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Abstract: As digital technologies expand, their environmental impact has become
a growing concern. Sustainable Software Engineering (SSE) offers a promising
pathway to address this issue by embedding sustainability principles throughout
the Software Development Life Cycle (SDLC). This research explores how methods
and tools from industrial engineering can be applied to software development pro-
cesses to support sustainability goals. It focuses on improving resource efficiency
and structuring sustainable workflows using models like GREENSOFT. The study
aims to equip software practitioners with practical, scalable strategies drawn from
industrial engineering to guide responsible and efficient development. By adapt-
ing these methods, software and industrial engineers can work together to reduce
CO2 emissions, improve energy efficiency, and integrate environmental concerns
without compromising software functionality. This approach provides actionable
strategies tailored to industrial engineering contexts. It contributes to a broader
understanding of how sustainability can be systematically embedded into software
design and engineering processes to meet the dual goals of technological advance-
ment and ecological responsibility.
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1. Introduction

The software industry plays an increasingly central role
in shaping modern society. Software systems are deeply
embedded in everyday life, from powering essential in-
frastructure to enabling digital transformation across
industries. However, as software grows in scale and
complexity, so does its environmental footprint. Ris-
ing energy consumption, hardware demands, and dig-
ital waste have become critical challenges within the
broader field of information and communication tech-
nologies (ICT) [1, 2]. These concerns have sparked
growing interest in Sustainable Software Engineering
(SSE), a field focused on minimizing the environmen-
tal, social, and economic impacts of software across its
entire lifecycle [3].

While sustainability in software development is gaining
attention, most existing studies focus either on high-
level strategies or on isolated technical optimizations.
What remains missing is a structured and actionable
approach that bridges strategic direction and practical
implementation, while enabling continuous assessment
of sustainability goals [4, 5]. In this context, integrat-
ing industrial engineering methods into the software
development process presents a promising yet under-
explored opportunity. These tools, commonly used in
manufacturing and process optimization, offer practi-
cal techniques for embedding sustainability into soft-
ware workflows but have rarely been applied systemat-
ically in the context of the SDLC.

This paper aims to address that gap by proposing a
cross-disciplinary approach that combines industrial
engineering tools with software development practices.
It introduces a set of methods, such as Lean Software
Development, Value Stream Mapping, and Life Cycle
Assessment, alongside measurable sustainability met-
rics, including energy consumption, CO2 emissions and
resource efficiency. Together, these elements provide a
framework for guiding and evaluating sustainable soft-
ware development in a way that is both practical and
aligned with real-world needs.

The research begins by assessing the environmental
impact of IT systems, particularly their role in CO2
emissions, while also recognizing the potential of dig-
ital technologies to reduce emissions in other sectors.
Then, it introduces the foundational concepts of SSE,
including key definitions and the SDLC as a framework
for integrating sustainability. Building on this founda-
tion, the study examines a set of industrial engineering
tools and analyzes their contribution to sustainability
within each phase of the software lifecycle. In parallel,
it proposes a set of sustainability metrics that can be
used to assess and improve the environmental perfor-
mance of software systems. By integrating tools, meth-
ods, and indicators, this research aims to support the
development of more responsible and resource-efficient
software systems.

2. CO2 Emissions and IT

As digital technology becomes deeply integrated into
everyday life, the IT sector’s environmental impact
is growing rapidly. While IT enables efficiency and
productivity, it also requires significant energy and re-
sources, which results in CO2 emissions. In this sec-
tion, we’ll examine the CO2 emissions associated with
IT and the potential CO2 savings that can be achieved
through IT.

2.1. CO2 Consumption Caused by IT

Every time we use digital tools, whether browsing the
internet, streaming videos, or storing data in the cloud,
there is an environmental impact. The IT sector,
which includes data centres, networks, and devices, re-
quires energy to operate. If it is not from renewable
sources, this energy leads to the production of CO2.
The growth in data centres, which power the inter-
net and store massive amounts of data, is one of the
most significant contributors to IT-related carbon diox-
ide emissions. Some examples of this impact include :

e Data centres, the backbone of digital infrastruc-
ture, are a significant source of CO2 emissions.
The energy used by data centres globally ac-
counts for approximately 1% of total electric-
ity consumption, with predictions that this could
rise to 8% by 2030 if no changes are implemented
[1]. A large data centre can consume the same
amount of power as a small city, and cooling sys-
tems for these facilities require significant energy
to maintain the ideal server temperature.

o The Internet and telecommunications networks
are central to our digital lives and are part of
the ICT (Information and Communication Tech-
nology) sector. These networks enable data-
intensive activities, such as cloud services, and
are highly energy-demanding. Every gigabyte
of data transferred consumes approximately 5
kWh of electricity, producing around 1.5 kg of
CO2 emissions if the energy source is coal-based
[2]. Mobile networks, fibre optics, and satel-
lite communications also require extensive energy
resources to support reliable, high-speed data
transfer and connectivity. As global demand for
online services grows, energy consumption in ICT
increases as well. Studies estimate that if growth
continues unchecked, ICT could contribute to
over 14% of global CO2 emissions by 2040 [6].

e Devices such as computers, smartphones, and
tablets contribute to CO2 emissions, mainly
when not manufactured or disposed of sustain-
ably. Studies show that producing a desktop
computer emits between 120 and 250 kg of CO2,
while using it adds another 50 to 175 kg of CO2
per year. Most desktops have a lifespan of 3 to 6
years, making their total impact significant [6].



2.2. (CO2 Savings from IT

While IT contributes to CO2 emissions, it also has sig-
nificant potential to reduce emissions across other sec-
tors. IT can enhance industrial operations, transporta-
tion, and energy management efficiency, promising a
more sustainable future [7]. Some studies include:

e IT has the power to optimise power grids [8], dy-
namically matching supply and demand to re-
duce energy waste. It has been demonstrated to
reduce energy consumption by up to 10% in cer-
tain regions [9], highlighting the transformative
potential of IT in combating climate change.

e Digital Transformation in Transportation: IT so-
lutions in transportation, such as intelligent traf-
fic systems and fleet optimisation, can reduce fuel
consumption. These systems have the potential
to reduce CO2 emissions in urban areas in the
future. Ride-sharing applications, autonomous
vehicles, and telecommuting have also reduced
emissions [7].

e Smart Manufacturing: Iot sensors and predictive
maintenance allow factories to operate more effi-
ciently. Manufacturers can reduce energy use and
prevent costly equipment breakdowns by moni-
toring machinery and optimising processes. This
approach, often referred to as lean manufactur-
ing, has the potential to reduce operational CO2
emissions [7, 8].

As Figure 1 illustrates, IT contributes significantly to
CO2 emissions through data centres, networks, and de-
vice manufacturing. However, IT also offers solutions
for CO2 savings, particularly in the power manage-
ment, transportation, and industrial sectors. By im-
plementing these strategies, IT can help reduce its en-
vironmental impact and play a crucial role in achieving
global sustainability goals.
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Figure 1: Data centers’ energy-use [1]
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As software reliance continues to grow, so does its im-
pact on the environment, economy, and society. While
IT is crucial in enabling sustainability, software must
be developed with sustainability in mind. Sustainable
Software Engineering (SSE) designs and manages soft-
ware systems to align with sustainability goals [10].
This section introduces the foundations of SSE by first
defining key terms such as Green and Sustainable Soft-
ware and Green and Sustainable Software Engineering.
It then outlines the structure and phases of the Soft-
ware Development Lifecycle (SDLC), which provides
the context for applying sustainability principles. Un-
derstanding the SDLC is essential, as it is the opera-
tional framework through which sustainability can be
integrated. We also explore how sustainability is ad-
dressed across software development’s environmental,
economic, social, and technical dimensions. It con-
cludes with a presentation of the GREENSOFT Model,
a structured framework that supports the integration
of sustainability throughout the software lifecycle. To-
gether, these elements offer a clear path for embedding
sustainability in software engineering to maintain both
performance and long-term viability.

3.1. Definitions

Definition 1 : ‘Green and Sustainable Software’ 3, 4]
Naumann et al. have defined green and sustainable
software as software designed to minimise both direct
and indirect negative impacts on the economy, society,
individuals, and the environment throughout its de-
velopment, deployment, and use. It also aims to con-
tribute positively to sustainable development. Achiev-
ing this requires developers to know the software’s po-
tential effects and integrate sustainability considera-
tions into the development process. By doing so, sus-
tainability becomes a manageable part of the workflow,
enabling architects and developers to make informed
improvements to the software.

Definition 2 :‘Green and Sustainable Software Engi-
neering’ [4, 11] According to Komeil et al. Green and
Sustainable Software Engineering is developing soft-
ware through a process that actively considers envi-
ronmental sustainability. It involves continuously as-
sessing and documenting the software’s positive and
negative impacts on sustainable development across its
entire lifecycle, using these insights to guide ongoing
optimisation.

These definitions highlight the distinction between sus-
tainable software as a product and sustainable software
engineering as a process. The first definition focuses on
the software, emphasising its direct and indirect im-
pacts on various sustainability dimensions, including
economic, social, and environmental factors. It stresses
the importance of minimising harm while potentially



contributing to sustainable development. The second
definition expands on this idea by framing sustainable
software engineering as a continuous and systematic
approach. It underscores the need to assess, document,
and optimise software throughout its entire lifecycle,
ensuring that sustainability is a constant consideration
rather than a one-time goal.

3.2. The Software Development Life

Cycle

Knowing the basics of the Software Development Life-
cycle (SDLC) is essential to understanding sustainable
practices in software development. The SDLC is a
structured process that guides software development
from the initial idea to its final delivery [12]. It pro-
vides a clear framework for planning, creating, testing,
and deploying software solutions, ensuring that each
stage is well-organised and efficient. The success of a
software project largely depends on the chosen SDLC
model. This process enables developers to track the
current phase of a project, allocate necessary resources,
and prepare for upcoming stages [12, 13]. The SDLC
is typically divided into six key phases to manage soft-
ware projects systematically and effectively. These
phases are outlined below and illustrated in Figure 2 :
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SOFTWARE
DEVELOPMENT

LIFE CYCLE

4

Testing

Figure 2: A Typical SDLC [14]

The Software Development Lifecycle (SDLC) com-
prises several essential phases that guide the develop-
ment process from inception to completion. Each phase
has a specific purpose and plays a vital role in ensuring
the success of a software project [12, 14, 15] :
Requirement Gathering and Analysis: This is the
first phase, where customers and stakeholders collabo-
rate to understand the project’s goals and collect de-
tailed requirements. Both functional (what the soft-
ware should do) and non-functional (performance, se-
curity) requirements are identified and analysed to pro-
vide a clear foundation for the project.

Design: In this phase, the team creates the sys-
tem’s architecture based on the collected requirements.
This includes designing database schemas, determining
hardware and system needs, analysing features, and
crafting the user interface. A prototype is often de-
veloped during this stage to validate the design with
stakeholders and ensure it meets the identified needs.

Implementation or Coding: This is where the ac-
tual development begins. The team writes the software
code, ensuring it aligns with the system design, and
conducts unit tests to verify the functionality of indi-
vidual components. Once the coding is completed, the
software moves to the testing phase for further evalua-
tion.

Testing: involves evaluating the software to identify
and fix bugs or issues. Various tests, such as system,
integration, and user acceptance testing, are conducted
to ensure the software functions as intended. Once all
issues are resolved, the product is ready for deploy-
ment.

Deployment: In this phase, the software undergoes a
final review, and any necessary modifications are made.
Afterwards, it is deployed to the production environ-
ment, making it accessible to end users.
Maintenance: The final phase focuses on maintain-
ing the software by addressing user-reported issues and
implementing necessary updates. Fixes can be priori-
tised based on urgency and importance to ensure the
software remains functional and up-to-date.

The SDLC provides a structured approach for man-
aging software projects from initial concept to deploy-
ment and ongoing maintenance. Each phase is crit-
ical in ensuring software is developed efficiently and
meets user expectations while remaining maintainable
and functional over time. Understanding this lifecycle
is essential for identifying where and how sustainabil-
ity considerations can be integrated into software pro-
cesses. Building on this structure, the following subsec-
tion shifts focus to SSE, exploring how sustainability
can be applied not as a separate concern but as an
integral part of the software life cycle.

3.3. Sustainability in Software Engi-

neering

Sustainability in software engineering refers to design-
ing, building, and maintaining software systems to bal-
ance current needs with long-term viability, ensuring
minimal environmental, economic, and social impact
[3, 10, 11]. A synthesising approach, informed by key
perspectives, leads to these comprehensive aspects:
Environmental Impact : Sustainable software de-
velopment minimises CO2 emissions by reducing en-
ergy consumption and avoiding excessive hardware de-
mands. This helps conserve the environment while en-
suring efficient software performance [1].

Economic Efficiency : Sustainable software empha-
sises affordability through maintainable and scalable
systems. Preventing costly redesigns and overhauls en-
sures long-term financial benefits for organisations [5].
Social Responsibility : Sustainability in software
prioritises inclusivity and accessibility. It aims to cre-
ate user-friendly systems for all communities, promot-
ing equity and ethical standards in digital tools. [5].
Technical Longevity : Sustainable software ensures
its systems are maintainable, modular, and scalable.



Adapting to technological changes and being well-
documented prevents obsolescence and supports long-
term usability [5, 16].

Sustainable software development is the practice of cre-
ating systems that are environmentally conscious, eco-
nomically viable, socially equitable, and technically en-
during. By integrating these principles, developers can
create software that meets immediate requirements and
supports long-term growth, adaptability, and a mini-
mal ecological footprint, providing reassurance for the
future.

SSE’s key aspects include designing efficient and scal-
able software to handle growing demands and making
it modular for easy updates and integration. These
practices help extend the software lifecycle, minimis-
ing electronic waste and supporting sustainable devel-
opment. Sustainability metrics are crucial in assess-
ing whether the software development lifecycle (SDLC)
aligns with environmental, economic, and social sus-
tainability goals. These metrics help quantify soft-
ware’s impact at different stages, allowing stakeholders
to optimise development practices and reduce unnec-
essary resource consumption.

3.4. The GREENSOFT model

The GREENSOFT Model [3] is a framework designed
to guide stakeholders (see Figure 3), such as software
developers, administrators, and users, in making soft-
ware more sustainable throughout its lifecycle. At
its core, the model aims to minimise the first-order
effects, including energy consumption, hardware de-
mands, network bandwidth usage, and physical pack-
aging, which directly impact resource consumption. It
also considers second-order effects where the software’s
use can optimise processes in other industries, such as
innovative heating or logistics, indirectly reducing envi-
ronmental and resource footprints. Finally, third-order
effects, such as rebound effects, are known to be more
challenging to predict. These effects could result from
efficiencies that accidentally increase consumption else-
where.
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Figure 3: the GREENSOFT model [3]

The GREENSOFT model is structured around four
key components:

Life Cycle of Software Products: This section
adopts a holistic "cradle-to-grave" approach, assessing
the environmental, social, human, and economic im-
pacts of software throughout its entire life cycle, from
development to disposal. The results of this process
can be used to optimise software sustainability or com-
pare products.

Sustainability Criteria and Metrics: This compo-
nent offers tools for evaluating software sustainability,
incorporating direct (e.g., energy usage) and indirect
(e.g., broader societal impacts) criteria. It uses stan-
dard software quality metrics and concepts borrowed
from life cycle assessments.

Procedure Models: These models integrate sus-
tainability considerations into various stages of soft-
ware management, including development, acquisition,
maintenance, and user support.

Recommendations and Tools: This section offers
practical guidance and tools for stakeholders, enabling
them to effectively incorporate sustainable practices
into the development, purchasing, and use of software.
The GREENSOFT Model classifies sustainability met-
rics into three main categories (see Figure 4): standard
software quality metrics, directly related sustainability
metrics, and indirectly related sustainability metrics.
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Figure 4: The GREENSOFT model sustainability met-
rics [3]

Standard software quality metrics include traditional
performance indicators such as maintainability, porta-
bility, and reliability. These metrics indirectly con-
tribute to sustainability by improving efficiency and
extending the software lifecycle.

Directly related sustainability metrics measure energy
consumption, CPU and memory usage, and storage
efficiency. Software’s high energy consumption can
lead to excessive power usage in data centres, cloud
environments, and user devices, significantly increas-
ing carbon emissions. Monitoring these metrics en-
ables organisations to identify inefficiencies and opti-
mise energy usage through improved coding practices,
resource-efficient algorithms, and cloud-based solutions
that leverage renewable energy.



Indirectly related sustainability metrics assess and
evaluate how software influences sustainability beyond
its direct resource usage. For example, software de-
signed for intelligent resource management, such as Iot-
based energy monitoring systems, can optimise energy
consumption in industries, homes, and transportation.
However, predicting these long-term effects is complex,
as efficiency improvements may sometimes lead to in-
creased overall consumption.

SSE is about reducing environmental harm and cre-
ating socially and economically responsible systems.
It emphasises the balance between performance, cost-
effectiveness, and environmental protection, ensuring
that technological progress contributes positively to so-
ciety without compromising future needs.

4. Engineering Methods For a

Sustainable SDLC

Integrating sustainability into the Software Develop-
ment Lifecycle (SDLC) requires awareness and practi-
cal methodologies that enable efficient resource man-
agement, waste reduction, and software efficiency. Tra-
ditional SDLC models prioritise functionality, cost, and
time-to-market but do not always consider environ-
mental and social impacts [5, 15]. Various engineer-
ing tools and frameworks have been adapted to bridge
this gap and promote sustainability throughout devel-
opment.

This section explores key methodologies and methods
that support sustainable software development. Lean
Software Development and Value Stream Mapping help
eliminate inefficiencies, while Agile frameworks, such
as Scrum, improve adaptability and reduce resource
waste. Meanwhile, Life Cycle Assessment evaluates
software’s environmental impact from creation to dis-
posal.

Integrating the right tools at each stage is essential to
improving the sustainability of an SDLC. This study
examines methodologies that align software develop-
ment with business requirements and environmental
considerations, leading to more resource-efficient and
sustainable solutions. One such approach is Lean Soft-
ware Development, which focuses on reducing waste,
optimising workflows, and improving overall efficiency.
The following subsection explores how LSD principles
can be applied to create high-performing and environ-
mentally responsible software.

4.1. Lean Software Development

Lean Software Development (LSD) is a method
adapted from Lean principles initially developed in
manufacturing, particularly by Toyota. The primary
goal is to minimise waste and maximise value in soft-
ware development, which aligns with sustainable prac-
tices by reducing unnecessary resource usage and fo-

cusing on efficiency [17].

LSD is also known by its seven principles [17, 18]. It be-
gins by optimising the whole, ensuring synergy between
its parts, which is crucial for overall success. It empha-
sises understanding and addressing customer problems
to deliver meaningful solutions. Workers are energised
by fostering creativity and inspiration, creating an en-
vironment that promotes innovation. LSD reduces fric-
tion by avoiding mistakes such as building the wrong
product incorrectly or adhering to inefficient batch-
and-queue processes. Continuous learning is central,
enabling teams to adapt to future challenges. Increas-
ing flow through a steady, value-driven workflow en-
sures efficiency while building quality into the process
and promptly eliminating defects. Finally, LSD com-
mits to continuous improvement, keeping pace with a
changing world by focusing on incremental changes and
applying the scientific method to refine processes and
outcomes.

LSD promotes sustainability by enhancing resource
efficiency, fostering flexibility, and promoting value-
driven practices. By eliminating waste, LSD reduces
unnecessary energy, time, and material usage, aligning
with environmental goals [18]. Its iterative approach
encourages adaptability, enabling organisations to re-
spond quickly to market changes and avoid overproduc-
tion, a critical aspect of sustainable practices. Further-
more, by focusing on delivering customer value, LSD
ensures that resources are allocated to meaningful out-
comes, minimising the production of features or solu-
tions that are not truly needed.

4.2. Value Stream Mapping

Value Stream Mapping (VSM) is a crucial Lean tool
that visualises, analyses, and optimises the flow of ma-
terials and information throughout a process. It helps
identify value-added and non-value-added activities,
streamlining operations, reducing waste, and enhanc-
ing efficiency. In software development, VSM is par-
ticularly useful for understanding and improving pro-
cesses such as the SDLC.

VSM begins by creating a "current state map," which
outlines the existing flow of tasks and highlights bot-
tlenecks, delays, and inefficiencies. For each step, the
time spent on value-added versus non-value-added ac-
tivities is calculated. Using this insight, teams can
propose changes and develop a "future state map" in-
corporating improvements such as automation, process
simplification, and enhanced communication [19].

In software development, VSM is critical in promoting
sustainability by identifying inefficiencies and optimis-
ing resource usage throughout the development pro-
cess. By highlighting non-value-added activities such
as excessive waiting times, redundant tasks, or mis-
aligned workflows, VSM helps teams reduce energy,
time, and material waste. This streamlined approach
minimises the environmental impact while maintaining
high productivity. Furthermore, VSM encourages it-
erative improvements and agile responses to changing



requirements, reducing the need for extensive rework
or discarded efforts. Aligning development processes
with lean principles enhances operational efficiency and
supports long-term sustainability goals in the software
industry.

4.3. Kanban

Kanban is a visual workflow management tool used in
the SDLC to optimise processes and enhance sustain-
ability. It helps teams visualise their tasks, limit Work
In Progress (WIP), and manage flow, ensuring efficient
use of resources and reducing waste [17]. The Kanban
board, a core component, provides a clear view of the
development process, as illustrated in Figure 5, which
shows a Kanban board used in SDLC. This enables
teams to identify bottlenecks and prioritise tasks effec-
tively.

Implementing WIP limits helps prevent bottlenecks,
improve workflow, and prevent teams from doing too
much work simultaneously, reducing stress and ineffi-
ciencies. This focus on completing tasks before start-
ing new ones minimises energy and resource use, align-
ing with sustainable practices. Furthermore, the trans-
parency provided by Kanban encourages better collab-
oration and continuous improvement.
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Figure 5: Example of a Kanban board for SDLC [17]

For sustainability, Kanban promotes a lean approach
by avoiding overproduction, reducing defects, and opti-
mising resource allocation. It ensures the development
process remains streamlined, environmentally friendly,
and aligned with customer value [17, 20].

4.4. Scrum

Scrum is an Agile framework designed to manage and
develop complex software systems, emphasising collab-
oration, adaptability, and iterative progress. Unlike
traditional software development models, which follow
a rigid, linear approach, Scrum operates in short, struc-
tured sprint cycles, typically lasting between one and
four weeks. Each sprint yields a functional software
increment, enabling teams to continuously refine their
work based on feedback and evolving requirements [17].
This flexibility makes Scrum particularly effective in
dynamic environments, such as sustainability-focused

software projects, where priorities may shift.

A key aspect of Scrum’s contribution to sustainability
lies in its focus on resource efficiency and waste reduc-
tion. Through practices such as sprint planning and
retrospectives, teams continuously assess their work-
flows, identifying bottlenecks and eliminating ineffi-
ciencies. This structured approach ensures that un-
necessary rework is minimised and that human and
computational development resources are used opti-
mally [21]. Additionally, Scrum fosters transparency
through daily stand-up meetings and backlog refine-
ment, ensuring that sustainability-oriented features,
such as energy-efficient algorithms or resource-aware
system designs, are consistently prioritised.

Scrum’s adaptability helps reduce software obsoles-
cence and technical debt. Developing teams can proac-
tively address long-term environmental and economic
impacts by incorporating sustainability criteria into
backlog prioritisation. For example, energy-efficient
coding practices and modular architectures can be in-
tegrated into the development roadmap, ensuring that
software remains scalable and maintainable over time
[17, 21]. This focus on long-term viability aligns with
broader sustainability goals by extending the life cycle
of software products and reducing the environmental
footprint associated with frequent system updates.
Scrum is more than just a project management frame-
work; it is a tool that supports sustainable software de-
velopment. Its iterative nature, focus on efficiency, and
adaptability make it a practical approach for reducing
waste, optimising resource usage, and fostering long-
term software sustainability. Organisations can align
their software engineering practices with environmen-
tal and economic sustainability objectives by embed-
ding sustainability considerations into sprint planning
and backlog management.

4.5. Life cycle assessment

Life Cycle Assessment (LCA) is a systematic method
for evaluating a product or process throughout its life
cycle. Applying LCA helps assess the software prod-
uct and the development processes involved in software
development. This approach considers all stages of the
software life cycle, including development, usage, and
end-of-life, and examines their direct and indirect en-
vironmental effects [22, 23].
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Figure 6: Use of Simapro in LCA [24]

Figure 6 [24] demonstrates how tools like SimaPro fa-
cilitate LCA by using data from unit processes stored
in databases. These data are fed into a life cycle



model, applying a chosen assessment method to evalu-
ate the environmental impact. The output is analysed
to understand the effects of the life cycle and interpret
the results, facilitating more informed and sustainable
decision-making. By adapting such tools for software
engineering, we can categorise environmental impacts,
standardise their effects, and prioritise them based on
their importance. This ensures that sustainability be-
comes a key factor in design and process decisions,
aligning software development with broader ecological
goals [22].

Each tool plays a distinct role in improving sustain-
ability throughout the SDLC. As shown in Table 1,
these methodologies align with different SDLC phases,
ensuring that sustainability considerations are embed-
ded at every stage. LSD is applied during the Analy-
sis, Design, and Implementation phases, helping teams
eliminate unnecessary development steps and focus on
efficient resource use. VSM spans Analysis, Design,
Implementation, and Testing, enabling organisations
to identify inefficiencies in software processes and op-
timise workflows to reduce excessive energy consump-
tion. Scrum is primarily utilised in Implementation,
Testing, and Deployment, ensuring that software is de-
veloped incrementally while minimising rework and un-
necessary computational processing. Kanban is partic-
ularly effective in Implementation, Testing, and Main-
tenance, as it helps regulate the development pace by
limiting work-in-progress, preventing bottlenecks, and
optimising the use of computational resources. Ul-
timately, LCA is applicable across all phases of the
SDLC, assessing the software’s environmental footprint
and providing a structured framework for continuous
improvement.

Table 1 links these tools to relevant sustainability met-
rics, highlighting their direct contributions to energy
efficiency, carbon footprint reduction, and resource op-
timisation. Energy consumption is a crucial metric in
software sustainability, as inefficient processes lead to
excessive power usage, particularly in cloud computing
and data centre operations. LSD, Scrum, and Kanban
contribute to reducing energy consumption by promot-
ing streamlined development cycles, eliminating redun-
dant tasks, and ensuring that computational resources
are utilised only when necessary.

Carbon footprint reduction is another essential metric,
reflecting the total greenhouse gas emissions associated
with software production, execution, and maintenance.
LCA plays a vital role in this area, offering a detailed
evaluation of the environmental impact across the soft-
ware life cycle. By integrating LCA findings, teams can
make informed decisions about code efficiency, infras-
tructure choices, and long-term sustainability goals.
Lead time and process efficiency are critical indicators
in sustainable software engineering, as prolonged devel-
opment cycles often result in wasted resources, higher
energy consumption, and increased operational costs.
VSM, Scrum, and Kanban improve these metrics by
identifying workflow inefficiencies and optimising soft-

ware delivery pipelines.

These methodologies ensure software evolves adap-
tively and sustainably through iterative development
and continuous feedback loops. Additionally, resource
efficiency is key to reducing waste in software engineer-
ing. This metric encompasses CPU usage, memory al-
location, and storage efficiency, directly impacting a
system’s sustainability. Kanban, VSM, and LSD con-
tribute by preventing over-processing and optimising
workloads, ensuring that only necessary computational
resources are used. Scrum'’s sprint-based approach fur-
ther ensures that software features are developed in
manageable increments, preventing excessive memory
allocation and improving overall system performance.
Software teams can develop systems that balance per-
formance, sustainability, and adaptability by applying
these methodologies and tracking the corresponding
sustainability metrics. These tools ensure that tech-
nological advancements align with business objectives
and environmental responsibility, making sustainabil-
ity a core element of the SDLC rather than an af-
terthought.



Method SDLC Phase Sustainability Purpose in Sus- | Reference
Metrics tainability

Lean  Software | Analysis, Design, | Resource efficiency, | Reduces unnec- | [17, 19, 25],

Development Implementation CO2 reduction, | essary features | [18]

(LSD) waste minimization | and inefficient

workflows to op-
timize software
performance  and
sustainability.

Value Stream | Analysis, Design, | Process efficiency, | Identifies inefficien- | [19, 26, 27],

Mapping (VSM) | Implementation, lead time reduc- | cies in workflows to | [28], [29] [30]
Testing tion, and reduced | minimise waste and

rework optimise energy us-
age.

Scrum Design, Implemen- | Team velocity, re- | Ensures adaptive | [3, 20, 21, 31,
tation, Testing, De- | duction of wasted | and efficient de- | 32]
ployment time, and client sat- | velopment cycles,

isfaction reducing wasted ef-
fort and computing
resources.

Kanban Implementation, Flow efficiency, | Limits work- | [17, 33, 34]
Testing,  Deploy- | work-in-progress in-progress to
ment, Maintenance | reduction, and op- | reduce unnecessary

erational stability resource consump-
tion and optimise
workflow.

Life Cycle As- | All Phases Environmental im- | Evaluate soft- | [23, 24, 35]

sessment (LCA) pact, energy effi- | ware sustainability

ciency, carbon foot- | across all stages of

print the SDLC to min-
imise the ecological
footprint.

Table 1: Aligning sustainability methods and their impact with SDLC phases.

5. Discussion

This study set out to explore how sustainability prin-
ciples can be effectively integrated into the SDLC by
drawing on established methods from industrial engi-
neering. The objective was to propose an actionable
approach to SSE that combines practical tools, mea-
surable sustainability metrics, and process alignment
across different phases of software development.

To this end, the research identified and adapted several
engineering methods and positioned them within the
SDLC according to their functional strengths. These
tools were selected based on their ability to support
sustainability through waste reduction, process effi-
ciency, and iterative improvement. In parallel, a set of
sustainability metrics was proposed that can be used
to evaluate the sustainability of software processes in
concrete terms.

Figure 7 synthesizes this approach by mapping the se-
lected engineering methods and metrics onto the tra-
ditional SDLC phases. Each technique is positioned
where it can offer the most benefit in terms of sustain-
able outcomes. For example, Lean and Value Stream
Mapping are applied early in the lifecycle to reduce re-

source use in analysis and design stages. Agile practices
like Scrum and Kanban are aligned with implemen-
tation, testing, and maintenance phases to promote
adaptability and incremental progress. LCA spans the
entire lifecycle, supporting continuous assessment and
improvement. This figure illustrates the core proposi-
tion of this study: that integrating cross-disciplinary
tools into software development enables structured,
sustainable workflows.

To further consolidate the study’s insights, Figure 8
presents a visual mind map summarizing the core
themes and relationships discussed throughout the pa-
per. It links foundational sustainability concepts, such
as the environmental footprint of ICT and CO2 emis-
sions, to SDLC phases, engineering tools, and sustain-
ability pillars (environmental, social, economic, and
technical). By organizing these elements into a sin-
gle reference, the mind map helps communicate the
broader vision of embedding sustainability into soft-
ware engineering.

While these contributions present a framework for op-
erational sustainability in software development, the
study also has limitations. From a methodological per-
spective, the method-phase associations proposed here
are based on literature insights and theoretical reason-
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Figure 7: Mapping Engineering Methods to the SDLC Phases (created by the author)

ing rather than empirical testing. The visual models
(Figures 7 and 8) are intended as exploratory frame-
works and have not yet been validated in industrial
settings. Additionally, the study focused on a select
group of methods and metrics, other potentially rel-
evant methods were not explored due to scope con-
straints.

Beyond the conceptual nature of the work, several im-
plementation challenges remain. One of the most sig-
nificant barriers to SSE adoption is the lack of stan-
dardised frameworks and widely accepted sustainabil-
ity metrics [3, 36]. Although models like GREEN-
SOFT provide structured guidance, they are still un-
derutilised in practice due to limited awareness, resis-
tance to process change, and the absence of regulatory
incentives [11]. Sustainability also tends to be side-
lined in favor of time-to-market and cost objectives.
Moreover, tools like LCA are difficult to apply consis-
tently to software systems due to their intangible and
evolving nature [24].

A further challenge lies in cultural and educational
readiness. Sustainability is still rarely integrated into
the core values of development teams, and training pro-
grams addressing these issues remain limited [11, 17].
Without awareness and practical knowledge, efforts of-
ten remain isolated or symbolic rather than embedded
within structured engineering practices.

Looking ahead, future research could focus on empiri-
cally validating the proposed framework through case
studies, tool implementation, and collaboration with
industry partners. There is also value in expanding the
toolset to include other industrial engineering meth-
ods that may support sustainability in specific soft-
ware contexts. Integrating sustainability metrics di-
rectly into software development environments could
also improve usability and adoption. In the long term,
including sustainability topics in university curricula
and professional training will be essential for fostering
responsible engineering culture.

In summary, this discussion highlights how industrial
engineering methods can enhance the practice of sus-

tainable software development by offering structure,
measurability, and cross-disciplinary insight. At the
same time, it emphasizes the need for technical inno-
vation and organizational awareness to fully realize the
potential of Sustainable Software Engineering.

6. Conclusions

Sustainable Software Engineering is becoming increas-
ingly relevant as the demand for digital systems grows
alongside environmental concerns. This paper has
highlighted the dual role of IT in both contributing to
and reducing CO2 emissions, reinforcing the need for
sustainable strategies in software development. By es-
tablishing clear definitions and emphasising the impor-
tance of the Software Development Lifecycle, the study
provides a foundation for understanding how sustain-
ability can be integrated into software projects.

The GREENSOFT Model and related methods such
as LSD, Scrum, Kanban, VSM, and LCA offer practi-
cal pathways for improving sustainability at each de-
velopment stage, they help optimize workflows, reduce
energy and resource consumption, and support long-
term software usability. The proposed visual mapping
supports a clearer understanding of where and how sus-
tainability practices can be applied.

To give more context, we emphasise the value of inte-
grating methods from industrial engineering into the
software development industry. Industrial engineering
provides a mature set of tools for process optimisation,
resource efficiency, and quality improvement, which are
principles that align naturally with sustainability ob-
jectives. Otherwise, SSE brings environmental respon-
sibility into industrial workflows, encouraging both do-
mains to move toward greener innovation. This in-
terdisciplinary exchange reinforces the practical rele-
vance of SSE in industrial settings and opens up new
directions for collaborative development and applied
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research.

Finally, this research paves the way for practical ap-

plication.

In my final-year project, I plan to apply

selected SSE methods, such as Lean practices and sus-
tainability metrics, to analyse and optimise the soft-
ware lifecycle. This step will help validate the concepts
discussed and contribute to a deeper understanding of
sustainability in software engineering through hands-
on practice.
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Figure 8: Sustainable Software Engineering Life Cycle Mind Map (created by the author)
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