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Abstract—The advancement and demand for digitalization
increase the environmental impact of software systems through
the rising energy consumption and CO2 emissions from infor-
mation and communications technology (ICT) aided by software
systems. This necessitates the need for energy-efficient software
development. Green coding has emerged as a key practice for
reducing the carbon footprint of software systems by optimiz-
ing energy efficiency and minimizing computational overhead.
However, the adoption of green coding practices among software
development professionals in the industry remains limited. This
study investigates the state of green coding practices among
software development professionals in Finland through a survey
with 53 respondents. The goal is to identify software develop-
ment professionals’ green coding awareness levels, the extent of
adoption in practice, the tools used, and the challenges faced
in integrating green coding in software development projects.
The results indicate a significant gap between the perceived
importance of green coding and the actual implementation
in software projects. Key challenges identified are a lack of
awareness, knowledge, insufficient educational resources, limited
tool support, and guidelines for green coding best practices. The
findings highlight the need for structured education on green cod-
ing, improved tool support, and industry-wide standardization
to facilitate the better adoption of green coding among software
development professionals in the industry.

Index Terms—Green coding, software systems, energy-efficient
software, green software tools, CO2 emissions

I. INTRODUCTION

The increase in demand for software solutions and digital-
ization is directly contributing to increased energy consump-
tion of Information and Communication Technology (ICT).
ICT, with software at its core, has a growing carbon footprint.
Currently, ICT accounts for approximately 1.8%-2.8% of
global greenhouse gas (GHG) emissions, with 4% of global
electricity consumption in 2020 [1], [2], and this share is
projected to rise to 14% by 2040 [1].

On one hand, the increase in energy consumption is not only
driven by the use of software systems and computing hardware
but also the way in which software systems are developed
and deployed [3]. Software development practices such as
resource-intensive algorithms, poor optimization strategies,
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and inefficient coding practices contribute to the inefficiency
and increase in energy use of software systems [4], [5].
Moreover, research indicates that the choice of programming
language has an impact on the energy efficiency of the devel-
oped software [6]. Software energy consumption also varies
across different hardware platforms, which can complicate the
energy measurement and optimization efforts [7].

Software developers mainly focus on the functionality of
software systems without considering the energy efficiency
of the software solution [8]. Furthermore, software users and
clients typically lack awareness of energy consumption in
software systems, and developers were not asked to deliver
energy-efficient solutions by the clients [9]. In a survey for
software developers, only 3% (4 out of 122) of respondents
reported user complaints about energy usage [9]. Therefore,
with minimal demand for energy-efficient software, developers
are less inclined to prioritize it, which suggests the need to
raise awareness among clients and software developers for
energy-conscious software development. Additionally, there
are limited tools to support software development profes-
sionals in designing and developing energy-efficient software
systems [10], [11], which may have further obstructed the
adoption of green coding.

Green coding in recent years has become known as the
practice of designing, developing, maintaining, and reusing
software systems in a way that requires as little energy and
natural resources as possible [12]-[16]. Successful implemen-
tation of green coding in software design, development, and
maintenance requires the adoption of green coding practices
such as optimizing code for energy efficiency, reducing mem-
ory and CPU usage, energy-efficient data handling, measuring,
monitoring, and improving energy consumption of software
systems [3], [17], [18]. However, it has been reported that soft-
ware development professionals often lack awareness about
green coding practices [19], and the adoption in practice is
limited. Green coding focuses on improving the overall energy
efficiency and optimizing resource usage in software systems,
thus reducing the carbon footprint.



This study investigates the current state of practice in green
coding among software development professionals in Finland
through a survey instrument. The goal is to identify the level
of awareness of green coding, tools, practices, challenges, and
opportunities to improve green code adoption among software
development professionals.

The rest of the paper is structured as follows: Section
IT provides an overview of the green coding practices and
tools, as well as challenges faced by software development
professionals. Section III describes the study design and how
this survey was conducted. Section IV details the results of
the survey. In Section V, we discuss the implications that
arise from the results and the future research direction on
green coding. Threats to validity are detailed in VI. Finally,
in Section VII, we will present the conclusions that can be
drawn from this study.

II. BACKGROUND

The increase in global demand for digital technologies
and software systems necessitates integrating sustainability
concerns, such as energy consumption and CO2 emissions, in
software design, development, and deployment. Green coding
describes techniques to minimize the environmental impact
of software by optimizing energy efficiency and reducing
carbon emissions [20]. The energy needed to power digital
infrastructures, such as cloud computing and data centers,
is increasing as software systems become more complex.
According to predictions, data centers alone may account
for as much as 20% of the world’s electricity consumption
by 2025. This growing demand underscores the need for
green coding methods to reduce the environmental impact of
software solutions, enhance efficiency, and drive innovation.
[21].

A. Green Coding Practices and Tools

Green coding practices aim to reduce the environmental
impact of software development by improving the energy effi-
ciency of the code base. The Information and Communication
Technology (ICT) sector accounts for approximately 2.5% of
global greenhouse gas emissions, making sustainable software
development a necessity rather than an option [20]. Noured-
dine et al. [22] highlight that sustainability should be integrated
into the Software Development Life Cycle (SDLC) [23] from
the beginning rather than being treated as an afterthought to
effectively reduce energy consumption and improve long-term
efficiency. Optimizing energy use involves designing efficient
algorithms, eliminating redundant computations, and imple-
menting eco-friendly coding strategies. Pijnacker et al. [24]
also highlighted that well-structured, optimized code reduces
computational overhead, leading to lower energy consumption.
Additionally, Guaman et al. [20] note that resource-efficient
software design ensures applications perform optimally while
using minimal hardware resources, thereby reducing power
demands. To achieve this, developers must make conscious
decisions throughout the software design, implementation,
and maintenance phases, embedding sustainability as a core

principle. In another study, [25], where the energy measure-
ment software and self-adaptive optimization are integrated
into a Function as a Service (FaaS) system, the experiments
notably demonstrate effective detection of energy variability
and achieve up to a 5% reduction in energy consumption with
success.

A critical aspect of green coding is the use of specialized
tools to measure and optimize energy consumption. Mancebo
et al. [26] introduced PowerAPI, a tool designed to estimate
power consumption based on system performance metrics, and
eLens, which analyzes code at the source-line level to identify
segments that cause high energy costs [27]. Additionally,
JouleUnit enables energy-aware testing by correlating work-
load profiles with power measurements, providing developers
with detailed energy consumption profiles at the method level
[28]. Similarly, Rodriguez et al. [29] discuss the effectiveness
of tools like CodeCarbon for tracking the carbon footprint of
software, while Intel Power Gadget and Nvidia NVML offer
insights into CPU and GPU power usage.

Moreover, Hardware-based energy measurement systems
are essential for sustainable development alongside software
tools. Sallou et al. [30] proposed EnergiBridge, which sim-
plifies power analysis across different programming environ-
ments. Simulation frameworks like Gem5 and McPAT facili-
tate energy evaluations between processors and memory for
better power optimization. With cloud computing and data
centers expected to consume up to 20% of global electricity
by 2025, adopting green coding practices is also of timely
importance [31].

Furthermore, continued refinement of green coding strate-
gies is vital for creating energy-efficient software solutions
in the future [21]. Although green coding is also connected
to the wider scope of green IT, such as hardware efficiency
[1], [2], and sustainable DevOps, which involves deployment
pipelines [32]. Previous research indicates that infrastructure
optimizations see a higher adoption rate of 17% [21] compared
to coding practices, underscoring a significant gap.

B. Green Coding Challenges

Despite the advantages of green coding, several challenges
restrict its adoption. A primary issue is the lack of awareness
about green coding concepts and training among develop-
ers, who often prioritize functionality over energy efficiency
[19]. Without adequate education and resources, integrating
energy-efficient coding practices remains a daunting task [24].
Another challenge is the balance between performance and
energy efficiency. Kruglov et al. [33] highlighted that optimiz-
ing software for speed tends to increase energy consumption,
making trade-offs unavoidable. Moreover, inconsistencies in
energy consumption tools and the absence of standard method-
ologies complicate efforts to assess and enhance software
efficiency [26]. While hardware-based solutions provide pre-
cise data, they can be expensive, whereas software solutions
like PowerAPI and JoulUnit offer greater accessibility but
may lack accuracy [34]. Integrating sustainability into the
Software Development Life Cycle (SDLC) is complicated by



a lack of standard protocols [35], [36]. Emerging technologies
like AI and cloud computing pose further challenges due to
their high energy demands, requiring new kinds of efficiency
strategies [25]. A study by Sutton-Parker et al. [37] highlighted
inaccuracies in mobile energy monitoring, emphasizing the
need for better measurement techniques. To address these
issues, specialists suggest sustainable software architecture
and energy-aware design principles [20]. However, widespread
adoption requires improved education, standardized tools, and
commitment to sustainability. As awareness of the environ-
mental impacts of software systems increases, green coding
will become increasingly essential in software development
[19].

III. STUDY DESIGN

This survey study was designed to evaluate the current state
of practice, awareness, tools, and challenges of green coding
among software development professionals (product managers,
software developers, programmers, test engineers, and quality
assurance and software architects) in Finland. The goal is
to identify challenges and solutions to the adoption of green
coding among software development professionals.

A. Survey Design

The survey consists of 1) multiple-choice questions used
to gather categorical responses, 2) Likert-scale questions for
assessing the levels of familiarity and perceived importance
of green coding, and 3) open-ended questions to allow partic-
ipants to elaborate on their experiences and challenges with
green coding in their software development projects. The
survey is designed to gather both quantitative and qualitative
data, which are structured into the following sections:

o Demographic and Professional Background: The com-
pany size, role in the software development team, years
of experience, and industry sector.

e Green Coding Awareness and Perceptions: The familiar-
ity with green coding practices and the importance of
green coding in software development.

o Adoption of green coding Practices: Implementation of
green coding experiences, methods used, tools, and tech-
nologies applied.

o Challenges and Barriers: The difficulties software devel-
opment professionals faced when adopting green coding
practices.

B. Data Collection

The survey was distributed among software development
professionals in Finland working in software development
companies and companies with software development units
within Finland. The inclusion criteria for survey participants
required that they are involved in software design, develop-
ment, deployment, or management. The survey participants
were recruited through academic contacts and professional net-
works in Finland. For two months, 53 respondents completed
the survey with diverse roles, such as software developers,
programmers, and quality assurance engineers.

C. Data Analysis

The quantitative analysis was conducted using descriptive
statistics to summarize categorical and Likert-scale responses.
For the qualitative analysis, thematic coding was applied to
open-ended questions. The first two authors analyzed re-
sponses from the open-ended questions, started open-coding to
identify all recurring patterns, and then grouped the codes into
broader categories and themes. The other authors refine the
codes and themes iteratively for better description of software
development experiences and practices on green coding in
software development projects.

IV. RESULTS
A. Demographics of Respondents

The survey respondents were collected from 53 software
development professionals in different roles, company sizes,
and industries. The majority of the survey respondents are
58.5% software developers, 43.4% programmers, 5.7% soft-
ware architects, 9.4% test engineers, quality assurance (QA)
engineers, and 1% cloud engineers. 50.9% of the software
development professionals work in medium-sized companies
(51-250 employees), 30.2% in large companies (more than 250
employees), and 18.9% in small companies (1-50 employees).
The years of experience of the respondents show the survey
sample consists largely of mid-level career professionals, with
45.3% of respondents having 3-5 years of experience, 39.6%
with 5-10 years, and 7.5% with over 10 years in software
development. The majority of the respondents (98.1%) work in
the Information and Communication Technology (ICT) sector,
followed by finance and insurance 13.2%, public administra-
tion 7.5%, transportation and storage 3.8%, and electricity, gas,
and water supply 3.8%.

B. Awareness of Green Coding among Software Development
Professionals

Not familiar 62%
Somewhat familiar 30%
Familiar 8%

Very familiar

[ I I I 1
0% 20% 40% 60% 80%

Fig. 1: Respondents’ self-reported familiarity with green coding
practices in software development.

The survey results, as shown in Figure 1, indicated a
low level of awareness about green coding among software
development professionals, with only 8% of respondents fa-
miliar with the concept and 30% who were somewhat familiar.
However, the majority of the respondents (62%) indicated that
they were not familiar with green coding prior to this study.
This lack of awareness highlights the need for more industry-
academic collaboration to transfer research to practice on
green coding in software development. However, despite the



low awareness among the respondents, over 80% of responses
indicated green coding is important. The survey respondents
highlighted different reasons why green coding is important
in software development, as presented in Figure 2.

Reduce operational expenses
Cost efficienc, .
y Lower computing and
maintenance costs

—_—

Minimizes energy consumption
Reduce Carbon 24 P

Economic
Benefits

nvironmental
Sustainability Footprint

Lower data center emissions

— Businesses meet sustainability

Corporate Long term benchmarks
Sustainability strategic goals Reduce company environmental
footprint

Fig. 2: Perceived importance of green coding among software
development professionals.

One of the major factors indicated by the respondents,
as shown in Figure 2, is economic benefits as a reason
why green coding is important in software development.
Because green coding is a way to improve efficiency, optimize
performance, and reduce operational costs of software systems
and digital products. According to one respondent, ”Cost for
sure, with well-written code, the cost of running a software
system can reduce.” Another stated, ”Better performance by
optimizing software efficiency and cost reduction. That’s some
euros in saving” and another said, “If energy consumption
of software systems reduces, the company saves money and
helps the planet.” Respondents also highlighted that code
optimization contributes to overall system efficiency, which
improves overall functionality. “Good for system performance
and efficiency...”

Environmental sustainability is another factor, as many
respondents highlighted that green coding can reduce carbon
emissions and promote environmental sustainability within the
IT sector. For example, one participant stated, ”green coding
minimizes carbon footprint in IT operations.” Another pointed
out that ”climate change mitigation,” while another said
”green code in software solutions reduces energy consumption
of data centers.” Additionally, corporate sustainability is
another reason green coding is important, as many respondents
view green coding as a key part of companies’ long-term
sustainability strategic goals. Companies aim to reduce their
environmental footprint, and software development teams play
an important role in this through the software solutions they
created. As stated by a respondent, “green coding practices
help companies achieve sustainability benchmarks.” Another
stated, “reducing the carbon footprint of software systems
aligns with our company goals”. These responses indicate
that green coding is not only an environmental and technical
concern but also a strategic concern for many companies.

No 83%

[ I I I
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Fig. 3: Reported adoption of green coding practices in respondents’
software development projects.

C. Adoption of Green Coding Practices

The survey results as highlighted in Figure 3 show that the
adoption of green coding practices in software development
projects is low, with only 17% of respondents reporting
that they have implemented green coding practices in their
software development projects, while 83% have not in their
projects. Among the few respondents that have implemented
green coding in software development projects, these are the
practices mentioned:

¢ Code and Database Optimization for Efficiency: One
key green coding practice that emerged was rewriting
inefficient legacy code and optimizing backend processes
for better efficient software systems. For example, a
respondent explained, "I was part of the team that was
rewriting inefficient legacy code to improve efficiency, and
I teach junior coders how to optimize backend processes
to run during off-peak energy hours.” This shows a
proactive effort to improve the current software systems’
efficiency and educate junior developers with less expe-
rience on green coding practices. Database optimization
was another recurring theme to reduce server load and
improve query efficiency. One respondent highlighted,
”Optimize database queries to reduce server load be-
cause efficient query execution results in lower energy
consumption in cloud and server-based applications.”

o Optimization of API Calls and Data Transfers: Reduc-
ing API calls to reduce bandwidth usage and energy con-
sumption is another practice emphasized by respondents.
One participant stated, "We ensure all unnecessary API
calls are removed to reduce bandwidth,” which indicates
how mindful data transfer practices can impact energy
consumption of software systems.

« Integration of Energy Metrics into Software Develop-
ment Pipelines: The use of energy metrics in continuous
integration and continuous deployment (CI/CD) pipelines
is highlighted as a green coding practice. Integrating
energy metrics allows software developers to monitor
and improve the energy consumption of software solu-
tions throughout the development lifecycle. For example,
one respondent shared, "Energy metrics are included in
CI/CD pipelines and in cloud environments to avoid over-
provisioning.” Another respondent stated: “Metrics such
as the total energy in kWh consumed for CI/CD tasks and
kWh per commit are key indicators of green coding for
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us.

o Optimizing Graphics and Ul for Energy Savings: Opti-
mizing image rendering and user interface (UI) elements
to reduce energy consumption is a good green coding
practice, according to the respondents. One respondent
shared that “carefully improve and optimize the image
rendering pipelines in client graphic-heavy applications.”
Some of the other respondents expressed that implement-
ing specific UI design choices can save energy used in
software applications: ”Dark mode in client applications
to save energy and design low-power modes for mobile
applications.”

o Carbon Emission Tracking and Reporting: Tracking
and reporting the carbon emissions of software solutions
emerged as a green coding practice. As one respondent
stated, "Mostly for reporting, we were asked to provide
the carbon emissions for some software products. Google
Cloud’s carbon footprint tool is utilized by the cloud team
to provide carbon emission reports to management. The
report was also a basis for improving our code base
to be more energy efficient.” This indicates that some
companies are interested in the carbon footprint of their
software solution, and cloud provider tools are used for
carbon emissions monitoring. Another respondent pro-
vided an elaborate response for tracking their emissions,
”SonarQube is used to analyze code quality and improve
the codes. After deployment of software services, the AWS
carbon calculator is applied to calculate the workload
hosted in AWS, especially Scope 1 and 2 emissions.
As we improve our code quality, we monitor over time
the improvement in carbon emissions.” This shows that
the improvement of code quality can directly influence
energy use and the carbon footprint of software solutions.

D. Green Coding Tools

The responses from 9 respondents out of 53 from the
survey show that energy profiling, monitoring emissions, and
optimizing software efficiency tools are used by software de-
velopment professionals who have implemented green coding.
Here are the summaries of those green coding tools and a quote
from the respondents:

1) CodeCarbon: A lightweight software package that is
integrated into python codebase to estimate the amount
of carbon dioxide (CO2) produced by the cloud or
personal computing resources used to execute the code.
“CodeCarbon was one tool to track energy usage when
executing code.”

2) Google Cloud’s Carbon Footprint Tool: Used to assess
carbon emissions from cloud deployments. ”Google
cloud’s carbon footprint tool is how we collect data on
carbon emissions of our software and services deployed
based on cloud resource usage.”

3) SonarQube:Applied to analyze and improve code qual-
ity. ”"SonarQube to improve code quality ...”

4) AWS Carbon Calculator: For post-deployment to mon-
itor workload emissions. ”..AWS carbon calculator for
emissions tracking.”

5) GreenFrame: An energy profiling tool to optimize soft-
ware efficiency. GreenFrame energy profiling tool helps
reduce the carbon footprint of our software systems.”

6) EcoPing: It is a tool for web applications to track
energy efficiency improvements. “EcoPing is used for
web applications. The results help us optimize web
applications and check if new deployments are better
than old ones.”

7) Git Hooks: Scripts that run automatically every time
a particular event occurs in a Git repository. “We im-
plemented git hooks to monitor green coding practices
among the team.”

TABLE I: Summary of green coding tools reported by survey
respondents

Tool Name Primary Function Application Respondent Quote
Context

CodeCarbon Estimates CO2 emissions  Python code-  “Track energy us-
from code execution bases age when executing

code”

Google Cloud  Assesses emissions from  Cloud “Collect data on

Carbon Foot-  cloud deployments services carbon  emissions

print of our software”

SonarQube Analyzes and improves  General “Improve code
code quality development quality”

AWS Carbon  Monitors workload emis- ~AWS cloud “Emissions  track-

Calculator sions post-deployment ing”

GreenFrame Provides energy profiling  Software sys-  “Reduce  carbon
for system-level optimiza-  tems footprint  of our
tion systems”

EcoPing Tracks web application =~ Web applica-  “Optimize web ap-
energy efficiency tions plications”

Git Hooks Automates green  Version con-  “Monitor
practice monitoring  trol coding practices”

in development workflows

Note: Based on responses from 9/53 surveyed professionals (16.98%
adoption rate).

These responses show that some tools for green coding are in
use. However, there is still limited adoption among software
development professionals in Finland.

Additionally, while many of the respondents rely on tools,
some indicated that work experience and good software devel-
opment practices are what green coding is all about in software
projects. For example, one respondent explained, ”Common
sense from years of experience in software development. Green
code is about efficient software development, and you get that
with years of experience from good mentoring.” This response
shows that green coding is not only about tools but also
the understanding of fundamental key concepts in software
efficiency, optimization, and good coding practice.

E. Challenges in Green Coding Adoption

The results from the survey indicate a low level of awareness
and knowledge, with limited adoption of green code tools as
key challenges faced by software development professionals
in adopting green coding in software development.



o Lack of Awareness and Organizational Support: The

major challenge reported in the survey was the lack
of awareness and knowledge, as indicated by 91% of
respondents. Many of the respondents stated that several
software developers, especially fresh graduates, lack the
necessary skills for green coding in software projects. As
expressed by one respondent, A lot of fresh graduates
of software engineering do not have skills for green
code.” and another stated, "Not enough education about
green coding.” This shows the need for integrating green
coding into the software engineering and computer sci-
ence curriculum in Higher Education Institutions (HEIs).
Furthermore, software development professionals lack
training on green coding, as expressed by one respondent,
"Many of my team have not attended any training for
green code.” Another stated, "The people I worked with
do not have formal education on green code practice or
sustainability.”
These individual challenges are compounded by the lack
of organizational support and awareness, 83% of the
respondents reported no sustainability requirements in
their performance metrics or client contracts.

+ Limited Tools and Resources: The second major chal-
lenge in green coding adoption, according to 40% of the
respondents, is limited tools and resources to support
green coding. This is captured in a respondent’s statement
that, ”Developers do not have tools to support green
coding when creating new digital services. Also, the lack
of knowledge on what green coding means in developing
software is lacking in the industry among developers.”
Another respondent expresses, "There are limited green
code plugins for programmers and developers to use in
IDEs.” This indicates the need to create more plugins
that can be used in integrated development environments
(IDEs), as many of the respondents stated that green
coding tooling is currently underdeveloped for software
development practitioners. As expressed by one respon-
dent, At times, it is a question of tooling because not
enough tools are available to support green coding, even
with Al now.” Another stated, ”Really going to be cool to
see Al tools for green coding.” This shows the growing
interest in leveraging artificial intelligence (Al) for green
coding among software development professionals, but
also highlights the existing gap for Al-driven tools for
green coding.

V. DISCUSSION

The results from the survey show the state of practice for
green coding among software development professionals in
Finland, with a large gap between the perceived importance
of green coding and the actual adoption in software develop-
ment projects. Green coding as a software design practice is
relatively new, with the oldest scientific research referring to
these concepts being less than two decades old [38]-[40]. It is
not surprising that many software development professionals
have limited formal education on green coding. For better

classification to provide a structured understanding of green
coding practices, the below is a proposed taxonomy that
organizes green coding practices across three key levels: code-
level, system-level, and process-level.

1) Code-level: The core focus is on algorithm and code
optimization with practices such as writing efficient,
low-overhead code to minimize CPU, memory, and
input/output usage. Some of the best practices include
prioritizing clean and maintainable code that improves
both runtime performance and energy efficiency.

2) System-level: Resource-Aware design is the focus at
this level, which involves architectural and design de-
cisions to reduce demand on hardware and network
resources. Techniques applied at this level include com-
pressing images, using dark mode for displays, and
avoiding resource-heavy libraries unless necessary.

3) Process-level:The main focus is on integrating en-
ergy efficiency into software development and deploy-
ment workflows, such as integrating energy metrics into
CI/CD pipelines, performing green code reviews, and
using profiling tools to track software energy usage.
Some example metrics can be energy consumption per
pipeline run (this measures the total energy in kWh
consumed by each CI/CD jobs), energy per code change,
kWh per commit or kWh per deploy (measures the
energy that is spent on CI/CD process for each code
commit and push), and carbon intensity of pipeline runs
(use data from cloud service providers to estimate CO2
emissions based on the energy source powering the CI
servers. For example, coal vs. renewables).

This taxonomy provides an understanding of green coding
practices at various technical levels. However, the adoption
of green coding practices depends on educational efforts
from HEIs. Although educational institutions that teach com-
puter science and software engineering constantly renew their
courses and teaching materials to keep up with the times, the
availability of dedicated green coding courses remains limited.
In Finland, there are few options for green coding courses.
One example is the green coding course from the University
of Turku !, and many of those are offered as elective modules
rather than core components of the curriculum.

Based on these insights from the survey results in Section
IV, certain key factors emerge for the effective adoption of
green coding practices among software development profes-
sionals:

1) Education and Training on Green Coding: The lack
of awareness and knowledge of green coding among
software development professionals is a dominant theme
from the responses in the survey. One developer ex-
plained that “education about green coding and best
practices is needed,” while another pointed out, ”Sus-
tainability education should be included in computer
science and software engineering.” This also aligns
with findings from other studies, which highlight that

Uhttps://opas.peppi.utu.fi/en/course/TKO_2504/94820?period=2024-202



2)

3)

software developers lack the training and knowledge to
integrate green coding into software projects [19], [24].
HEIs have a role to play in integrating green coding
education into software engineering courses. This will
provide students, who are the future software devel-
opment professionals, with the foundational knowledge
needed to adopt green coding practices in software
development projects.

Additionally, there is a need for professional training
and green coding certificates for more seasoned software
professionals. For example, one respondent stated the
need for “comprehensive training programs on green
coding from experts,” and another said, ”Education
about it, maybe like a certification program on green
coding.” This indicates that a well-structured learning
path and certification could encourage better adoption
of green coding among software development profes-
sionals.

Availability of Tools for Green Coding and Inte-
gration into Development Workflows: Despite the
availability of some of the green coding tools reported
in the literature, such as PowerAPI [26], CodeCarbon
[29], PowerAPI and JoulUnit EnergiBridge [34], [30],
there is still the challenge of low adoption of the tools
for green coding in software development. Some of
this can be attributed to the difficulty in using and
applying these tools in industry contexts, the cost of
using some of these tools, and poor accessibility during
software development projects. For example, PowerAPI
and JoulUnit offer greater accessibility but can lack
accuracy [34].

Furthermore, a significant number of respondents from
the survey expressed the need for effective tools and
plugins that can be easily integrated into existing soft-
ware development environments. According to one re-
spondent, "Add energy-efficient tools and plugins as
part of IDEs,” highlighting the need for green coding
tools integrated to IDEs. Another stated, Al tools
that support green coding, green coding tools that can
easily be integrated into existing software development
workflows.” This indicates the need to incorporate Al
tools into existing software development workflows to
support software developers in designing, developing,
and maintaining energy-efficient software solutions with
green coding practices. Additionally, respondents also
expressed the need for real-time energy consumption
feedback during software development to guide in writ-
ing resource-efficient code. One respondent explained
that “the ability to see the real-time energy consump-
tion data during coding and software development” is
needed to make green coding more actionable.
Guidelines and Best Practices for Green Coding:
In conjunction with proper tools, software development
professionals need clear and easy-to-use guidelines for
green coding best practices. One respondent stated, ”For
better green coding practice, it is important to have

4)

5)

knowledge on how to code green and access to guide-
lines for green coding.” Another emphasized the value
of a green coding guidebook, stating, "A guidebook on
green coding for professionals will be a good start in
the industry.”

Also, reference materials for green coding best practices
are needed for sharing best practices among software
development teams. One respondent expressed the need
to, “share green coding best practices among software
development teams and provide them training with tools
on green coding.” This reflects a need for efforts to
document and share best practice tips in the industry
among software development professionals.
Mentorship Programs in Companies: Mentoring from
experienced software developers to junior developers
will play a key role in improving the adoption of green
coding practices. This notion is also captured by the
statement of one respondent, "Software developers with
less experience need mentors to guide them on how
to develop software systems correctly rather than fast.
Many developers are fast but create rubbish systems
(bad code) which might work, and the software solution
fulfills the task but is very inefficient.” Another respon-
dent stated, "Learn about it from those with experience
about developing software with green coding practices.”
This highlights that knowledge sharing to learn from
those who have successfully implemented green coding
through, for example, peer-to-peer learning and men-
torship programs in companies will bridge the green
coding knowledge gap among software development
professionals.

Cross-Industry Collaboration: Industry-wide collabo-
ration is required to create green coding standards. For
example, a respondent said, ”Cross-industry collabora-
tions to develop green coding standards.” Green cod-
ing standards can help software developers align their
practices with environmental sustainability goals simi-
lar to the way software quality and security standards
have been jointly established over the years between
academia, industry, and regulatory bodies [41]. This can
also aid in setting green coding benchmarks for software
development projects.

Industry-wide standards and policy incentives can boost
green coding adoption. Survey participants emphasized
the need for standardized metrics, like energy-per-
transaction benchmarks, and certification programs simi-
lar to energy labels for appliances. Regulatory initiatives,
such as sustainable software procurement policies and
carbon credits for optimized code, could help bridge the
gap between the current 17% adoption rate and the 80%
of respondents who recognize the importance of green
coding.

Furthermore, collaboration between companies and
HEIs is needed to effectively advance and transfer
research to practice for green coding in software devel-
opment. Because HEIs research green coding, energy-



efficient algorithms, and low-power computing. How-
ever, the results from such research often take time to
reach software development professionals in the indus-
try. As noted by a respondent, ..many cool ideas for
green coding and energy-efficient techniques in aca-
demic research results do not get to practitioners in
industry to support adoption of evidence-based green
coding practices.” Therefore, to support widespread
adoption of green coding practices among software
development professionals in Finland and globally, a
multi-stakeholder roadmap is proposed. For the short
term, universities need to integrate green coding into
core software engineering and computing curricula, and
companies must promote training, awareness, and cer-
tification. As for mid-term, there is a need to cre-
ate more usable green coding tools (IDE green code
plugins, energy-aware CI/CD pipelines, and real-time
energy feedback systems) that can be embedded into
software development workflows to support software
development professionals during software design, de-
velopment, and deployment. In the long term, institu-
tionalizing green coding among professionals in industry
will require open benchmarks, green coding certification,
cross-sector collaboration initiatives by policymakers,
and standardization bodies.

VI. THREAT TO VALIDITY

This study provides insights into the current state of green
coding practices among software development professionals in
Finland. These are the threats to validity:

o Internal Validity: The survey responses are self-
reported, which may introduce biases such as social
desirability bias, in which respondents may have over-
reported their awareness or adoption of green coding
to align with the expectation from the industry. Also,
response interpretation bias could arise when respondents
misunderstand the survey questions, leading to inconsis-
tent data. We mitigated these threats in the survey design
with clear definitions of green coding concepts, and
responses were analyzed iteratively by multiple authors
to ensure consistency in coding and interpretation.

« External Validity: This study focuses on software de-
velopment professionals in Finland, and with 53 re-
spondents, this may not be fully representative of the
broader software development community. This limits
the generalization of the findings to other geographical
locations with different industry practices and regulatory
frameworks.

o Construct Validity: The alignment between the study
research goal and the survey instrument used for data
collection can affect construct validity. The survey was
designed to gather data on both quantitative and qualita-
tive insights into green coding practices among software
development professionals. However, we acknowledge
that the lack of standardized green coding best practices
in the industry may influence respondents’ understanding

of green coding, which can impact their responses. The
survey was designed with examples of green coding to
offer better clarity to respondents.

VII. CONCLUSION

This study highlights that the disparity between the rec-
ognized significance of green coding and its limited imple-
mentation arises not only from insufficient awareness but
also from deeper challenges such as the absence of real-time
tools, organizational incentives and mentoring. The respon-
dents underscored the notion that education alone is inadequate
unless it is integrated into development workflows and industry
standards.

The lack of standardized tools further limits developers
from precisely measuring and optimizing software energy
consumption. Although multiple organizations have begun to
adopt green coding practices, such as improving algorithms,
optimizing database queries, improving API interactions, and
improving user interface design, these practices remain iso-
lated rather than becoming industry-wide standards. The sur-
vey also highlights the growing interest in Al-driven and
automated solutions for green coding. However, existing tools
in this domain are still underdeveloped.

Furthermore, this study highlights key opportunities to ad-
vance the adoption of green coding and proposes a roadmap
for green coding. First, education and training are im-
portant to provide software developers with the knowledge
and skills required to integrate green coding into software
solutions. Integrating green coding concepts into the software
engineering curriculum and offering green coding professional
development programs can help bridge the knowledge gap
between industry professionals. Second, it is necessary to
improve the accessibility of green coding tools to support
software developers in monitoring and optimizing the energy
consumption of software during software design and devel-
opment. Such tools should provide easy ways to integrate
energy metrics into software development environments, such
as IDEs and CI/CD pipelines. Third, standardization and
policy support are key to driving the widespread adoption of
green coding. Establishing industry-wide benchmarks, best-
practice guidelines, and regulatory incentives can encourage
organizations to prioritize green coding in software develop-
ment projects. These findings indicate that successful adoption
requires coordinated efforts in education, tools, and policy,
rather than merely focusing on raising awareness. Future
research will expand the geographical scope of this study,
not only to a specific region, refine and explore the role
of emerging technologies, such as Al-driven optimization, to
advance green coding practices.
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