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FOCUS: GUEST EDITORS’ INTRODUCTION

THE ENERGY FOOTPRINT of soft-
ware-intensive systems poses a signifi-
cant concern. Energy-hungry software,
such as blockchain applications and
cryptocurrencies, the pervasive in-
tegration and usage of central cloud
and edge services and applications,
along with Al-enabled systems, con-
tribute to this issue. To better under-
stand the scale of the problem and
the fact that this is not getting bet-
ter, let us consider a few examples:
GPT-4 training required approxi-

2025 with a crypto energy usage
per transaction of approximately
1,135 kilowatt hour (kWh) com-
pared to the 84 kWh per transaction
used by Ethereum.d In addition, the
global digital transformation of all
industry sectors is accelerating the
steep increase in software energy de-
mands. All this has a direct impact
on the energy consumption of data
centers, estimated to be 415 TWh in
2024 and expected to grow globally
to 945 TWh per year by 2030.¢

Reducing the carbbon footprint must
go hand in hand with minimizing the
energy footprint.

mately 5 gigawatt hour (GWh) (in-
cluding computing-only estimates),?
and up to 50 GWh when consider-
ing the full data center overhead and
all GPUs used for the training® with
an energy inference cost close to
~0.34 Wh per query. GPT-5, com-
paratively, required an estimate of
3.5 GWh for training (including
computing-only estimates) and can
consume 18-40 Wh per query (for a
medium-length GPT-5 response of
~1,000 tokens), which is 50-100x
higher than GPT-4.¢ As another ex-
ample, Bitcoin’s total annual energy
consumption reached 173 TWh in

3https://www.abcmoney.co.uk/2025/06/gpt-5-de-
velopment-sparks-fresh-debate-over-ais-carbon-
footprint ; At the moment of writing, OpenAl has
not publicly disclosed the energy consumption
associated with training GPT-4; consequently,
reported figures are third-party estimates that vary
with hardware/utilization/power usage utilization
assumptions
bhttps://en.greentimes.ma/chatgpt-one-training-
session-equals-three-days-of-a-citys-consumption
¢https://en.greentimes.ma/chatgpt-one-training-
session-equals-three-days-of-a-citys-consumption

Green clean software pertains
to the minimization of the energy
needed to execute and use software-
intensive systems. Adopting renew-
able energy resources to “feed”
software execution is simply not
enough, so reducing the carbon foot-
print must go hand in hand with
minimizing the energy footprint.
On the other hand, software-inten-
sive systems may be used to support
green processes that aim to reduce
the environmental impact of the
sector, and, in fact, of any industry
sector, of society, and planet Earth.
Examples include software support-
ing the production and consump-
tion of renewable energy resources,
smart software for green-oriented
behavioral change (e.g., adopting
green public transportation and

dhttps://coinlaw.io/bitcoin-energy-consumption-
statistics
chttps://www.iea.org/reports/energy-and-ai/
executive-summary

sustainable work practices), and the
combination of energy optimiza-
tion and digitalization (so-called
twin transition). In addition, soft-
ware sustainability from an envi-
ronmental perspective may also
concern software engineering and
its processes: the energy used to de-
velop, evolve, and maintain software-
intensive systems is nonnegligible and
also needs to be addressed.

While green software and its en-
gineering primarily target energy
optimization, they fall under the
general notion of Software Sustain-
ability, which we define as “the
preservation of the long-term and
beneficial use of software, and its
appropriate evolution, in a con-
text that continuously changes.”’
As such, software sustainability is
a “must have” skill for any profes-
sional role making decisions that
Also,
while it is not merely limited to

pertain to digitalization.
green clean, software energy foot-
print is a global concern, hence a
very good place to start with.

As others have identified,? sus-
tainability is not just a question of
environmental sustainability. While
this is important, it is not suffi-
cient to produce truly sustainable
software systems. To achieve real
long-term change in how we deliver
software, we need to simultaneously
consider the variation over time
and the relative contextual change
of software engineering related as-
pects in (at least) four distinct di-
mensions of sustainability, namely
technical, economic, social, and
environmental. We explain these
dimensions of focus in the sidebar
“Focus, Time, and Context in Soft-
ware Sustainability.”
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FOCUS, TIME, AND CONTEXT IN SOFTWARE

SUSTAINABILITY

Based on the work by Lago and Malavolta, we summarize
here the basic definitions for the three software sustain-
ability facets framing the dimensions of focus, variation
over time, and contextual change.

DIMENSIONS OF FOCUS
The technical dimension of sustainability considers all of
the activities involved in envisioning, building, deploying,
operating, and ultimately decommissioning the hardware
and software required by a system.

The economic dimension considers the financial aspects
of delivering and operating software systems, including
investment, cash flow, return on investment, operational ex-
penditure, and capital expenditure and allocation.

When we talk about the social dimension, we look
beyond our normal software engineering horizons to con-
sider how our software systems integrate into and affect
our communities and the resulting impact on individuals,
families, social groups, and wider society.

Finally, the environmental dimension starts with energy
consumption and greenhouse gas emissions but looks
beyond this to understand, mitigate, and account for the
broader ecological implications of a software system.

VARIATION OVER TIME

Based on the work by Hilty and Aebischer,S" we consider
three types of sustainability-relevant effects on Informa-
tion and Communication Technology (ICT) over time.

The direct effects pertain to the production, use or
disposal of ICT itself. For software products or services,
for instance, these may consider the sustainability of soft-
ware engineering processes or the sustainability impact of
their execution after deployment.

The enabling effects of ICT are the result of apply-
ing ICT services in different contexts and can be grouped

into induction (when ICT stimulates consumption), ob-
solescence (when ICT shortens the useful life of another
resource), substitution (when ICT replaces the use of an-
other resource) and optimization (when using ICT reduces
the use of another resource) effects. Again, in software
engineering, we may consider the sustainability impact of
the processes supported by the software.

Finally, the systemic effects are the long-term socio-

economic effects that induce a behavioral or economic
structural change. For example, if introducing software in
some industry sector changes the needed digital compe-
tencies and skills of the workforce for that sector.

CONTEXTUAL CHANGE

According to Khabou et al.,52 context “describes relevant
aspects of the surrounding physical and computing environ-
ments, such as the location and the activity of the user.”

Software practitioners and researchers regularly mention

context as essential in software engineering and decision
making, but they rarely make it explicit. This is why the no-
tion of context and its elements, is less understood. As such,
for the time being, we hypothesize that context elements can
be classified in the four dimensions of focus. For example, we
may have context elements that are technical (e.g., network
devices), economic (e.g., budget constraints), social (e.g.,
stakeholders), or environmental (e.g., energy resources).

References

St.

S2.

L. M. Hilty and B. Aebischer, “ICT for sustainability: An emerging
research field,” in Proc. ICT Innov. Sustainability, 2014, pp. 3—36,
doi: 10.1007/978-3-319-09228-7_1.

N. Khabou, I. B. Rodriguez, and M. Jmaiel, “An overview of a novel
analysis approach for enhancing context awareness in smart envi-
ronments,” Inf. Softw. Technol., vol. 111, Jul. 2019, pp. 131-143,
doi: 10.1016/j.infs0f.2018.11.001.

It is by working out how to con-
sider and balance all of these dimen-
sions of sustainability in systems
development and operation that we
will create truly sustainable software
systems and create a new generation

of practitioners with the skills to
achieve this.

We illustrate how our vision of a
tri-fold sustainability (i.e., in terms
of dimensions of focus, time and
context) works by using the articles

in this special issue as examples (see
Table 1). In Table 1, we summarize
the type of coverage for each of the
three dimensions (focus, time, and
context) if present. Also, we use a
dashed line if the linked dimension
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FOCUS: GUEST EDITORS’ INTRODUCTION

TABLE 1. Sustainability coverage by the articles in this special issue (dashed lines

Article # | Description

Al

the Al pipeline ( TEC ) at runtime ( DIR ). Context is

indicate weak coverage).

Optimization of the energy consumption (ENV ) of

DR | N0 | svs

O

O

the execution environment ( TEC ); key takeaways
and findings for stakeholder responsibility are

summarized (S0C).

A2

code which is ChatGPT-generated ( TEC ) versus

Evaluation of the energy efficiency (ENV ) of

O

human-written (S0C). Context is the software
development process with the human in the loop

(S0C- TEC).

A3

at design and runtime ( DIR ), which enables

Cloud predeployment estimation of energy and
carbon footprint ( ENV ) of workloads ( TEC)

Q

carbon-aware architecture design decisions.
Context is the cloud ( TEC ) and estimation of
carbon intensity (ENV ). Implications for research

and practice are summarized (S0C).

A4

of legacy versus modernized web applications

Comparison of the energy consumption (ENV)

O

O----0--0O

O

(TEC) in industrial contexts ( TEC ), with some
recommendations for IT professionals (SOC).

A5

network devices ( TEC ) near real-time ( DIR ).

A method to provide carbon estimates (ENV ) of

@)

O

Context is being considered as the carbon intensity
(ENV) where devices ( TEC ) are geolocated.

A6

Definition of a context-independent metric
quantifying performance ( TEC ) versus energy

O

O

O

consumption (ENV) in the video gaming domain/
context ( TEC). The metric is foreseen to be

reusable as a de facto standard (S0C).

TEC: ECO: ic; ENV:

is only weakly addressed. For ex-
ample, “LEAF: A Layered Emission
Assessment Framework for Cloud

»A3 provides design-time

Deployments
estimates of carbon intensity by us-
ing regional generalizations, which
do not necessarily reflect the ac-
tual in-context runtime energy mix.
It also reports some implications for
research and practice, which are a

good start but to be truly adopted

28

SOC: social; DIR: direct; IND: indirect; SYS: systemic.

would need actionable reframing,
e.g., in the form of ADRsf and/or a
professional open catalog.

Based on the summary in Table 1
and our reflection, we draw some con-
siderations for a new generation of
software professionals that wish to inte-
grate sustainability in their daily work.

fArchitectural Decision Records, https:/adr.
github.io

O

We should invest more actively in
leveraging the precious takeaways as
reusable know-hows for IT profes-
sionals. Software exists for a (social)
purpose; that is, it should be useful
for something or to someone. The so-
cial coverage in the “Focus” column
of Table 1 shows that such beneficial
use of software (quoting our defini-
tion of software sustainability) is of-
ten left implicit and rarely covered
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(here only by “Is ChatGPT Gener-
ated Code Really Green? Evaluating
AlI-Generated Solutions for Energy-
Efficient Coding Practices,”*? which
considers the benefits of the machine
for the human developer). On a pos-
itive note, research results often do
contribute knowledge or know-how
that could (and should) be leveraged
as actionable guidelines or practices.
This is reflected also in most articles
in this special issue (see again the so-
cial coverage in column “Context”).
Here, the weak coverage represented
by the dashed lines is a call for ac-
tion to extract and disseminate such
actionable guidelines and practices.

In the time dimension, only the di-
rect impact (e.g., at runtime) of green
clean software is being considered.
Table 1 clearly illustrates how all ar-
ticles of this special issue cover only
the direct impact in the “Time” di-
mension. While useful, this is unfor-
tunately just a prerequisite for true
sustainability. For example, there is
widespread concern in the industry
about embodied emissions, which
is an indirect environmental effect
of information and communication
technology (ICT). In other words,
we must indeed measure the energy
consumption of running software-
intensive systems, but in addition
we should also adopt practices (i.e.,
indirect impact) that lead over time
to lesser/optimized/responsible con-
sumption, and ultimately to a cul-
tural change (i.e., systemic impact) of
sufficient® and optimized use of soft-
ware-intensive systems.

Context matters and yet it is
largely neglected. Overall, we ob-
serve over and over again, that con-
text is regularly mentioned in general
terms, but the contextual elements
that influence software sustainabil-
ity are not made explicit nor used to
qualify the contribution proposed in

the articles. (This is, by the way, of-
ten the case in practice, too.) If we
would link a sustainability result or
measure to the related contextual
elements, a change in the context
could be traced back to the possible
positive or negative implications for
the sustainability result.

This special issue covers both the green
clean software, and the green through
special
emphasis on the role played by green

software dimensions, with

software engineering. After a rigorous
review process, six articles were ac-
cepted for this special issue. Next, we
provide a brief summary of each.

Tu(r)ning Al Green: Exploring Energy
Efficiency Cascading with Orthogonal
Optimizations”!

Al is transforming how we engineer
software systems, but its rapid growth
comes with a substantial environmen-
tal footprint. This article introduces a
systematic, software engineering ap-
proach to energy-efficient Al, show-
ing that combining optimization
techniques across five stages of the Al
development pipeline—data, model
architecture, training, system de-
sign, and inference—can produce cu-
mulative energy savings of 4.6% to
94.6% with minimal impact on ac-
curacy. The results provide practical
guidance for practitioners to balance
efficiency, performance, and environ-
mental responsibility in the develop-
ment of Al systems.

Is ChatGPT Really Green? Evaluating
Al-Generated Code for Energy-
Efficiency”?

Building on the theme of Al sustain-
ability, this study evaluates the en-
ergy efficiency of Al-generated code.
By comparing ChatGPT responses

to 200 Stack Overflow questions
with accepted human answers, the
authors identify 40 cases where hu-
man solutions outperform Al in en-
ergy efficiency. This work highlights
where human insight remains criti-
cal, while offering practical guid-
ance for designing energy-aware Al
coding assistants, demonstrating
how AI and human collaboration
can drive greener software practices.

LEAF: A Layered Emission Assessment
Framework for Cloud Deployments”3
Extending the discussion from soft-
ware design to infrastructure, the
LEAF framework enables early-
stage carbon footprint estimation
for cloud deployments. By analyzing
infrastructure-as-code configurations
and simulating workloads, LEAF
provides predeployment energy es-
timates that align within 15.7% of
post-deployment measurements. This
approach empowers architects and
developers to make sustainability-in-
formed decisions before provisioning
resources, bridging the gap between
software practices and infrastruc-
ture planning.

Energy Consumption of Web
Applications: Measurement
Challenges in Practice”*

The focus then shifts to industrial ap-
plications, where measuring and in-
terpreting energy use in complex web
systems presents unique challenges.
Using monitoring tools and work-
load simulations at Berger-Levrault,
the study demonstrates how architec-
tural choices and technology stacks
can reduce energy consumption by up
to 70%. These findings reinforce the
need for usage-aware design decisions
and provide practical recommenda-
tions for applying green software
principles in real-world, large-scale
industrial environments.
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NetCarbTrace: A Probing Tool to
Measure and Explore the Carbon
Footprint of Computer Networks?>
Beyond applications and infrastruc-
ture, energy efficiency must also
consider network systems. The Net-
CarbTrace tool offers a context-aware
method to assess the energy and car-
bon footprint of network devices, ac-
counting for their nonlinear power
profiles. By analyzing real-world
endpoints, this study demonstrates
near real-time carbon estimation and
provides actionable insights for de-
signing carbon-optimized network
services, emphasizing that sustain-
ability must consider the entire soft-
ware ecosystem.

Energy Profiling in Games: Introducing
a Frame-Based Power Consumption
MetricA®

Finally, the issue explores energy ef-
ficiency in digital entertainment. By
introducing a generic metric in joules
per frame, the study provides a stan-
dardized way to quantify the energy
consumption of video games, al-
lowing developers to balance perfor-
mance and environmental impact. This
work extends sustainable software
practices into consumer-facing appli-
cations, highlighting the broad appli-
cability of green software engineering
principles across diverse domains.

e hope this special theme

issue will inspire our

readers to adopt the
findings from the included articles,
and the considerations we draw from
them as well as our experience and
personal reflection.
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