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Abstract

Placing sustainability at the core of computing practices, the industry is poised to pioneer positive changes and create a
cleaner and more sustainable world for future generations. The environmentally sustainable computing (ESC) framework is
introduced in this paper as an innovative solution to revolutionize sustainability practices across various computing domains
and cover multiple aspects of sustainable information technology (IT). The ESC framework includes the entire lifecycle of
computing systems, including critical stages such as design, development, monitoring, refactoring, and regulatory compliance.
Through the adoption of the ESC framework, academia and industry stakeholders can gain a powerful tool to evaluate and
measure sustainability factors across different computing domains and can integrate eco-friendly computing principles and
patterns throughout their products and services. This can significantly reduce their carbon footprint while complying with
environmental regulations. In addition to presenting the ESC framework, the paper showcases real-world use cases. The
first involves a leading Italian bank, emphasizing the significance of monitoring and compliance in achieving sustainable
solutions within carbon-aware computing. The second use case explores resource efficiency optimization in Kubernetes

clusters, illustrating how the ESC framework aligns with cloud infrastructure management trends.
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1 Introduction

The quest for sustainability has emerged as an imperative
goal in the ever-evolving landscape of modern business and
computing technologies. The increasing awareness of envi-
ronmental challenges, resource constraints, and the impact
of human activities on the planet has led organizations to
rethink their strategies and operations. Carbon-aware com-
puting has garnered significant attention in this context as
a pivotal avenue for advancing environmental stewardship
within the digital age. The rationale for pursuing carbon-
aware computing is deeply rooted in the recognition of the IT
industry’s profound influence on the global carbon footprint
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and resource consumption. As IT continues to permeate every
facet of our lives, the exponential growth of computational
power in data centers, cloud computing, electronic devices,
and digital services has amplified the energy demands and
greenhouse gas (GHG) emissions associated with IT opera-
tions. The significance of this impact has necessitated a shift
toward responsible and eco-conscious practices, forging a
path toward a greener and more sustainable future.

According to [1], it is estimated that the IT sector’s car-
bon footprint is 730 Mt CO»-equivalents (CO»eq) or 1.4%
of overall global emissions, pointing that these values are
bound to grow more and more. In a more recent work [2], the
true proportion of the IT sector’s share of global greenhouse
emissions could be around 2.1-3.9% instead of previous cal-
culations that did not account for the full life-cycle and supply
chain of IT products and infrastructure.

Therefore, the urgent need to address the environmental
impact of computing technologies has led to the emer-
gence of the Environmentally Sustainable Computing (ESC)
paradigm, also known as Sustainable IT or Green IT, which
seeks to develop eco-friendly solutions. The theme of ESC
is of utmost importance in the context of the current global
climate crisis. The exponential growth of computing infras-
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tructures and their contribution to GHG emissions necessitate
a concerted effort to promote energy-efficient practices
across the computing landscape. While existing research
has made significant strides in addressing isolated aspects
of sustainability, the complexity and interconnectedness of
computing systems call for a holistic approach. Thus, our
aim is to fill the gap in the literature by proposing a unified
framework that encompasses diverse aspects of IT sustain-
ability and facilitates a comprehensive understanding of the
challenges and opportunities in ESC.

Creating an inclusive framework is compulsory for several
reasons. First of all, the field of IT is characterized by a vast
array of technologies, applications, and systems, each with
unique environmental implications. Sustainable data cen-
ters, eco-friendly coding practices, sustainable web design,
sustainable artificial intelligence (AI), and many others are
domains that contribute to the overall environmental impact
of computing technologies. A holistic framework would
allow us to comprehensively address and integrate these var-
ious aspects, capturing the full breadth of IT solutions related
to sustainability. Also, it involves experts from multiple
fields, including computer science, data center management,
Al, software development, and environmental sciences. An
extensive and shared framework would encourage collabora-
tion and knowledge sharing among specialized experts, fos-
tering a cohesive effort toward environmentally sustainable
practices across different computing disciplines, and facili-
tating a more integrated approach, fostering researchers and
professionals to consider the interconnectedness and inter-
dependencies between various sustainability dimensions.
Moreover, different computing domains have distinct envi-
ronmental footprints and challenges. A holistic framework
would ensure that each domain’s unique sustainability goals
are adequately addressed, promoting a balanced approach
toward mitigating the environmental impact of IT.

In this paper, we propose a comprehensive framework
for ESC that spans the entire lifecycle of computing sys-
tems. Our framework comprises three key dimensions:
new releases, running systems and governance. These three
options are further divided into Design, Development, Moni-
toring, Refactoring, Accounting and Reporting, Regulations,
and the last one of Innovation, Mindset, and Way of Work-
ing. We envision that the adoption of the ESC framework
will lead to substantial improvements in both the academic
and industrial realms. In academia, researchers will benefit
from a structured approach to study, quantify, and monitor
sustainability factors across computing domains. This will
lead to a more rigorous evaluation of existing solutions and
the development of novel strategies to enhance sustainabil-
ity. In the industrial sector, the ESC framework will empower
businesses to implement sustainable computing practices at
every stage of product development and deployment. By
integrating sustainability into the core of their operations,
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industries can mitigate their carbon footprint, adhere to reg-
ulatory requirements, and foster a positive environmental
impact.

The remainder of this paper is organized as follows: Sec-
tion2 provides a comprehensive review of the background
and related work in carbon-aware computing and sustainable
computing practices. In Sect. 3, we detail the methodology
underlying the ESC framework, delineating each dimension
and its significance. Section 4 presents the real-world use case
developed within the banking sector, where a solution of the
framework is applied to a specific carbon footprint monitor-
ing scenario, showcasing its practical implications. Section 5
delves into the implications of standardization and validation
processes about the ESC framework. Finally, Sect.6 con-
cludes the paper, outlining future work.

2 Background and related work

Despite the extensive technological development we encounter
every day, the life cycle of IT equipment is associated with
several negative environmental impacts [3]. The generation
of e-waste is expected to increase to 74.7 Mt in 2030 and
reach 110 Mt in 2050 unless we change the practices for
its management [4]. In addition, the operation of computers,
networks, and data centers involves the consumption of large
amounts of electricity, followed by the production of huge
amounts of CO;. At the same time, IT and information sys-
tems (IS) are crucial factors driving the transformation to a
more sustainable economy and society. Both the academic
community and practitioners have identified a wide range of
areas where IT can reduce negative environmental impacts,
particularly through the re-engineering of business and man-
ufacturing products and processes. In addition to improving
the efficiency of internal processes, energy monitoring and
environmental management systems facilitate transparency
and enable measurement of the achievement of environmen-
tal goals. These contradictory effects are discussed by the
IT research community under the name of environmentally
sustainable computing, often referred to as sustainable IT or
green IT.

The concept of sustainable IT has been around for sev-
eral years, but it has gained increasing attention in recent
years due to the growing awareness regarding sustainabil-
ity and the environment. First of all, the term sustainable
refers to technologies and processes that are environmentally
friendly, namely that have a less negative impact on nature
than conventional systems. Specifically, when referring to
the environmental impact of sustainable technologies, actu-
ally we refer to the environmental footprint associated with
their life cycle, that is the quantification of a product’s poten-
tial environmental impacts through specific impact identifiers
such as GHG emissions. On the other hand, we are aware of
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the environmental impact of sustainable processes when we
refer to finding ways to reduce resource inputs, decrease pol-
lution, and reuse materials in all those activities involved in
the production of goods or services, including the processes
of raw material extraction, industrial processing, distribution
and disposal of finished products or waste. Thus, the objective
of sustainable IT concerns all measures and initiatives that
reduce the negative environmental impact of the production,
operation, and disposal of IT equipment and infrastructure,
and includes practices that determine the investment, imple-
mentation, use, and management of information systems to
minimize the negative environmental impacts of information
systems, business operations, and IS-based products and ser-
vices [5].

A further definition is provided by the Green Software
Foundation (GSF), which defines Sustainable IT as an emerg-
ing discipline at the intersection of climate science, software
design, electricity markets, hardware, and data center design.
GSF was created by software businesses and practitioners to
build a trusted ecosystem of people, standards, tooling, and
best practices for creating and building sustainable software.
The Foundation’s mission is to reduce the total change in
global carbon emissions associated with software. The GSF
has created a metric called the Software Carbon Intensity
Specification (SCI) which defines a methodology for calcu-
lating the rate of carbon emissions for a software system.
The SCI is also measured in terms of COeq. The purpose
is to help users and developers make informed choices about
which tools, approaches, architectures, and services they use
in the future. Since the SCI is created by software practition-
ers, it is a better metric for people building and operating
software to measure carbon footprint and take actions to
reduce it. For this purpose, GSF is concerned with defining a
new set of principles, patterns, and practices. Principles are
important because they provide fundamental guidance for
the development of sustainable software solutions, helping
to minimize environmental impact and maximize benefits to
the environment and society. In Table 1 have been summa-
rized all the principles to date recognized and defined by
GSFE.

In particular, the first principle goal is to emit as little
carbon (GHG) as possible per unit of work. This is because

carbon contributes to global warming, so much so that the
international community wants to limit its impact through
actions and agreements such as the Paris Climate Agree-
ment, agreed by the United Nations in 2015 with the goal of
reaching the 1.5° lower limit of global temperature increase.

Energy efficiency and carbon efficiency are highly corre-
lated, as electricity is a carbon proxy [6]. Developing green
software, therefore, means producing software that consumes
the least amount of energy. It is important to measure, quan-
tify the energy consumption of an application, and also
evaluate the efficiency of hardware use, which should be used
as much as possible.

The energy used has different impacts based on carbon
intensity. The latter varies depending on where and when the
relative energy is used. Consuming energy when the carbon
intensity is low allows more renewable energy to be used
and, as a result, reduces environmental impact. To reduce
one’s impact even more, there are techniques for shifting
energy demand to places (space shifting) and/or times (time
shifting) with lower carbon intensity. Demand shaping, on
the other hand, allows energy consumption to be adjusted to
the variability of carbon intensity to consume more in low-
intensity periods and less in high-intensity periods.

The carbon emitted during the entire life cycle of a device
is called embodied carbon. To calculate total pollution, it is
necessary to consider both that emitted during the operation
of the electronic device and the embedded carbon associ-
ated with its creation and disposal. Extending the lifespan
of a device has the effect of amortizing the carbon emitted,
thus reducing its annual impact. Using cloud computing, for
example, is more energy efficient than an on-premise server
because of the ability to apply techniques such as demand
shifting and demand shaping [7, 8].

Various methodologies exist for quantifying impact, and
one prominent tool employed globally is the GHG protocol,
designed for organizations to gauge their overall carbon emis-
sions. The GHG protocol classifies carbon emissions into
three scopes, encompassing both direct and indirect emission
categories. However, the application of the GHG protocol
encounters challenges when assessing emissions from open-
source software. To address this, the SCI metric was devised
as an alternative for quantifying software-generated emis-

Table 1 GSF’s principles of

sustainable IT Principle

Description

Carbon efficiency
Energy efficiency
Carbon awareness
Hardware efficiency
Measurement

Climate commitments

Emit the least amount of carbon possible

Use the least amount of energy possible

Do more when electricity is cleaner and do less when it is dirtier
Use the least amount of embedded carbon

What you can’t measure, you can’t improve

Understand the exact mechanism of carbon emission reduction
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sions. Unlike a cumulative measure, SCI is expressed as
a score, introducing the concept of functional units (e.g.,
number of users, ML jobs, etc.). The determination of these
functional units is not prescribed by SCI and should be tai-
lored based on the specific characteristics and applications
of the software in question.

There are three general categories of methodologies to
combat climate change: abatement, offsetting, or neutraliza-
tion. Abatement is the most effective way to combat climate
change and includes increasing energy efficiency. Offsetting
refers to the adoption of renewable energy sources, sustain-
able living practices, recycling, etc., whilst neutralization
refers to the removal and permanent storage of atmospheric
carbon. An organization can call itself carbon neutral when
its total emissions match the total emissions offset through
carbon reduction projects. In contrast, the goal of net zero is to
abate emissions and offset only those residual emissions that
cannot be eliminated. SCI is designed for emissions elimina-
tion and a separate neutralization strategy to form the basis
of a net-zero strategy for an organization.

Gathering and raising awareness concerning each of these
principles makes it possible to produce new technological
solutions that can effectively reduce one’s impact on the
environment or solutions that can support sustainability. In
fact, there are two main concepts behind any sustainable IT
project:

e Sustainability by IT: the development of sustainability-
focused systems that can assist in supporting the achieve-
ment of certain requirements related to the environmental
sphere (systems to track companies’ carbon emissions or
to help them reduce water consumption);

e Sustainability of IT: the development of inherently sus-
tainable systems, impacting the environment as little as
possible throughout their value chain. This includes eval-
uating emissions related to the energy mix.

The concept of IT impact on sustainability can also take
on different connotations. It can be described through three
different aspects:

1. Footprint (Sustainability of IT): it refers to the negative
impact of IT services on the environment and the activi-
ties required to reduce that. Typical activities include:

e Reducing the carbon footprint of business applica-
tions

e Maximizing circularity of IT hardware

e Optimizing Data Centre energy efficiency

e Optimizing the use and energy consumption of on-
premise hardware

2. Handprint (Sustainability by IT): it refers to the positive
impact of using IT services and technology to help our
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customers reduce the impact on the environment of their
services across all industries. Typical activities include:

e Providing systems for Greenhouse gas emission
reporting and visibility

e Digitization of processes that would otherwise harm
the environment

e Providing technology to implement sustainable sup-
ply chains

e Using technology to enable energy-efficient build-
ings

3. Heartprint: it refers to the positive impact of IT services
on people, communities, and society. Typical activities
include:

e Social Responsibility programs
e Employing women and minorities in IT
e Sustainability hackathons

Also, several reporting and accounting frameworks have
emerged for the topic of sustainability including ESG (Envi-
ronment, Social, and Governance) factors, SROI (Social
Return of Investment), Return of Sustainable Investment
(ROSI), and so on. Companies are increasingly urged by var-
ious stakeholder groups, from customers to governments to
society, to fulfill their sustainability responsibilities. Accord-
ing to [9], the 95% of the world’s 250 largest companies
already published a corporate sustainability report.

Sustainable management is understood as a long-term
process of simultaneous optimization of these ESG perfor-
mances, considering natural resource constraints, so as to
enable sustained business activities without compromising
the needs of future generations [10]. Sustainability is a wide-
ranging concept, and in recent years it has particularly taken
a turn in the scientific community and, especially, in the
world of ICT. The idea of environmental sustainability is
first and foremost grounded in management research, par-
ticularly in the Natural-Resource-Based View theory [11].
This theory identifies three objectives that must be considered
by managers to promote the environmental sustainability of
enterprises:

1. pollution prevention, achieved by minimizing waste and
emissions;

2. product management, addressed by taking into account
stakeholder demands and optimizing the product life
cycle;

3. sustainable development, achieved by reducing the orga-
nization’s environmental footprint and committing to a
long-term sustainability vision.

For the realization of these three goals, IT and IS are
of particular importance. As ESG reporting becomes main-
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stream, IT Leaders and CIOs are increasingly expected to
provide accurate and transparent reporting across all indus-
tries, including the impact of their own IT departments.

Focusing on the GHG protocol as a standard for mea-
surement of GHG emissions, it establishes comprehensive
global standardized frameworks to measure and manage
greenhouse gas emissions from private and public sector
operations, value chains, and mitigation actions. It mea-
sures emissions across the value chain, categorized into three
scopes as shown. The GHG protocol is used to report the total
emissions of a business in terms of CO»eq. GHG reduction
targets are then set based on a baseline year. This can be of
two types:

e Absolute targets reduce absolute emissions over time: for
example, reduce CO; by 25% below 2020 levels by 2030;

e Intensity reduces the ratio of emissions relative to a busi-
ness metric over time: for example, reduce CO; by 12%
per service between 2023 and 2024.

Even though the pursuit of a methodology has been ques-
tioned in recent years [12—-16], a very recent work [17] shed
light on the need of introducing a greener set of principles
in scientific research and computational science. Regarding
sustainable software design, Robillard [18] is to date the
most recent work about methods for energy modeling and to
analyze and optimize the energy consumption of a given pro-
gram. Instead, several are the works on the monitoring phase
of software [19-23]. Within sustainable software develop-
ment, Schubert et al. [24] defined a profiler that relates energy
consumption to code locations, while other works [25, 26]
estimate the carbon intensity of software with Al. Advance-
ments have been made also in detecting data centers’ energy
consumptions [27, 28].

However, a comprehensive framework that encompasses
all the phases of software engineering production is still lack-
ing, and little work on this frontier has been made.

3 Methodology

The environmentally sustainable computing (ESC) frame-
work is based on a holistic approach that covers all aspects
of sustainable IT, including the design and development of
new IT systems, the interventions in the ongoing operations
of running systems, as well as the governance criteria of
accounting and reporting and of sustainable attitudes. The
ESC framework schema is synthesized in Fig. 1.

Within this framework, three principal intervention phases
have been identified: new releases, running systems, and
governance. In the following, we outline each area of inter-
vention, where positive impact is driven by technology and
where we believe efforts should be concentrated:

e New releases: it aims to create new assets for customers
based on principles and best practices related to sus-
tainability. It represents the most innovative side, as it
pushes toward the development of new and previously
non-existent technological solutions. It also pushes for
the inclusion of green concepts right from the early stages
of development. This same stream is divided between:

— Design: the principles and best practices of sustain-
ability and sustainable development must be followed
and pursued starting from the design phase. Here
we refer in particular to the design, for example, of
interfaces that respect certain green software criteria
aimed at reduced or minimal energy consumption.

— Development: it is about adopting principles that pro-
mote the analysis and sustainable development of
sustainable systems. This includes learning the the-
ory of green software, the use of tools that support
the development of sustainable code, and the search
for less energy-intensive natural systems than others.

e Running systems: in this case, we refer to the eval-
uation, adaptation, modification, and reconstruction of
pre-existing systems to produce new and more sustain-
able solutions than they were previously. At the basis of
this stream is the concept of measurement: without mea-
suring, it is neither possible to evaluate where we are nor
to improve. What we want, therefore, is to recover sus-
tainability values to push for even greater sustainability.
In particular, we move between:

— Monitoring: in this phase, methods are studied for
monitoring the most relevant sustainability KPIs such
as energy consumption and CO; emissions associ-
ated with the work carried out (or not) by customer
projects, systems, and programs. It contains within
it the search for methods to carry out monitoring,
the search for the most suitable KPIs for an accurate
evaluation of the system, and the data visualization
useful for summarizing the situation more simply and
intuitively.

— Refactoring: this last phase can be understood as after
the monitoring phase. Based on the measurements
carried out, itis possible to identify possible problems
and make changes to the systems to improve them. In
particular, when it comes to sustainability, we push
ourselves to build a system that can consume less
energy, that is as reusable as possible, that produces
the least amount of emissions and that respects the
environment more.

e Governance: plays a crucial role in overseeing and steer-
ing sustainable computing practices. By addressing these
governance aspects, organizations can holistically embed
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Fig. 1 The ESC framework is represented with horizontal dark green
boxes representing the four software engineering phases of design,
development, monitoring, and refactoring; while the horizontal light

sustainability into their computing practices, achieving
long-term environmental benefits:

— Accounting and reporting: it involves the establish-
ment of robust accounting and reporting mechanisms
to track and communicate the environmental impact
of computing practices. It acts as a transparency mea-
sure, providing stakeholders with clear insights into
the sustainability performance of the organization’s
digital initiatives.

— Regulations: they constitute an important aspect of
governance, ensuring that computing practices align
with environmental standards and legal requirements.
This involves adherence to existing regulations and
proactive participation in the formulation of new ones
that promote sustainability.

— Innovation, Mindset, and Way of Working: this
aspect focuses on instilling a culture of innovation,
environmental consciousness, and adaptive working
practices within the organization. It recognizes that
true sustainability goes beyond compliance, requir-
ing a mindset shift and a commitment to continuous
improvement.

3.1 Design
Environmentally sustainable design of algorithms, architec-

tures, workflows, user interfaces (Uls), and user experiences
(UXs) drive positive impacts from provisioning, use, and
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green boxes represent a particular intervention toward an ESC process;
then, the vertical dark green boxes depict the governance attitudes that
are intrinsic in every phase

effective lifetimes of computing. Design choices may include
also operating systems and middleware, or programming lan-
guages and compilation.

In general, as starting pillar of the ESC framework
depicted in Fig. 1, green software design aims to produce
novel approaches that address and increase the environmen-
tal sustainability of energy efficiency, performance, security,
and other common problems.

3.1.1 Carbon-aware design of interfaces and front-end

In addressing the challenge of minimizing the Internet’s
carbon footprint, the escalating demand for data and the
subsequent surge in energy consumption pose significant
hurdles [29]. Websites and digital applications, in their pur-
suit of greater data intensity, demand increased bandwidth
and processing power, leading to higher energy consump-
tion and associated carbon emissions [30]. To mitigate this,
the design of carbon-aware web interfaces and digital experi-
ences emerges as a crucial strategy, fostering energy-efficient
choices and optimizing resource utilization [31].

A key tactic involves nudging users toward low-data alter-
natives during periods of high carbon intensity in the energy
grid, particularly when reliance on fossil fuels is pronounced.
To ascertain the energy sources, interfaces can incorporate
real-time indicators or information on the energy mix of
the data centers serving the application. This transparency
informs users about the percentage of energy derived from
renewable or non-renewable sources. Also, interfaces could
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dynamically notify users during periods when the energy
grid relies more heavily on fossil fuels. This awareness
empowers users to make informed decisions about their inter-
action with the application. While data consumption can be
task-dependent, interfaces can implement adaptive content-
loading strategies. For resource-intensive tasks, such as video
streaming, interfaces might offer lower-resolution options
or suggest postponing non-urgent tasks to periods of higher
renewable energy availability.

The lack of awareness regarding the carbon footprint
associated with internet usage presents another challenge.
Carbon-aware design interventions can address this by pro-
viding real-time information on the environmental impact
of specific actions, fostering user consciousness about their
digital activities’ ecological consequences. Allowing users
to set preferences for the data-performance trade-off gives
them control over their environmental impact.

Opportunities for carbon footprint reduction lie in opti-
mizing web pages and application efficiency. This involves
minimizing unnecessary data transfers, file compression,
and judicious use of energy-intensive features. The toolkit
presented in Fig.2 exemplifies an approach for designing
sustainable digital products.

Additionally, carbon-aware design promotes sustainable
user behavior by incorporating features such as reduced
screen brightness or dark mode, effectively reducing energy
consumption for devices with OLED or AMOLED screens.
These efforts contribute to sustainable software design and

Activities

Design phase

foster environmentally conscious user behavior, collectively
working toward the reduction of the environmental impact
of internet-based applications and services.

3.1.2 Software and architecture patterns

Software and architecture patterns play a pivotal role in sus-
tainable software design, offering essential guidelines for
creating energy- and resource-efficient systems [32]. The
creation of carbon-aware design patterns necessitates a com-
prehensive consideration of various software development
and architectural aspects while prioritizing sustainability [33,
34].

A primary objective of carbon-aware design patterns is the
optimization of energy consumption. Achieving this involves
the adoption of efficient algorithms, reduction of unnecessary
computations, and minimizing power-intensive operations.
Strategies such as employing caching techniques to reduce
database queries or optimizing network communications
contribute significantly to improving energy efficiency.

Optimizing resource usage, encompassing memory, pro-
cessing power, and storage, is another critical aspect. Tech-
niques like data compression, deduplication, and efficient
memory management are instrumental in minimizing resource
requirements, thereby reducing the overall energy consump-
tion and carbon footprint of the software system.

Design patterns facilitating scalability and elasticity are
integral to sustainable computing. Dynamic resource adjust-
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Fig.2 A toolkit for designing sustainable digital products

image Optimization tools
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ments based on demand, achieved through auto-scaling,
load balancing, and resource pooling, prevent overprovi-
sioning and enhance operational efficiency. Additionally,
virtualization and containerization technologies contribute
to carbon-aware design patterns by maximizing resource uti-
lization.

Distributed computing patterns further optimize resource
usage by distributing computational tasks across multiple
nodes or data centers. This approach allows for load balanc-
ing, resource optimization, and the potential utilization of
renewable energy sources in diverse geographical regions.
In the context of energy efficiency, fault-tolerance strategies
align with sustainable computing principles. These strategies
optimize resource utilization by redistributing workloads to
operational servers in the event of a server crash, prevent-
ing system outages and dynamically allocating resources
based on actual demand. This dynamic resource allocation
ensures servers operate closer to their capacity without wast-
ing energy on idle resources.

Moreover, sustainable software design extends to user
experience optimization. Intuitive and responsive user inter-
faces, coupled with features like energy-saving modes and
personalized energy dashboards, encourage users to adopt
sustainable practices, thereby contributing to the reduction
of their carbon footprint. These multifaceted considerations
collectively contribute to the development of sustainable soft-
ware systems.

3.2 Development

The development sector of the ESC framework focuses on
incorporating sustainable software development practices
into the software development lifecycle. These practices, as
shown in Fig. 1, include certification, static analysis of code,
green-aware Al, and dynamic suggestions to developers. By
incorporating these practices, developers can create software
systems that are energy-efficient, resource-optimized, and
aligned with environmental sustainability goals.

3.2.1 Sustainable computing best practices

The evolving intersection of technological advancement
and environmental sustainability underscores the impera-
tive for a comprehensive understanding and implementation
of sustainable IT solutions [35]. The growing environmen-
tal impact of IT systems necessitates proactive measures to
mitigate their effects, driving IT professionals and organiza-
tions to seek a deeper understanding of sustainability issues,
enhance their sustainability practices, and adhere to environ-
mental regulations [36].

Sustainable computing best practices serves as foun-
dational guidelines throughout the software development

@ Springer

lifecycle. These practices encompass diverse considerations
such as energy efficiency, resource optimization, carbon foot-
print reduction, and eco-friendly design principles. Adher-
ence to these practices is instrumental in realizing green
software.

The adoption of specific principles further aids develop-
ers in integrating sustainability into their software projects.
These principles include prioritizing functionalities with
higher power consumption, minimizing data usage through
efficient cache policies, enhancing energy efficiency by elim-
inating unused features, adapting computational accuracy
based on operational needs, and real-time monitoring of
energy consumption during software development. Addi-
tionally, the choice of programming language and Al model
significantly impacts energy efficiency, warranting nuanced
consideration. Developers are encouraged to stay informed
about emerging technologies and actively participate in
industry forums to contribute to the development of new stan-
dards promoting sustainable software development.

The GSF assumes a pivotal role in establishing and
maintaining green IT practices. Through collaboration with
industry experts, researchers, and practitioners, the GSF
continuously evolves standards for sustainable software
development. The GSF’s certification, Green Software for
Practitioners (LFC13 1),l offers acomprehensive curriculum,
equipping participants with the knowledge to implement Sus-
tainable IT practices. Figure 3 shows a certification diploma
of the completion of the course.

Certification standards, exemplified by LFC131, provide a
transparent framework for companies to measure and report
their GHG emissions, fostering worldwide comparability and
cost-effectiveness. Certification maintenance and updates are
essential to ensure relevance and effectiveness. The GSF
engages with practitioners, industry leaders, and experts to
gather feedback, identify emerging challenges, and propose
modifications or integrations to the certification framework.
Developers can actively contribute to this iterative process,
sharing insights and experiences to enhance sustainable soft-
ware development practices.

The overarching goal is to devise proactive approaches for
proposing new standards, maintaining and updating green
IT practices, and suggesting modifications or integrations
to the GSF’s certification. By collating recognized practices
and innovative solutions, a valuable learning path in sus-
tainable IT can be defined, fostering a green-aware mindset
among developers. Active participation in this collaborative
effort empowers developers to shape the future of sustainable
software development, making a meaningful contribution to
mitigating the environmental impact of IT.

! https://training linuxfoundation.org/training/green-software- for-
practitioners-1fc131/.
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3.2.2 Static analysis of code

As the IT industry expands, there’s a heightened awareness
of the environmental impact tied to software systems. Incor-
porating sustainable practices into the software development
life-cycle is essential for constructing sustainable-by-design
software [37]. Presently, these practices are not widespread
due to inadequate definition, limited education for devel-
opers, and the subsequent under-utilization of associated
benefits like code optimization and reduced energy costs.
Static code analysis, a process of scrutinizing source code
without execution, proves instrumental in identifying poten-
tial issues, vulnerabilities, and performance bottlenecks [38].
In developing scoring models to track and minimize CO,
emissions in software pipelines, static code analysis evalu-
ates the energy efficiency and carbon footprint at the source
code level. This allows developers to pinpoint areas for opti-
mization to curtail energy consumption and CO, emissions.
Initiating the development of a scoring model involves
establishing a baseline CO; emissions measurement, often
done through green index calculations considering factors

Gl

“Green” Index

Quantification

of Green
Index score

like energy consumption and resource usage. Figure 4 depicts
the green coding pipeline involving static analysis, green
index quantification, emissions evaluation, and code opti-
mization.

Leveraging static analysis tools, developers can identify
code patterns leading to increased energy consumption or
CO; emissions. These might include inefficient algorithms,
resource-intensive operations, or excessive data transfers.
Static analysis flags these issues, offering developers insights
for code optimization to reduce energy consumption.

Moreover, static analysis aids in informed decision-
making regarding cloud infrastructure hosting. By discerning
energy-intensive operations within the code, developers can
opt for hosting in regions reliant on renewable energy
sources, significantly diminishing the software pipeline’s car-
bon footprint.

Scoring models developed through static analysis furnish
actionable feedback and optimization suggestions to reduce
CO; emissions. These models assign weights to different
code components based on their energy consumption or car-

EVALUATION

TRACKING

REFACTORING

Fig.4 Green coding pipeline: static analysis of code, Green index quantification, emissions evaluation and code optimization
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bon emissions, allowing developers to prioritize optimization
efforts effectively.

Static analysis’s integration into the software development
workflow, through IDE (Integrated Development Environ-
ment) integrations and code quality gates, delivers real-time
feedback to developers. This early alert system notifies
developers of potential energy inefficiencies or high carbon
footprint code patterns as they write code, facilitating the
early addressing of sustainability concerns and optimizing
code to reduce emissions.

The role of static analysis in developing scoring models
is pivotal for providing developers visibility into their code’s
environmental impact. By quantifying CO, emissions, devel-
opers can make informed decisions and undertake specific
actions to actively diminish their software’s carbon footprint.

3.2.3 Sustainable code recommender

As environmental awareness rises, integrating sustainabil-
ity practices into software development is paramount [39].
It is therefore also necessary to incorporate recommenda-
tions that encompass sustainability. The sustainable code
recommender plays a pivotal role in promoting energy-
efficient, resource-optimized, and environmentally friendly
coding practices. Integrated into the IDE, this tool offers real-
time recommendations, hints, and tips to developers during
coding and maintenance, aligning with sustainable software
development principles.

The recommender suggests adopting energy-efficient
algorithms, optimizing data structures, and using caching
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techniques to reduce resource consumption, actively encour-
aging the adoption of sustainable practices. To enhance
sustainability integration, an extension for carbon footprint
calculation associated with test executions has been intro-
duced, enabling developers to assess and minimize their
code’s environmental impact.

The recommender supports automatic tests, simulating
different code paths to analyze energy consumption and
resource utilization. This empowers developers to iden-
tify potential bottlenecks or energy-intensive operations and
make informed decisions for code optimization. Figure5
shows a tool that dynamically suggests a more sustainable
piece of code or algorithm.

Additionally, it facilitates carbon-aware what-if scenarios,
allowing developers to estimate the environmental impact
of different configurations and infrastructure choices. More-
over, the recommender tracks and reports sustainability
progress, providing metrics and insights on energy efficiency
improvements over time. This aids developers in under-
standing the impact of their coding choices on the overall
sustainability of the software solution.

Based on established best practices in optimized code
development, the recommender employs quantitative met-
rics such as computational resource utilization, network
bandwidth requirements, and storage occupancy. Automatic
evaluation of energy efficiency and simulation of “what-if”
scenarios enable the recommender to suggest optimizations,
contributing to an overall reduction in the software’s environ-
mental impact. By monitoring tests, developers can identify
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Fig.5 Sustainable code recommender for energy-efficient and resource-optimized software development
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low-emission test types, guiding their choice for more envi-
ronmentally friendly options.

In essence, the sustainable code recommender, integrated
into the development workflow, serves as an intelligent tool
that not only guides developers toward sustainable coding
practices but also actively contributes to the reduction of the
environmental footprint of software applications.

3.2.4 Green-aware artificial intelligence

The exponential growth of Al, especially large-scale mod-
els like BERT [40], has significantly improved accuracy but
also led to a surge in CO; emissions due to heightened elec-
tricity demands [41]. While AI’s transformative applications
continue to expand, there is a critical need to address the
escalating energy consumption inherent in its development
and usage [42, 43].

The power consumption of machine learning (ML) and
deep learning (DL) models is particularly evident in two main
phases: training and inference [44]. Training, which occurs
once for a fixed amount of data, consumes considerably more

power than inference. Future Al energy demand is expected
to rise, necessitating efforts to curtail power consumption.

Three primary approaches aim to reduce Al power con-
sumption:

1. Facility-level power reductions: Focusing on energy-
efficient facilities for computational resources used in
training and inference.

2. Device-level power optimization: Tailoring hardware
choices for Al models based on characteristics and
constraints, optimizing power use at the device and com-
ponent levels.

3. Algorithmic power reduction: Developers implementing
power-efficient algorithms, including model compres-
sion, suitable data formats, and energy-efficient program-
ming languages.

Model compression involves three main techniques: prun-
ing, distillation, and quantization, each involving a trade-off
between power reduction and model accuracy. Pruning
entails removing less important parameters [45], distillation

Matrix Pruning

Model before pruming

Model after pruming

‘ Node

» Edge(Weight)

D Weight

. Weight to be removed

Output of
V<X teacher model
= ] (Soft Labels)
3 e .
S, ,
3. S
3 & S Output of
i < o student model
|=)
&
Traim'ng by
True Label;’ True Labels

(Hard Labels)
Student model

Fig.6 Al model reduction techniques: pruning, distillation, quantization

Layer Removal

Model before pruming
(1} (2} (3] (4] (1]

Model after pruming
(3]

» Edge(Weight)

Model Weights Quantization of models
weights
., wi i l [
w2 |\ L 32bitaccuracy
o e |- 1
o o
wa 8 bit accuracy
. wn

@ Springer



A. Pazienza et al.

involves a small model mimicking a larger one, and quantiza-
tion reduces the precision of model weights without altering
its structure. Figure 6 shows the three different approaches to
reducing Al power consumption.

In the inference phase, green-aware Al offers optimiza-
tion opportunities, considering factors like model selection,
deployment strategies, and inference optimizations. Tech-
niques such as model quantization and intelligent deploy-
ment strategies can significantly minimize computational
requirements during inference, reducing energy consump-
tion. Moreover, green-aware Al aids in identifying energy-
intensive operations or code patterns within ML and DL
tasks, allowing developers to focus on optimizing these areas
for overall energy savings.

Additionally, green-aware Al facilitates data-driven deci-
sions by predicting energy consumption or estimating the
carbon footprint associated with ML or DL tasks. Leveraging
historical data or AI models trained on energy consumption
patterns empowers developers to proactively address and mit-
igate the environmental impact of their software.

Within the ESC framework, developers can employ green
strategies to reduce energy consumption in both the training
and inference phases. This includes model lightweight-
ing, resource allocation optimization, deployment strate-
gies, inference optimizations, and energy consumption pre-
dictions. These strategies align with sustainable software
development practices and contribute to the principles of
carbon-aware computing, ultimately reducing the environ-
mental impact of ML and DL tasks.

3.3 Monitoring

In the context of the monitoring phase, the main idea is to
endow the ESC framework (ref. Fig. 1) with tracking actual
IT’s energy and carbon footprint. The primary purpose is to
help gain a comprehensive understanding of the environmen-
tal impact and identify areas where to reduce carbon footprint
and optimize software and hardware usage. The monitoring
activity can be identified in four fields: software, websites,
cloud, and data centers.

3.3.1 Software carbon footprint monitoring

In the journey to reduce GHG emissions, the prominent need
is to take software’s carbon footprint into account and rethink
the way software is designed, developed, and deployed [46].
Anyway, the monitoring solution is the first step in assessing
the current IT Carbon Footprint [47, 48]. Given the cus-
tomer’s need, a system that is capable to calculate carbon
emissions and analyze results on a perimeter of IT applica-
tions is demanded. In this context, the solution comes from
the principles of the GSF and the SCI framework. In par-
ticular, the monitoring tool uses two main key performance
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indicators (KPIs): COzeq for overall carbon emissions and
SCI for emission rates, as recommended by the GSF. By
using these KPIs, the tool is able to measure software carbon
emissions and energy consumption accurately and identify
opportunities for improvement. Figure 7 shows an excerpt of
the website of Electricity Maps®> whose aim is to monitor
carbon emissions and energy consumption. These data can
be then gathered to calculate the Software Carbon Intensity.

Hence, software carbon footprint monitoring allows the
inspection of the electricity consumption and emissions of
IT systems in order to carry out targeted redesign or refac-
toring actions and measure the results. After defining the
data model and data collection method, a variety of emis-
sion factors from a range of validated sources can be used
to calculate the CO,eq values. The resulting KPIs can be
then prepared and organized to populate a dashboard for bet-
ter insights analysis and coherent data visualization. Using
these solutions, stakeholders may promote asks to compute
the amount of GHG emissions produced by IT applications
(COzeq), and the SCI to monitor the efficiency of software
and identify areas for improvement. By reducing the SCI,
we can make a significant impact on reducing our carbon
footprint and promoting sustainability.

3.3.2 Website carbon footprinting

Website carbon footprinting tools and methodologies use
data on energy sources used by data centers, the energy
efficiency of servers, network performance, and user device
power consumption to make accurate calculations. This
information enables developers and businesses to gain a com-
prehensive understanding of the environmental impact of
their websites [49, 50].

The role of website carbon footprinting goes beyond mere
data calculation. It serves as a powerful awareness-raising
tool, inspiring a commitment to sustainability in the digital
landscape. By making website owners and users aware of
their carbon emissions, it fosters a sense of responsibility
toward reducing the environmental impact of online activi-
ties.

Armed with insights from website carbon footprinting,
developers can implement sustainable design principles to
optimize website performance and reduce energy consump-
tion. This includes practices such as efficient coding, using
compression techniques to reduce file sizes, and leveraging
caching to minimize server requests. These design princi-
ples not only improve the website’s environmental impact
but also enhance the user experience by ensuring faster load
times and smoother browsing.

Additionally, website carbon footprinting provides guid-
ance on reducing data transfer requirements. This can be

2 https://app.electricitymaps.com/.
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achieved through strategies like lazy loading of images, opti-
mizing video content, and adopting efficient data formats.
By reducing unnecessary data transfer, the carbon emissions
associated with website usage can be significantly decreased.

Moreover, website carbon footprinting encourages respon-
sible user behaviors. By providing feedback on the environ-
mental impact of different online activities, it empowers users
to make conscious choices. For example, users can be nudged
toreduce video streaming quality when their internet connec-
tion relies heavily on fossil fuels or to enable energy-saving
modes on their devices during prolonged browsing sessions.

3.3.3 Cloud carbon calculator

The cloud carbon calculator acts as an emissions measure-
ment and analysis tool that utilizes best practice methodolo-
gies to estimate the energy usage and carbon emissions of
cloud resources [51]. By collecting usage data from major
cloud providers, the calculator can calculate the estimated
energy consumption in Watt-Hours and convert it into green-
house gas emissions in metric tons of COjeq.

This tool provides organizations with valuable metrics and
carbon savings estimates that can be shared with employees,
investors, and other stakeholders. By transparently disclosing
the carbon footprint of their cloud operations, organizations
can demonstrate their commitment to sustainability and pro-
mote carbon-aware computing practices.

Moreover, the cloud carbon calculator allows organiza-
tions to monitor and track their carbon emissions over time.
This enables them to set targets for reducing their carbon

footprint and measure the effectiveness of their sustainability
initiatives. By providing continuous visibility into cloud-
related carbon emissions, the calculator helps organizations
make data-driven decisions to minimize their environmental
impact.

The cloud carbon calculator’s ability to analyze and
track the carbon footprint of cloud resources also encour-
ages responsible cloud resource management. By identify-
ing energy-intensive or carbon-intensive operations within
a cloud infrastructure, organizations can optimize their
resource allocation and configuration to minimize energy
consumption and carbon emissions. Figure 8 shows a tool that
monitors cloud carbon footprint and provides cloud usage
information.

Furthermore, the wide visibility across multiple cloud
providers offered by the cloud carbon calculator is instrumen-
tal in fostering a culture of sustainability and accountability.
It enables organizations to benchmark their carbon perfor-
mance against industry standards and encourages healthy
competition among cloud providers to offer more energy-
efficient and carbon-aware services.

Additionally, the cloud carbon calculator plays a vital
role in aligning organizations with environmental regula-
tions and sustainability goals. By accurately measuring and
reporting carbon emissions from cloud resources, organiza-
tions can ensure compliance with emission reduction targets,
support broader sustainability initiatives, and make informed
decisions about their cloud infrastructure by considering the
environmental impact and sustainability performance of dif-
ferent cloud service providers.
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3.3.4 Data center environmental monitoring

Data center environmental monitoring is pivotal for eval-
uating and refining the ecological footprint of data center
operations [27, 52-54]. Analyzing KPIs provides organiza-
tions with insights to make data-driven decisions, enhancing
energy efficiency and mitigating carbon emissions. Rele-
vant KPIs include power usage effectiveness (PUE), carbon
usage effectiveness (CUE), energy efficiency index (EEI),
and water usage effectiveness (WUE), offering a comprehen-
sive view of the data center’s environmental performance.

Efficient monitoring involves the creation of a Digi-
tal Twin, a synchronized virtual replica of the actual data
center. This Digital Twin, dynamically linked to the data
center’s monitoring systems, continuously updates with real-
time data, providing stakeholders with current insights into
environmental performance. To ensure user comprehen-
sion, interactive dashboards, visualizations, and charts are
employed. Color-coded indicators or animations highlight
critical aspects, aiding quick identification of potential issues.
Figure 9 shows a tool that monitors a data center with color-
coded indicators and animations.

The integration of data center environmental monitor-
ing into the project framework necessitates technological,
graphical, and data integration. Technologically, data center
monitoring systems and sensors must connect to the Digi-
tal Twin for real-time updates. Graphically, the visualization
technique should seamlessly integrate into the project’s user
interface, catering to various stakeholders for collaborative
decision-making. From a data standpoint, the monitoring
system should aggregate relevant data from various sources
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within the data center, including power consumption, cooling
system performance, and renewable energy usage.

This monitoring approach contributes to sustainable soft-
ware practices and carbon-aware computing. By tracking and
optimizing energy and resource consumption, organizations
can identify areas for improvement and reduce their data cen-
ter’s carbon footprint, fostering overall sustainability in data
center operations.

3.4 Refactoring

Refactoring practices are addressed to existing software and
infrastructure that are not optimized for low carbon emis-
sion. Following the dedicated pillar in Fig. 1, these practices
include software refactoring and application optimization,
cloud optimization, code/architecture redesign, and environ-
ment management.

3.4.1 Software refactoring and applications optimization

Software refactoring involves restructuring code to enhance
quality, maintainability, and efficiency without altering func-
tionality. Sustainable software refactoring extends this prac-
tice by integrating green software engineering principles [55—
58], focusing on identifying and addressing energy-intensive
or resource-heavy code patterns. The goal is to reduce
energy consumption during software execution, contributing
to carbon-aware computing.

In parallel, sustainable application optimization fine-tunes
software performance and resource utilization, consider-
ing the environmental impact of these optimizations. This
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involves tasks such as optimizing database queries, reducing
memory usage, and enhancing application responsiveness.
The collective impact is a reduction in the energy consump-
tion and carbon footprint associated with software operation.

Sustainable software refactoring and application opti-
mization strategies can be designed and developed with
several key principles in mind:

e Energy-conscious code review: Developers can actively
review code to identify energy-intensive operations and
suggest energy-efficient alternatives. This code review
process includes identifying memory leaks, reducing
nested loops, and optimizing I/O operations.

e Algorithm optimization: By optimizing algorithms to use
fewer computational resources, developers can signif-
icantly impact energy efficiency. Choosing algorithms
with lower time complexity and reducing unnecessary
iterations can lead to considerable energy savings.

e Resource utilization monitoring: Implementing moni-
toring mechanisms to track resource utilization during
application execution allows developers to identify bot-
tlenecks and opportunities for optimization. Real-time
resource monitoring helps detect excessive CPU usage,

Air flow

memory consumption, or disk I/O, leading to more effi-
cient resource management.

e Green design patterns: Incorporating green design pat-
terns into the refactoring and optimization process can
further enhance sustainability. For instance, using lazy
loading techniques, caching, and lightweight data struc-
tures can improve application performance and reduce
energy consumption.

e Performance benchmarking: Measuring and benchmark-
ing the energy consumption and performance of different
application versions can aid in identifying the most
energy-efficient implementation. Performance bench-
marking helps developers make data-driven decisions
about the effectiveness of refactoring and optimization
efforts.

By integrating these principles into the software develop-
ment workflow, organizations foster a culture of sustainable
software development. This approach leads to energy-
efficient and environmentally friendly software solutions,
aligning with green software engineering principles and con-
tributing to carbon-aware computing.
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3.4.2 Cloud optimization

Sustainable software refactoring combined with cloud opti-
mization allows developers to create energy-efficient and
environmentally friendly software applications that run on
cloud platforms [59]. Cloud optimization involves fine-
tuning the utilization of cloud resources to maximize effi-
ciency and minimize waste [60].

One of the key aspects of cloud optimization is adopt-
ing location-shifting strategies. Location shifting involves
choosing data centers or cloud regions that rely on renewable
energy sources or have lower carbon intensity. By strategi-
cally selecting cloud regions based on their energy profiles,
developers can reduce the carbon footprint of their applica-
tions. Cloud providers often offer a variety of data centers
located in different regions worldwide. Sustainable software
refactoring can enable applications to take advantage of these
options and run in regions with abundant renewable energy
resources, reducing their overall carbon impact.

Time shifting is another important approach in cloud
optimization. By scheduling compute-intensive tasks dur-
ing off-peak hours or times when the energy grid relies
more on renewable energy sources, developers can minimize
the carbon emissions associated with cloud resource usage.
Sustainable software refactoring can include optimizing
task schedules and implementing workload-balancing algo-
rithms that consider the environmental impact. By aligning
resource-intensive tasks with renewable energy availability,
developers can make their applications more energy-efficient
and sustainable.

Demand shaping is yet another aspect of cloud opti-
mization that can be combined with sustainable software
refactoring. It involves adjusting resource allocation based
on demand patterns to optimize efficiency. By dynamically
scaling resources up or down as needed, developers can
avoid unnecessary energy consumption during periods of low
demand. This elastic scaling approach ensures that resources
are utilized efficiently, leading to reduced carbon emissions
and optimized energy consumption.

Cloud optimization also involves adopting containeriza-
tion and serverless computing approaches. Containers allow
developers to package applications and their dependen-
cies, enabling seamless deployment and resource utilization.
Serverless computing, on the other hand, abstracts server
management, automatically adjusting resources based on
demand and reducing idle energy consumption.

By refactoring applications to utilize containerization
and serverless computing, developers can further optimize
energy consumption and resource utilization. These modern
approaches facilitate efficient cloud deployment and con-
tribute to sustainable software development. Additionally,
developers can incorporate cloud cost optimization practices.
By continuously monitoring resource usage and identify-
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ing cost-saving opportunities, organizations can ensure that
cloud resources are utilized efficiently, leading to financial
savings as well as reduced environmental impact.

3.4.3 Code/architecture redesign

Code and architecture redesign involve restructuring and
improving the codebase and system architecture to enhance
efficiency, maintainability, and performance [61]. Sustain-
able software refactoring goes beyond traditional refactoring
goals and focuses on identifying and addressing energy-
intensive or resource-heavy code patterns to reduce energy
consumption and carbon emissions during software execu-
tion.

One of the key aspects of code and architecture redesign
for sustainable software development is the exploration and
implementation of green architecture patterns. Green archi-
tecture patterns are design templates or solutions that pro-
mote energy efficiency, resource optimization, and environ-
mental sustainability. These patterns may include architec-
tural decisions such as using microservices, adopting event-
driven architectures, or implementing distributed caching.
By refactoring the code and architecture to incorporate these
patterns, developers can optimize energy consumption and
improve the overall sustainability of the software.

Sustainable software refactoring also involves the iden-
tification and replacement of energy-inefficient algorithms
or operations. By analyzing the codebase and profiling
the application’s energy usage, developers can target areas
that contribute most to energy consumption. For exam-
ple, inefficient sorting algorithms or resource-intensive data
processing can be refactored to more energy-efficient alter-
natives. This code-level optimization directly contributes to
carbon-aware computing, reducing the software’s carbon
footprint.

In addition to code-level refactoring, architectural choices
can significantly impact energy consumption. By redesigning
the system architecture to support better resource utilization
and scalability, developers can create energy-efficient appli-
cations. For instance, using cloud-native architectures that
automatically scale resources based on demand can opti-
mize energy consumption and reduce idle resource usage.
Similarly, adopting containerization and serverless comput-
ing approaches can lead to more efficient resource allocation
and energy usage.

Sustainable software refactoring practices also involve
extensive testing and benchmarking to validate the effec-
tiveness of the implemented changes. Developers conduct
energy profiling and performance tests to measure the impact
of code and architecture redesign on energy consumption. By
analyzing the results, developers can fine-tune the refactor-
ing efforts and ensure that the software meets the intended
energy efficiency and sustainability goals. Continuous mon-
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itoring and analysis of the application’s energy consumption
provide valuable insights into its carbon footprint and help
guide further refactoring and optimization.

Moreover, through code and architecture redesign, devel-
opers contribute to the creation of new literature on green
computing approaches to software development. Sharing the
experiences and lessons learned from sustainable software
refactoring projects provides valuable insights for the broader
software development community. By documenting success-
ful green architecture patterns, optimization strategies, and
energy-efficient design decisions, developers can inspire and
guide others in adopting sustainable software development
practices.

3.4.4 Environment management

By introducing green approaches to industrial software
deployment stages: development, test, and production, orga-
nizations can optimize energy consumption and reduce the
carbon footprint of their software solutions [55, 57, 61,
62]. Indeed, environment management involves the effi-
cient allocation and utilization of resources at each stage
of the software development process. This includes man-
aging development environments, testing environments, and
production environments to ensure they align with green
computing principles.

In the development stage, environment management
focuses on providing developers with tools and resources that
promote sustainable software refactoring practices. Develop-
ment environments should support energy profiling and anal-
ysis tools, allowing developers to identify energy-intensive
code segments and inefficient algorithms. By incorporating
energy consumption metrics into the development environ-
ment, developers gain insights into the environmental impact
of their code changes and can actively work toward reduc-
ing energy consumption and carbon emissions. Furthermore,
environment management at the development stage should
encourage collaboration and knowledge sharing around sus-
tainable software refactoring practices. This can be achieved
through workshops, training sessions, and sharing best prac-
tices among development teams.

In the test stage, environment management ensures that
testing environments mimic real-world production scenarios
and accurately represent the energy consumption patterns of
the software in a production setting. By using realistic data
and traffic patterns, testing environments can provide accu-
rate energy consumption estimates during stress testing and
performance evaluation. This allows organizations to make
data-driven decisions about the energy efficiency of their
software before it is deployed to production. Additionally,
environment management should enable energy efficiency
testing as part of the testing process. Energy profiling tools
and benchmarks can be integrated into the testing environ-

ments, enabling organizations to measure and optimize the
energy consumption of their software during various test sce-
narios.

In the production stage, environment management focuses
on optimizing the deployment environment to minimize
energy consumption and carbon emissions. This involves
using green cloud infrastructure, data centers powered by
renewable energy, and energy-efficient server configurations.
By strategically choosing data centers or cloud regions with
low carbon intensity, organizations can ensure that their pro-
duction environment aligns with carbon-aware computing
principles. Environment management in the production stage
also includes monitoring and optimizing the energy usage
of the deployed software in real time. Continuous moni-
toring and analysis of energy consumption metrics allow
organizations to identify opportunities for further sustainable
software refactoring and performance optimization. More-
over, energy-aware load balancing and dynamic resource
allocation can be implemented in the production environment
to ensure that resources are used efficiently and wastage is
minimized.

3.5 Accounting and reporting

As organizations increasingly acknowledge their environ-
mental responsibilities, the need to accurately measure, track,
and communicate their environmental impacts becomes
paramount. Accounting for carbon emissions, energy con-
sumption, and other sustainability metrics enables organi-
zations to gain a comprehensive understanding of their IT
footprint, identify areas for improvement, and establish mea-
surable goals.

As a cross-section of the ESC framework depicted in
Fig. 1, accounting for IT sustainability metrics facilitates
compliance with environmental regulations and standards.
As governments worldwide intensify their focus on carbon
reduction and sustainable development, organizations must
demonstrate adherence to regulatory requirements. Robust
accounting practices ensure that organizations can accu-
rately report their environmental performance, enhancing
their reputation and credibility in a rapidly evolving busi-
ness landscape.

Transparent reporting of IT sustainability metrics enables
stakeholders, including employees, shareholders, and cus-
tomers, to understand the organization’s commitment to
sustainability. This transparency builds trust and confidence
among stakeholders, contributing to greater loyalty and brand
value. A comprehensive approach is required to enable orga-
nizations to have a holistic view of their indirect carbon
footprint, encompassing the full range of energy-related
activities as well as embodied emissions. As a result, the
report becomes a strategic asset for assessing the true extent
of the organization’s environmental impact and identifying
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Fig. 10 Example of IT GHG accounting report

areas where energy efficiency measures can be implemented
to minimize emissions. Figure 10 shows an example of IT
GHG Reporting.

The sustainability report, empowered by robust account-
ing and adherence to standards, such as ISO14064, serves
as a valuable benchmarking tool for the organization itself.
By establishing a baseline of current emissions, the report
becomes the foundation for setting ambitious yet attain-
able reduction targets. Regularly comparing emissions data
against this baseline provides valuable insights into the
organization’s progress over time, motivating teams to con-
tinually seek innovative and sustainable solutions.

Beyond internal benchmarking, the report assumes a
critical role in external communications. As organizations
increasingly embrace corporate sustainability as a core value,
stakeholders, including customers, investors, and regulatory
bodies, demand greater transparency on environmental per-
formance. The comprehensive sustainability report, under-
pinned by sound accounting practices, builds trust and fosters
credibility among stakeholders, enhancing the organization’s
reputation as a responsible corporate citizen.

3.6 Regulations

In the spirit of the ESC framework depicted in Fig. 1, regula-
tions pertaining to environmentally sustainable computing
play a pivotal role in mitigating the adverse impact of
the digital industry on our environment. These regulations
encompass a multitude of facets within the realm of comput-
ing, ranging from device manufacturing to the management
of electronic waste. By adhering to stringent guidelines
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and adopting carbon-aware computing practices, the digi-
tal industry can significantly minimize its carbon footprint
and contribute to a Sustainable IT ecosystem.

Encouraging energy-efficient designs and practices is
imperative in minimizing energy consumption within the dig-
ital industry. Governments and regulatory bodies often estab-
lish energy consumption standards for computers and other
electronic devices, compelling manufacturers to develop
products that operate with reduced power requirements.
Additionally, promoting the use of renewable energy sources,
such as solar and wind power, in data centers and server farms
contributes to Sustainable IT. By harnessing clean energy
alternatives, the environmental impact arising from reliance
on fossil fuels can be mitigated, resulting in a substantial
reduction in greenhouse gas emissions.

E-waste management regulations are equally critical in
fostering environmentally sustainable computing practices.
The rapid proliferation of electronic devices has led to a
significant increase in electronic waste, necessitating appro-
priate guidelines for its handling and disposal. E-waste
consists of hazardous materials like heavy metals, flame
retardants, and other toxic substances that pose a serious
threat if irresponsibly discarded. Implementing effective
e-waste management systems entails recycling electronic
waste through proper channels, thereby mitigating the release
of hazardous substances into the environment. Moreover, it
encompasses responsible disposal methods that prevent e-
waste from ending up in landfills, where it can contaminate
surrounding soil and water sources.

To ensure the efficacy of these regulations, industry
stakeholders, governments, and regulatory bodies must col-
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laborate to foster a supportive framework conducive to sus-
tainable IT practices. Encouraging research and development
in green technologies, such as energy-efficient components
and recyclable materials, can drive innovation and facilitate
the adoption of environmentally friendly solutions. Further-
more, effective monitoring and enforcement of regulations
can promote industry compliance and ensure that sustainable
practices are followed throughout the lifecycle of comput-
ing devices. Given these developments, green software is
expected to become increasingly prevalent in global legisla-
tive, regulatory, and reporting domains over the next decade.

3.7 Innovation, mindset and way of working

Integrating sustainability into the corporate culture also
enhances employee engagement and satisfaction, as moti-
vated by the ESC framework depicted in Fig.1. Many
employees are increasingly concerned about environmental
issues, and working for a socially responsible and sustain-
able company can improve their morale and commitment to
the organization [63]. When companies invest in research
and development of sustainable IT, they are also investing in
updating the IT infrastructure, modern and energy-efficient
hardware, recyclable components, and low-carbon software
solutions. Sustainable IT also promotes the adoption of cir-
cular economy principles, encouraging innovation in product
design and business models to maximize resource reuse, min-
imize waste, and extend the lifespan of IT equipment [64,
65].

Therefore, embracing IT sustainability nurtures a culture
of environmental consciousness within the organization. It
highlights the importance of reducing the ecological foot-
print and promotes responsible resource management. By
integrating IT sustainability into their operations, compa-
nies can position themselves as responsible global citizens,
attract environmentally conscious talent, and drive positive
change within their industries. The application of sustainable
IT practices facilitates transparency by making complex sus-
tainability data accessible and understandable. Transparent
reporting encourages open communication and collabora-
tion across departments, promoting cross-functional efforts
toward sustainability goals. The monitoring tools encourage
a culture of continuous improvement. By regularly assess-
ing and revisiting sustainability scenarios, employees and
teams seek ways to refine strategies, optimize outcomes, and
continuously strive for higher environmental performance.
This culture of improvement creates a dynamic and adaptive
approach to sustainability, as employees embrace the idea
that sustainability is an ongoing journey.

4 Use cases

This section focuses on two compelling use cases that show-
case the practical implementation of sustainable IT within the
banking and the multi-utility industries. By examining these
specific scenarios, we aim to demonstrate how sustainable
IT practices can effectively address environmental and social
challenges while delivering positive outcomes. Through the
analysis of these use cases, we seek to provide valuable
insights into the benefits, limitations, and implications of
adopting sustainable IT practices of the ESC framework
in real-world contexts. The exploration of these use cases
will also help elucidate the various factors that influence the
successful implementation of sustainable IT projects, includ-
ing technological considerations, organizational dynamics,
and societal impacts. By examining the step-by-step pro-
cess undertaken in these cases, readers will gain valuable
insights into the implementation challenges faced, as well as
the strategies adopted to overcome them.

4.1 Measuring bank’s software carbon footprint and
carbon intensity

In this use case, we delve into the Sustainable IT initia-
tives undertaken by one of the largest banking institutions
in Italy to address the environmental impact of their IT
systems. Recognizing the significant role of technology in
their operations and the potential ecological consequences,
the bank embarked on a comprehensive sustainability strat-
egy that specifically targeted its IT infrastructure. The bank
acknowledged that traditional IT practices, such as energy
consumption and carbon emissions, contribute to a large part
of the overall environmental footprint of the banking industry.
However, tracking these metrics across a large and complex
IT infrastructure presented a significant challenge.

The bank’s IT system managers understood the need to
address the impact of IT systems on the environment, and
their search for solutions focused on finding ways to reduce
this impact while still meeting business needs. With a clear
recognition of the importance of complying with the business
plan, which included specific ESG goals, they sought to align
the function of IT with the overall business strategy and to
identify opportunities for IT to contribute to the achievement
of ESG objectives. This required a comprehensive under-
standing of the impact of IT systems on the environment and
a commitment to finding ways to reduce this impact while
still maintaining effective and efficient business operations.

In the banking industry, where IT systems are exten-
sive and multifaceted, conducting a thorough assessment of
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environmental metrics becomes a daunting task. The chal-
lenge lies in aggregating data from diverse sources, including
servers, applications, and network components, to gain a
comprehensive understanding of the overall environmental
impact. In the ESC framework vision, a more efficient IT is
achieved through an iterative methodology based on the four
steps of Design, Development, Monitoring, and Refactoring
through improvement strategies. The four steps are replicated
until the desired level of performance is achieved.

One challenge is introducing a methodology for develop-
ing new software that is designed sustainably. To tackle this
problem, the bank introduced software sustainability in the
development phase, introducing the Green Index, adopted
from the Static Analysis of Code of the ESC framework,
which is a measure of code sustainability that helps ensure
software products are environmentally friendly and efficient.
This indicator is used to measure how sustainable bank devel-
opers (as well as partners and suppliers) are in writing code.
Shifting toward sustainable software development requires
a cultural change within the organization. Developers may
initially resist integrating environmental considerations into
their coding practices. Additionally, incorporating the Green
Index during the development phase posed challenges in
terms of aligning it with existing workflows and ensuring
developers embraced it as a valuable metric.

The score is based on static analysis of code, which is
performed using SonarQube,? a widely used code quality
management tool that helps to continuously inspect code
for bugs, vulnerabilities, and code smells. The rules used
to calculate the Green Index are derived from the analysis of
standards provided by the Consortium for Information and
Software Quality (CISQ). The CISQ standards cover various
aspects of software quality, such as security, maintainabil-
ity, reliability, and efficiency, and are widely recognized
and adopted in the software industry. By leveraging the
power of SonarQube and the expertise of CISQ, software
products can be not only functional and reliable but also
environmentally friendly and efficient: in fact, with the Auto-
mated Source Code CISQ Performance Efficiency Measure
(ASCPEM) specification, we can establish a standard mea-
sure of performance efficiency by detecting violations of
good architectural and coding practices that may result in
inefficient operation, such as performance degradation or
excessive use of processor resources.

The second challenge was to implement a reliable and
accurate monitoring tool to calculate and track carbon emis-
sions to calculate emissions at different granularity levels,
identify anomalies, and prioritize areas for improvement.
The first focus was to target the most impactful application
regarding sustainability metrics. However, the ultimate goal
was to extend the solution to the entire IT infrastructure,

3 https://www.sonarsource.com/.
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which presents a significant challenge given the size and
complexity of the bank’s IT systems. To tackle this challenge,
a step-by-step approach was used, which involved identify-
ing and prioritizing the most critical areas for improvement,
implementing targeted solutions, and continuously moni-
toring and optimizing performance. The two main KPIs of
COjeq and SCI have been identified for the case by lever-
aging the Software Carbon Footprint monitoring tool of the
ESC framework. To track the CO, emissions of an IT sys-
tem, it is necessary to calculate the total amount of energy
consumed by the server and then multiply that figure by
the amount of CO; emitted to produce that energy. The
energy consumption of a server can be broken down into sev-
eral major components, including the central processing unit
(CPU), memory, and storage. A monitoring tool was imple-
mented to measure the amount of CO; emitted depending on
resource use.

The results of the monitoring tool were made available
in an internal dashboard to provide real-time insights to the
decision-makers. Through the dashboard, users can easily
access emissions data for different periods and filter the
data by services, offices, applications, and environments.
The dashboard provides real-time values for the current SCI,
for CO,eq emissions in kilograms, as well as a percentage
breakdown of emissions by resource usage. Additionally, the
dashboard highlights areas where resources are consuming
and producing the most emissions, allowing for targeted opti-
mization efforts. The dashboard is depicted in Fig. 11.

Upon completion of static analysis to assess the code-
base against CISQ guidelines and assign the Green Index, the
application was deployed. Subsequently, the team employed
the COzeq and SCI calculator to quantify the carbon footprint
and the SCI of the application in a production environment.
Daily calculations were conducted over a one-month period
using real-time carbon intensity data. This daily approach
aimed to enhance accuracy by avoiding the potential under-
estimation of emissions associated with the utilization of
average values over extended periods. However, for ref-
erence, an average carbon intensity over the period was
reported as 296.96 gCO,eq/kWh. Monitoring encompassed
a total of 76 software applications within the study’s scope.
Daily data on the total COeq and SCI emissions for each
application were collected, facilitating the aggregation of
data for the entire month to derive the total CO, emissions
for each software application and the collective emissions for
all applications.

For example, the most impactful software application
exhibited a consumption of 5, 721.48 kgCO,eq in one month.
Cumulatively, the total monthly emissions for all 76 software
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TimeFrame Average SCI [KgCo2e] Worst 10 SCI by Applicationid

Top 10 Applicationid by SCI

TimeFrame Total CO2 [KgCo2e]

Total Emissions by CO2

Fig. 11 COseq and SCI monitoring for the bank

applications amounted to 121, 198.46 kgCOseq. This corre-
sponds to*:

134.1m? of trees required for carbon absorption,
Emissions equivalent to the impact of a car driven for
843,413.1km,

e The emissions associated with 207.3 round-trip flights in
Europe (HEL-MUC),

Consumption of 59,927.21 of gasoline.

Consequently, the top 33% of software applications, com-
prising the first 25 applications with the highest total CO,eq
emissions in the month, were identified. To assess the effec-
tiveness of emission reduction measures facilitated by the
Green Index, code optimization operations were conducted
on these applications. Comparative monitoring of emis-
sions between the non-optimized and optimized applications
occurred simultaneously.

Within the same month and under identical carbon inten-
sity conditions, a discernible reduction in emissions ranging
between 3% and 6% was observed compared to the base-
line scenario. This translates to an overall reduction of 4%,
equating to a total of 4, 582 kgCO»eq for a single month.
Over a year, this reduction amounts to 54, 984 kgCO»eq,
corresponding to:

e 61.2 m> of trees required for CO, absorption,

4 KgCOyeq conversions are computed with the tool available at: https:/
www.openco2.net/en/co2-converter.

® GCP Applic...

SClkgCo2e

0.506 kgCo2e
0.022 kgCo2e
... 0.002 kgCo2e
0.465 kgCo2e
0.017 kgCo2e

2023-11-15 01:00
Total CO2 0.506 kgCo2e
MEMORY 0.022 kgCo2e
STORAGE 0.002 kgCo2e
0.465 kgCo2e
0.017 kgCo2e

per 60 minutes

e The avoidance of emissions equivalent to driving a car
for 669, 603.9 km,

e The prevention of 93.6 round-trip flights in Europe (HEL-
MUC),

e The conservation of 27, 187.2 liters of gasoline.

Comparing the CO2eq emissions associated with an IT
change (from an optimization point of view) is not as simple
as one might think. It is not enough to work on optimization,
but it may rather be necessary to apply carbon awareness
actions to move the execution to less impactful times of the
day or geographical places, and therefore with a lower Car-
bon Intensity. Even just by moving 33% of the applications,
considered as the most impactful, to France, considering an
average of 30 gCO,eq/kWh, it is possible to lower emissions
by 58, 175.26 kgCOzeq, about 48% less than the initial non-
optimized situation.

Afterward, the bank mentioned all the actions that are
currently underway, as they are part of an ongoing process
aimed at achieving sustainable goals across all aspects of the
organization’s IT:

e Reduced carbon footprint: by tracking and measuring the
energy consumption and carbon emissions of its IT sys-
tems, the bank can now actively identify areas and ways
to reduce its IT carbon footprint; this is leading to a sig-
nificant reduction in carbon emissions, helping the bank
to achieve its environmental targets and contribute to a
more sustainable future.

e Cost savings: by optimizing its software and hardware
usage for greater sustainability, the bank can also achieve
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significant cost savings. This is because reducing energy
consumption and carbon emissions often goes hand in
hand with reducing overall resource consumption, such
as electricity and cooling, which can lead to lower oper-
ational costs.

e Improved efficiency: the use of KPIs such as COzeq and
SCI enables the bank to monitor the efficiency of its soft-
ware and hardware, letting it continuously identify areas
for improvement, and implement changes to increase effi-
ciency; this helps to reduce the bank’s impact on the
environment, but it also leads to improved overall effi-
ciency and performance of its IT systems.

e Bank’s ESG Reputation: the bank is demonstrating its
commitment to sustainability and responsible IT prac-
tices, such as increasing customer loyalty, stakeholder
engagement, and a positive impact on the overall brand
reputation.

In addition to reducing carbon emissions, the bank’s adop-
tion of ESC framework also contributed to advancements in
the issue of standard setting for software sustainability. By
choosing to follow the ESC Framework, the bank was able to
identify and adopt best practices for Sustainable IT systems
and share these practices with others in the industry.

4.2 Optimizing resource efficiency in kubernetes
clusters

This section details the utilization of the “Kube-Green” solu-
tion by a prominent multi-utility company to rectify resource
inefficiencies within their development Kubernetes cluster.
The company aimed to achieve both cost savings and environ-
mental impact by automatically powering off idle resources,
scaling down clusters, and reducing energy consumption
and associated carbon footprint. “Kube-Green” is a sophis-
ticated tool explicitly designed for resource optimization in
Kubernetes clusters, providing a comprehensive approach to
identify, manage, and dynamically optimize resources.

The tool continuously monitored the Kubernetes cluster,
employing intelligent algorithms to identify idle or unused
resources during predefined time slots. The implementation
offered two key processes for optimization: automatic power
off, where idle pods were automatically suspended or pow-
ered off to prevent needless energy consumption, and cluster
scaling, which dynamically scaled down the entire Kuber-
netes cluster during periods of reduced demand.

The deployment of “Kube-Green” resulted in significant
benefits for the multi-utility company, including a substan-
tial 40% reduction in the monthly bill, from approximately
1200 euro/month to 800 euro/month. Moreover, the auto-
mated power-off mechanism and intelligent cluster scaling
significantly reduced energy consumption, aligning with the
client’s sustainability goals and lowering the overall carbon
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footprint. The implementation not only addressed identified
challenges but also optimized resource usage in harmony
with natural fluctuations in demand within a development
setting.

This successful implementation illustrates how the itera-
tive use of monitoring and optimization, as exemplified by
the “Kube-Green” solution, can transform resource manage-
ment in Kubernetes clusters. The case study showcases how
economic efficiency can be harmonized with environmental
responsibility, emphasizing the potential of such solutions
for sustainable software development practices.

5 Remarks

In response to the imperative need for a formalized and
globally recognized approach to mitigate the environmen-
tal impact of computing, the standardization and validation
of the ESC framework emerge as foundational endeav-
ors. This rigorous process, undertaken collaboratively by
diverse stakeholders, follows a meticulously crafted roadmap
to establish universally applicable guidelines for sustain-
able computing practices and to foster global environmental
responsibility in the realm of technology.

Commencing with the identification of this pressing need,
the standardization journey would begin with the identi-
fication of the pressing need for standardized sustainable
computing practices. Diverse working groups, compris-
ing industry experts, environmentalists, policymakers, and
researchers, are convened to initiate the standardization pro-
cess. These groups would engage in comprehensive research,
drawing from existing best practices and environmental
impact assessments related to computing. The draft standards
are subjected to rigorous public consultation, allowing for
input from a broad spectrum of stakeholders, including busi-
nesses, academics, and advocacy groups. Challenges arising
from the dynamic technological landscape and global varia-
tions in regulatory frameworks will be navigated to produce
a standardized ESC framework.

The standardization process would hinge on achieving
consensus, a delicate balance considering the diverse inter-
ests and perspectives involved. Challenges emerge from the
rapidly evolving technological landscape, requiring the stan-
dard to be dynamic and adaptable. Achieving consistency
on a global scale is also challenging, given the variations
in regulatory environments and cultural differences. Once
a consensus is reached, the finalized standard is submitted
to a recognized standards organization for formal approval.
The approved standard, encompassing guidelines and crite-
ria for sustainable computing, is then published and made
available to the public. This standardized framework serves
as a universal reference point for organizations seeking to
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adopt and implement environmentally responsible comput-
ing practices.

Post-standardization, the critical validation phase unfolds.
This intricate roadmap encompasses environmental impact
assessments, standardized metric development, and the
establishment of certification bodies. These entities rigor-
ously audit organizations, ensuring compliance with ESC
framework metrics through on-site inspections, documenta-
tion reviews, and continuous monitoring. Periodic reviews
and updates further guarantee the framework’s relevance
amid technological advancements. Collaboration and
knowledge-sharing among stakeholders remain integral to
maintaining the integrity of this standardized approach. Thus,
the ESC framework not only addresses the immediate need
for sustainable computing but also lays the groundwork for a
collective and enduring commitment to environmental stew-
ardship in the digital era.

Analytical validation becomes a linchpin in substantiating
environmental claims and ensuring the credibility of sustain-
able initiatives. A key step in the validation roadmap is the
development of standardized metrics. These metrics, cover-
ing aspects like carbon footprint, energy efficiency, and waste
management, provide a quantifiable basis for organizations
to assess their adherence to the ESC framework. Certification
bodies are established to rigorously audit and verify organi-
zations’ compliance with standardized metrics. This involves
on-site inspections, documentation reviews, and continu-
ous monitoring to ensure ongoing adherence. The roadmap
further includes periodic reviews and updates to the ESC
framework. This iterative process ensures that the standards
remain relevant and effective in the face of evolving technolo-
gies and environmental considerations. Collaboration and
knowledge-sharing among industry players, researchers, and
policymakers play a pivotal role in maintaining the frame-
work’s integrity.

Through this comprehensive process of standardization
and analytical validation, the ESC framework not only miti-
gates the environmental impact of computing but also instills
confidence, provides a benchmark for improvement, and
guides a collective journey toward a sustainable digital future.

6 Conclusion

One of the critical challenges that companies face in adopting
sustainable practices to minimize their environmental impact
is to track and measure energy consumption and carbon emis-
sions associated with software and hardware usage. In this
paper, we have proposed the ESC framework as a holistic
approach to IT sustainability that can help companies reach
anew way of assessing sustainability, and track, measure, and
reduce carbon emissions associated with software and hard-
ware. The ESC framework has the potential to revolutionize

the way we conceptualize, design, and implement comput-
ing technologies. By pursuing these avenues of research and
implementation, we are confident that this framework will be
a useful driver for the transformation toward a greener and
more sustainable technological future.

Moving forward, our research agenda will focus on sev-
eral critical fronts. Firstly, we aim to develop innovative
solutions to accurately track and measure carbon emissions
of most IT solutions, enhancing the framework’s practical
applicability. Secondly, standardizing the ESC framework
will be a key priority, enabling seamless adoption and inte-
gration across various domains. To reinforce the credibility
of the ESC framework, rigorous analytical validation will be
conducted, demonstrating its efficiency and efficacy in sus-
tainable computing. Additionally, further case studies will
be undertaken to showcase real-world benefits and encour-
age its widespread adoption. Lastly, we are committed to
advocating the ESC framework to industry stakeholders and
researchers in the field of both sustainability and technology,
promoting its integration into green computing practices on
a bigger scale.
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