-driven strategies that also reduce energy consumption, reflecting both sus-
tainability and efficiency goals. Architectural patterns such as lazy loading, asynchronous
programming, event-driven designs, and microservices are widely adopted to minimize un-
necessary computation and optimize resource usage. These choices enable software systems

to be both scalable and energy-conscious, supporting modularity and on-demand execution.

Organizations also demonstrated a mindset of minimalism, consistently seeking to re-
duce data processing and avoid unnecessary operations. This principle is central to green
coding, as it translates into a lower CPU load and reduced power consumption. In terms
of tooling and monitoring, organizations employ a variety of solutions, from widely used

tools like Google Lighthouse and SonarQube to specialized ones like CO2.js and Creedingo.
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These tools help developers assess the environmental impact of their software at the code
and infrastructure levels. Several companies also mentioned developing custom dashboards
and integrating COq tracking APIs to make sustainability metrics visible within develop-

ment workflows.

Cloud and infrastructure optimization is another critical area of focus. Techniques such
as dynamic scaling, serverless architectures, automated resource shutdowns, and energy-
aware scheduling are widely practiced to reduce idle compute and align usage with real
demand. Right-sizing resources and removing unused instances were frequently mentioned

as effective strategies.

On the front-end and UX side, teams optimize web performance and sustainability by
minimizing content weight, compressing assets, and streamlining user journeys. Practices
like deferred JavaScript loading and dynamic component rendering improve both energy

efficiency and user experience.

Similarly, DevOps being an important part of software development workflow, certain
practices are being adapted for sustainability by optimizing CI/CD pipelines to reduce

processor time and energy use during software builds and deployments.

Finally, several organizations highlighted the importance of organizational culture in
driving the adoption of green coding. Awareness campaigns, internal guidelines, and edu-
cational initiatives were reported to promote sustainable thinking among developers. Al-
though not directly technical, these cultural factors were seen as crucial in fostering long-

term behavior change.

Collectively, these findings show that green coding is being somewhat adopted in or-
ganizations both in Finland and globally. However, many companies may not explicitly
label their efforts as "green coding." They adopt energy-efficient practices primarily to
optimize performance, reduce costs, or meet business objectives. Although sustainability
may not be their direct aim, these practices still have a positive environmental impact. If
such organizations are made more aware of the sustainability benefits of their actions and
are guided by clear frameworks and guidelines or best practices, it could lead to a more

deliberate and widespread adoption of green coding practices.
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7.3 Variation in Adoption of Green Coding Practices Be-
tween Finnish and Global Organizations (RQ3)

Theme Finland EU Outside EU
Code- API Efficiency & Payload | Code refactoring, reduc- | Code refactoring, reduc-
specific Optimization, Batch Pro- | ing duplicate API calls, | ing duplicate API calls,
optimization | cessing / Chunking, Code | database query optimiza- | database query optimiza-
Readability & Maintain- | tions tions
ability, Code Reviews
Architecture | Choosing efficient archi- | memoization, object pool- | microservices,  modular
and Design | tecture based on kind of | ing, concurrency & mul- | design, async processing,
patterns problem, Caching, Lazy | tithreading, Lazy loading, | multithreading, Lazy
loading, Event Driven ar- | Caching, Event Driven ar- | loading
chitecture, async process- | chitecture
ing, modular design
Tooling & | Custom dashboards, | Greater use of green cod- | Greater wuse of cloud-
Monitoring inhouse tools creation | ing focused tools (e.g., | provider specific like AWS

or in-process and both
cloud provider like AWS,
Azure dashboards, Oth-
ers: Lighthouse, Firefox

profiler

CodeCarbon,
Dynatrace,

Creedingo,
etc)
along with Lighthouse,

Kepler

logging and code-scanning

tools

Cloud Watch along with
Lighthouse and code scan-

ning tools

Content and

Short user journey, others

Most of the practices are

Short user journey, others

UI design mostly similar like com- | same except shorter user | mostly similar like com-
pressed images, digital as- | journey pressed images, digital as-
sets sets

DevOps Op- | Devops optimization(eg. Monthly deployments

timization CICD) and Green Conti- than continous deploy-
nous testing ment

Table 7.1: Green coding practices by Region

The table outlines Green Coding practices across Finland, the EU, and outside the

EU, organized by five key practice areas that emerged as major themes.

In code-specific optimization, it is observed that Finnish organizations emphasize opti-

mizing APIs and payloads, batch processing, and prioritizing readable and maintainable

code with code reviews. The organization globally focuses more on code refactoring, min-

imizing duplicate API calls, and optimizing database queries.
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7.4 Unanticipated Findings: Motivations and challenges regarding the
adoption of green coding

For architecture and design patterns, it is evident that Finnish organizations prioritize
the selection of efficient software architectures specific to the problem. They also employ
design patterns such as caching, lazy loading, event-driven architectures, asynchronous pro-
cessing, and modular design. The EU incorporates techniques such as memoization, object
pooling, concurrency, and multithreading, along with caching and lazy loading. Outside
the EU, microservices, modular design, asynchronous processing, multithreading, and lazy

loading are seen as common.

Regarding tooling and monitoring, the data show that Finnish organizations use a mix
of custom-built dashboards, internal tools, and cloud provider dashboards such as AWS
and Azure, in addition to general tools such as the Lighthouse and Firefox profiler. The
EU organizations show a greater adoption of specialized green coding-focused tools such as
CodeCarbon and Creedingo, in addition to Lighthouse and code scanning tools. Outside
the EU, the organizations rely heavily on cloud provider-specific tools like AWS Cloud-

Watch in combination with Lighthouse and code scanning tools.

In content and UI design, all regions highlight the importance of short user journeys
and use similar strategies like compressing images and optimizing digital assets to reduce
resource use. The EU-based organizations place a particular emphasis on shorter user

journeys.

Lastly, in DevOps optimization, it is evident that Finnish organizations focus on CI/CD
pipeline efficiency and green continuous testing. The EU organizations did not particularly
specify DevOps-related practices in the interviews, while outside the EU, the organizations
seem to have a preference for monthly deployments instead of continuous deployment to

reduce environmental impact.

7.4 Unanticipated Findings: Motivations and challenges re-

garding the adoption of green coding

This study reveals that although performance-oriented optimization is common practice
in organizations worldwide, only a minority of participants explicitly frame it in environ-
mental terms, that is, sustainability. The increased awareness in Finnish and EU-based

organizations appears tied to broader policy environments and cultural discourse around
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sustainability. This supports previous findings, suggesting that regional governance plays
a significant role in shaping organizational behavior in digital sustainability.

6 -
HEEl Companies count B Explicit Green Coding focus

5 5 5

Finland Non EU

Figure 7.2: Variation in Green coding focus

Interestingly, the interviews also highlight sectoral convergence: even non-tech organi-
zations (e.g., banks, IT consulting firms) are writing significant amounts of software. And
the efforts are normally bottom-up, showcasing that initiatives are interestingly coming
from the software engineers and the software engineering teams, especially in bigger insti-
tutions such as financial institutions. As academic institutions are increasingly introducing
sustainability and green ICT courses in their curricula, software engineers enter the work-
place with the mindset, awareness, and motivation to implement green coding practices.
Thus, academia plays a critical role in shaping this kind of momentum from a bottom-up

approach for green software development and green coding.

Despite growing interest in green software practices, financial institutions often face sig-
nificant technical barriers to adopting green coding due to legacy systems that are deeply
embedded in the core operations of banks and other financial organizations. These systems
are often difficult to modify because of their complexity and the high cost of modernization.
As a result, although organizations are motivated, this limits the practical implementation
of green coding practices. On the other hand, regarding IT consultancy companies, they
often face the challenge of making clients understand the importance of applying green
coding practices, because clients are often hesitant to pay increased upfront costs that

may seem like higher upfront costs, but in the long term provide long-term benefits and
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Figure 7.3: Motivations and challenges in green coding adoption

also reduce the impacts on the environment. Likewise, looking at the global scene, green
coding is not prioritized or practiced passively: developers often optimize their code for

code performance and code quality, not always from sustainability awareness.

Therefore, collaborative efforts between academic research, industry standards, policy in-
centives, and market pressures are necessary to foster the adoption of green coding globally.
Academia plays an important role in educating the next generation of software engineers
to have a sustainability mindset. Likewise, industry standards, on the other hand, can
create consistent benchmarks or standard guidelines that organizations can follow to have
practical guidance on the implementation of green coding in their software development
workflows. Strict policies and regulations, especially in Finland and the EU, create an envi-
ronment that encourages sustainable digital practices, which affects the adoption of green
coding. Therefore, regulations and market pressures, including the growing demand for
environmentally responsible products and services from the customer base and investors,

can further motivate organizations to integrate green coding.
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7.5 State of Art vs. State of Practice

When comparing the data collected from SLR and interviews, it is evident that researchers

and practitioners are focusing on similar strategies for most of the core green coding prin-

ciples. Starting with code-specific strategies, both academia and industry recognize the

importance of optimizing algorithm complexity, choosing efficient data structures, refac-

toring code, and leveraging design patterns such as caching, database indexing, and batch

operations to reduce resource consumption. In terms of software architecture, practices

such as the usage of asynchronous processing, microservices, lazy loading, modular design,

and edge computing are commonly adopted to enhance scalability while minimizing over-

head.

Main Themes

Common practices

Practices to

State of Art

unique

Practices unique to

State of Practice

Code-Level Opti-

mization

Database Indexing, caching, Effi-
cient data structures, Code refac-
toring & optimizing, reduce algo-
rithm complexity, choose correct al-

gorithm, batch operations

Focus on design decisions
such as choosing an Ef-
ficient Programming lan-
guage & Database, Push no-

tifications over polling

Reducing Libraries use, Re-
duce network load: Selec-
tive data fetching, reducing
duplicate API calls, Multi-
threading; Object Pooling;
Resource Freeing, Code Re-

views; Code refactoring

source code), CAST AIP,
GreenAdvisor, PEEK

Architecture And | Async Processing; Microservices; | N/A Event-driven architecture
Design Patterns Lazy Loading; Caching; Modular
Design, Edge computing
Cloud And In- | Autoscaling; Cloud Optimization; | N/A N/A
frastructure Devops: Green Continuous Testing
Content & UI De- | Avoid unnecessary graphics and an- | N/A Accessibility; Shorter User
sign imations, compressed images, Dark Journey
Mode
Tools N/A Proposals:  recommending | CodeCarbon; Creedingo;
green libraries, SPELL | Electricity Maps APIL;
(point energy leak in the | Ecograder, Lighthouse,

Dynatrace, Firefox profiler,

Sonarcube

Table 7.2: Comparision of state of art vs. state of practice

Likewise, cloud infrastructure practices, such as autoscaling and cloud optimization, are

also common between academia and industry, as these practices contribute to green cod-

ing principles by ensuring dynamic resource allocation and reducing idle resource in the
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cloud. Similarly, front-end specific practices, such as strategies to optimize user interfaces,
also show overlap, with a common emphasis on avoiding unnecessary animations, using
compressed media, and offering features like dark mode to reduce display energy consump-
tion. These practices demonstrate a strong foundation of alignment between academia and

industry in their commitment to contribute green software through green coding principles.

However, there are few strategies that were not overlapping or commonly found in both
state of art and state of practice. For instance, academia strongly emphasizes on choos-
ing energy efficient programming languages, which is rarely a priority in industry among
software practitioners. In practice, choice of programming language and technology used
are primarily driven by business requirements, and team skillset and expertise rather than

consideration of environmental impact of the chosen technical stack.

Similarly, while academia proposes promising tools, these are often limited to research
environments and lack practical adoption, partly due to integration challenges and lack of

awareness.

Likewise, looking at state of practice, common industry practices such as code reviews
present an untapped opportunity for software practitioners to introduce green coding check-
lists or criteria into code reviews. This could serve as an opportunity to embed green coding

principles into software development workflows on a daily basis.

7.6 Implications for Research and Practice

The findings reveal a number of shared practices as well as divergences between academic
research and industry implementation in the context of green coding. These insights gen-

erate several important implications for both future research and real practice.

A. Implications for Research

As mentioned in the previous section, one of the key gaps was the tools proposals in
the academic literature and their adoption in real-world industry workflows. Although re-
search has introduced promising tools such as SPELL, CAST AIP, and GreenAdvisor, they
remain underutilized in software development environments. Future research should there-
fore explore ways to improve the integration and usability of such tools within standard

development ecosystems (e.g., IDE plugins, CI/CD pipelines).
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Furthermore, future research should focus on studying how green coding principles can be
taken hand in hand to align with business requirements, acknowledging that the industry
often chooses technologies based on cost, scalability, and developer skillset, not necessarily
environmental impact. This opens up a new direction for research into decision support

systems that incorporate both business and green coding criteria.

B. Implications for Practice

For industry stakeholders, including developers, team leaders, and decision makers, this
study identifies valuable entry points to embed green coding practices into daily workflows.
One of the most practical and actionable insights is the opportunity to extend existing code
review practices to include green coding-related criteria. Since code reviews are already
commonly used in software development workflows, they provide a low-barrier route to
introduce green software awareness into the developer culture.

Similarly, organizations could also incorporate green KPIs into DevOps pipelines to
monitor energy efficiency alongside traditional performance metrics so that their builds

are also energy efficient.

C. Bridging the Research-Practice Gap

Although numerous green coding strategies and tools have emerged from academic research,
including promising tool proposals such as the LLM-based tool to recommend energy-
efficient libraries. Likewise, tools such as SPELL can detect energy leaks in the source
code. These proposed solutions look very promising for helping developers choose energy-
efficient libraries, whereas they look very promising for helping to point out faulty code
that creates energy leaks. However, they still remain largely within research contexts.
Despite their potential, most of these tools have not yet been integrated into mainstream
software development workflows. This gap highlights the need for more collaboration
between researchers and industry professionals to improve the usability, relevance, and

integration of the tool into real-world workflows.

D. Embedding Sustainability into Developer Mindsets through Education

Another key implication that arises from this study is related to the role of academia in
shaping the sustainability mindset of future software professionals. One notable insight
from state of practice interviews was the effectiveness of bottom-up initiatives, where de-

velopers, rather than top management, drove the adoption of sustainable coding practices
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in their organization. To support this shift, academic institutions and policymakers should
consider embedding sustainability in the core curricula of computer science and software
engineering programs. There are some initiatives already in place, such as the Software FEn-
gineering for Green Deal (SE4GD) Erasmus Mundus program, but there is a need for more
courses similar to this in order to produce software developers with sustainable mindset
who can lead grassroot efforts in organizations when they start their career post-study.

In addition, partnerships between academia and industry could create opportunities
for experiential learning, such as green themed hackathons, internships, and open source
collaborations focused on sustainability challenges.

By fostering a culture of sustainability early in developer education, academic institutions
can play a key role in driving long-term cultural and behavioral change in the software

industry, reinforcing the bridge between research and real-world application.

E. Driving Green Coding in Industry: The Role of Client Awareness and
Policy Intervention

One of the unanticipated but very crucial insights received from the state-of-practice inter-
view was that consulting firms tend to face challenges in advocating for sustainable coding
practices in client-driven projects. Although internal teams may recognize the long-term
value of green design nand green software, clients often prioritize rapid delivery and cost-
efficiency, which can overshadow environmental considerations. This misalignment makes
it difficult for developers to justify the upfront time or resources required for greener al-
ternatives.

To bridge this gap, from a policy perspective, there should be support mechanisms such
as sustainability certification schemes, procurement incentives, or client-focused awareness
campaigns that could legitimize green software practices and make them more commercially
viable. These interventions would help consulting firms communicate the strategic value of
sustainability more effectively to their clients and increase the adoption of green software

that expands the adoption of green coding.

F. Regional and Organizational Role Models

As observed from the state of practice findings, although most green coding practices are
broadly similar across regions, EU organizations tend to prioritize sustainability explicitly
as a core objective. In contrast, many non-EU organizations focus primarily on code qual-

ity, with sustainability often emerging as a beneficial byproduct rather than a direct goal.
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7. DISCUSSION

Likewise, organizations in particular in Finland and other countries in the EU are actively
building their own internal tools, ranging from optimizing building energy consumption to
integrating green coding requirement layers within code analysis tools. These organizations
have also adopted green code-specific tools like EcoGrader, CodeCarbon, and others.
These examples offer valuable lessons and practical models that can inspire companies
and regions currently beginning their journey toward sustainable software development.
To accelerate widespread adoption, facilitation of cross-organizational knowledge sharing
through case studies, open benchmarks, or collaborative forums can accelerate collective

progress.

7.7 Threats To Validity

The research design has some limitations. Although semi-structured interviews provide
rich contextual insights, the relatively small sample size and region-specific focus may
limit the generalizability of the findings in broader populations in Finland and globally. In
addition, perspectives can be shaped by individual organizational cultures or practitioner
experiences, introducing potential biases.

Internal Validity: As this research involved semi-structured interviews, there is a risk
of bias both in how questions were asked and how responses were interpreted. For example,
participants may have tailored their responses in a way that the interviewer wanted to hear.
To mitigate these risks, the interviews were systematically transcribed and coded using a
qualitative data analysis tool such as NVivo. Thematic coding was reviewed and, where
necessary, recoding was performed.

External Validity: Although the systematic literature review covered a wide range
of academic sources, the interview phase involved a limited number of participants and
organizations that may not fully represent the diversity of practices in both European
and non-European contexts. Although significant efforts were made to include as many
organizations as possible, the sample may still be biased toward organizations that were
more accessible and English-speaking. Likewise, the organizations’ focus towards green
coding may be different in European and non-European organizations because of which
means the findings may not be able to represent or generalize the broader landscape of green
coding adoption. This limitation is acknowledged, and future studies are recommended
that involve larger and more geographically diverse samples.

Construct Validity: In this study, the main concept of interest was green coding,

which can have varying definitions and interpretations depending on organizational context,
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7.7 Threats To Validity

geography, and technical scope. Therefore, the potential threat lies in how participants in
semi-structured interviews understood and interpreted the term green coding. To reduce
this risk, a clear working definition of green coding was shown in the slides at the beginning
of each interview, and participants were asked to describe it based on their technical scope
within their organization. This approach helped align understanding while still allowing
for individual and contextual nuance.

Conclusion Validity: Given the exploratory nature of the semi-structured interviews,
there is a risk of over-interpreting patterns or drawing inferences that are not strongly sup-
ported. This was addressed by distinguishing between descriptive findings and interpretive
insights and transparently reporting the frequency and context of emergent themes. Fur-
thermore, comparing the findings of both the SLR and the interview data helped reinforce
the conclusions where consistent themes emerged and highlighted areas of divergence as

opportunities for future research.
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Conclusion

This research explored how green coding practices are adopted in Finnish and global orga-
nizations, collecting insights from interviews with software professionals. The key findings
indicate that, while efficient coding is quite common in all organizations, the explicit focus
on green coding is only evident in European organizations, where corporate policies and
regulations are strict. Whereas, for organizations outside the EU, green coding is not a
deliberate focus but rather an incidental while prioritizing code quality and following clean

coding principles.

To expand the adoption of green coding even on a global scale, there is a clear need
for standardized guidelines that provide practical steps and actions and are accessible as a
common standard, much like the Web Content Accessibility Guidelines (WCAG) H WCAG
guideline is an international standard on making web content more accessible to people
with disabilities. These kinds of clear and standard guidelines can help organizations find
the guidelines in a single place rather than searching through dispersed and multiple arti-
cles. At the same time, one can easily provide clear steps to integrate sustainability into

their development workflows.

Academia also plays a crucial role in embedding sustainability-focused education in com-
puter science and software engineering programs. As observed in state-of-practice findings,
especially in large organizations such as banks, the efforts toward sustainability and green
coding are often led bottom-up. This shows a practical example of how software engineers
can also exemplify their voices to lead grassroots efforts within organizations. Therefore,

helping to produce software engineers with a sustainability mindset can be beneficial in

"https://www.w3.org/WAI /standards-guidelines/wcag/
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the adoption of green coding across organizations.

Likewise, leadership and policy-driven initiatives are equally important to elevate green
coding, especially in regions where it currently lacks visibility. The interview findings,
especially from non-European organizations, indicate that the adoption of green coding is
not prioritized or taken into consideration due to the lack of pressure from the leadership
positions. So, if leadership and policy-driven initiatives prioritize software sustainability,
software engineers are ready to integrate green coding practices into their development

workflow.

Future research should examine the real-world impact and long-term effectiveness of
green coding practices in various project settings. More practical examples and case stud-
ies are needed to help practitioners understand the tangible benefits and applications of
green coding practices for the development of green software. Furthermore, exploring how
regional and organizational factors influence adoption can help tailor strategies and policies
to different contexts, accelerating progress worldwide.

In summary, expanding the adoption of green coding requires coordinated efforts in
policy, education, leadership, and tooling. By highlighting existing gaps and proposing
actionable pathways, this research contributes to the advancement of green coding glob-
ally and supports the broader goal of environmental sustainability in the field of software

engineering.
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