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Who am I?

(Sustainable) Software
Engineering
& Green Al
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Al-Based Software is eating the world
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Shaping Europe’s digital future

ECONOMIE « INTELLIGENCE ARTIFICIELLE

Les assistants d,IA s’ouvrent é la publicité, de ‘ Home ‘ Policies | Activities | News ‘ Library ‘ Funding | Calendar ‘ Consultations ‘ Al Office |
ChatPT a Cancla

Home > News&Views > EU launches InvestAl initiative to mobilise €200 billion of investment in artificial intelligence
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onomie ol muncpaie 2028 Enveprnes rancevacnis souse wande i s v rmone 1o |@AUNCNHES INVEStAI initiative to mobilise €200

llion of investment in artificial intelligence
- Ar (( On dOIt accepter de CoeXlSter avec + Artificial Intelligence (Al) Action Summit in Paris, Commission President Ursula von der Leyen

@ ChatGPT )) : quand les IA font des unched InvestAl, an initiative to mobilise €200 billion for investment in Al, including a new

»ean fund of €20 billion for Al gigafactories.
Dot dels and to make Europe an Al continent.
Q Recher

’
diagno StiC S avant le S medecins arge Al infrastructure is needed to allow open, collaborative development of the most complex
&1 1naget Les outils d'IA comme ChatGPT bouleversent la relation médecin-patient. S'ils permettent aux

(S patients de mieux s'informer, ils posent aussi des risques, notamment des erreurs ou des
prescriptions inappropriées.

Commission President Ursula von der Leyen said: AdobeStock_738248643

> Supatman

“Al will improve our healthcare, spur our research and innovation and
premrmr o re— . WP " boost our competitiveness. We want Al to be a force for good and for Related topics
growth. We are doing this through our own European approach —
based on openness, cooperation and excellent talent. But our
approach still needs to be supercharged. This is why, together with our
Member States and with our partners, we will mobilise unprecedented
capital through InvestAl for European Al gigafactories. This unique
public-private partnership. akin to a CERN for Al. will enable all our

Artificial intelligence
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Al-Based Software is eating the world




Architecture of Al-based systems

Data Centers

Software
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Life Cycle of Al

O:

Model Training Evaluation

_..‘ 'f&.:

Model Monitoring Model Inference




Al: What is the limit?
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Computing for Al training has been doubling every 3.4 month since 2012.
[httos.//openai.com/research/ai-and-compute, 2018/
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Al-Based Software is Heating the world

o L "By 2026, the Al industry is
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consume at least ten times its
demand in 2023."

Training 1 NLP model: 5x
lifetime emissions of a car.

ARMOLF.BE

INTERNATIONAL ENERGY AGENCY (2024) & Strubell et al. (2019) 8



Al-Based Software is Heating the world

Google’s global data centers Training GPT-3 was equivalent 5_;__?_3 T3 —
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120 U.S. homes annually, or U1 C .

consumed ~6 billion gallons of
potable water in 2024

emitting 552 t CO,

Chat-GPT emits 4.3 g of CO, for a
single query and uses nearly
0.5 L for 10-50 queries (GPT-3).
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Greening
Al-Based Software




Green Al

‘Green Al regards practices aimed at [...]
mitigating the impact that Al itself can
have on the natural environment.”

Verdecchia et al (2023)
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Red Al vs Green Al

Red Al
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Schwartz et al. (2020)

Green Al

Energy
Time
Reproducibility
Reusage
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Green Al: Where are we now?
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Architecture of Al-based systems

Distillation

Green tactics

Edge / Federated Computing

Follow the sun Scheduling

Data Centers

_

‘Green’ data centers

Software

Hardware

Low power hardware 14



Life Cycle of Al
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Research General Directions
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From LLMs to (D)SLMs

Large Language Model

Small Language Model

Domain Specific Language
Model
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Al as microservices

LLM Router
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Complexity everywhere?

Cruz et al (2025)

19



Evolving Al Systems

e Rapid emergence of new models
and architectures

e Continuous hardware and
accelerator (e.g., GPU, Al chips)
innovation

e Frequent changes in software
frameworks and stacks
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Measuring Environmental Impact

Multiple metrics with different
meanings and scopes (e.g., J, W,
CO,eq)

Environmental impact varies over
time and location (e.g., rebound
effect)

Sustainability spans full system
lifecycle (e.g., LCA)

21



Limited Access and Representativeness

Limited access to large scale
industrial infrastructure

Studies focus on small or local
systems by necessity

Difficulty validating results at
realistic scale

Dominant Al systems often remain
opaque

P2



Comparing and Reusing Results

Results are highly context
dependent

Hardware, configuration, and
workload strongly influence
oufcomes

Lack of shared reporting formats
and metadata

Hard to generalise findings across
systems

245



People and Organisational Change

Sustainability impact is indirect and
delayed

Limited incentives to optimise for
energy or carbon

Low trust in complex or uncertain
measurements

Tools are not adapted to existing
workflows
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Greening Al : From Complexity to Actionable
Directions

Cruz et al (2025)
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Evolving Al Systems

e Rapid emergence of new models » Focus on system level abstractions
and architectures rather than model specific

e Continuous hardware and optimisations
accelerator (e.g., GPU, Al chips) » Study trends across model and
innovation hardware generations

e Frequent changes in software » Encourage software hardware co-

frameworks and stacks design for energy efficiency
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Measuring Environmental Impact

Multiple metrics with different > Use multiple complementary metrics
meanings and scopes (e.g., J, W, instead of a single score

CO.eq) » Support component level aftribution
Environmental impact varies over where possible (critical path)

fime and location (e.g., rebound > Evaluate impact across the full Al
effect) system lifecycle (Adaptive systems)

Sustainability spans full system
lifecycle (e.q., LCA)
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Limited Access and Representativeness

Limited access to large scale > Identify when small scale

industrial infrastructure experiments are valid proxies
Studies focus on small or local » Develop trusted industry academia
systems by necessity collaboration models

Difficulty validating results at » Report scope and representativeness
realistic scale limits explicitly

Dominant Al systems often remain

opaque
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Comparing and Reusing Results

e Results are highly context
dependent

e Hardware, configuration, and
workload strongly influence
oufcomes

e Lack of shared reporting formats
and metadata

e Hard to generalise findings across
systems

=» Risk of misleading comparisons and

rankings

>

>

Standardise reporting formats and

contextual metadata

Focus on patterns and practices
rather than rankings

Hardware agnostic programming
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People and Organisational Change

Sustainability impact is indirect and
delayed

Limited incentives to optimise for
energy or carbon

Low trust in complex or uncertain
measurements

Tools are not adapted to existing
workflows

>

>

Align incentives with sustainability
goals

Provide role specific guidance for
researchers, engineers, and
managers

Establish specific regulation
Design easy/ready to use tools for
existing workflows

Education

Multidisciplinary research
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Behave Workshop at ICT4S 2026

BeHAVE 2026: THE 2ND INTERNATIONAL WORKSHOP ON MULTI-DISCIPLINARY STRATEGIES FOR

GREENING SOFTWARE ENGINEERING (AT ICT4S 2026)

ABOUT THE WORKSHOP

The ICT community has been tackling the rising environmental impacts of devices and software with
approaches ranging from measuring these impacts to minimizing them. In contrast, humans are often forgotten
in the energy-efficiency equation, and in particular in software systems. For instance, end users are increasingly
interacting with smart devices and objects, and in particular with the software running and piloting them.
Focusing on software system optimizations without integrating users in the energy reduction strategies might
lead to rebound effects (i.e, the Jevons paradox).

The Behave workshop aims to foster and build a multi-disciplinary community around green software. We aim
to explore, study and propose strategies to reduce the energy consumption of software systems through a
multi-disciplinary approach. We also aim to build bridges between the different communities working on
improving the energy efficiency of the technological foundation (hardware and software), those working
around design factors (HCI, UI/UX design), those working on social aspects (behavioral studies, sociological
impacts), and those working on individuals (environmental psychology) =

IMPORTANT DATES

¢ Presentation submissions deadline: Submissions will be reviewed on a rolling basis until Friday, May 22,
2026.

* Acceptance notification: Submissions are reviewed as they are received, and applicants will be notified of
decisions in a timely manner.

* Workshop date: 12 June 2026, from 9 am to 4 pm.

Submission of proposals to: adel.noureddine@lip6.fr

Behave Workshop at ICT4S 2026 (12/06/26

Bern

Switzerland =
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https://www.noureddine.org/research/behave/ict4s-2026-workshop
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Human Intelligence before Artificial
Intelligence

[ W | | &
L | It '\ ]
— © \ ‘I I\
. A »
|' | / \a S0P
e 0/ [ k2
(e N

-

o

)

34



References

Duranton, M. Gigantic transformers and megamodels: The next El Dorado for AI? Or Is “the bigger, the better” the path to AGI? In
M. Duranton et al., editors, HIPEAC Vision 2023, pages 70-78, Jan 2023.

A. S. Andrae and T. Edler, “On global electricity usage of communication technology: trends to 2030,” Challenges, val. 6, no.1, pp.
117-157, 2015.

Freitag, C, et al. "The real climate and transformative impact of ICT: A critique of estimates, trends, and regulations." Patterns 2.9
(2021): 100340.

Verdecchia, R, et al. "A systematic review of Green AL" Wiley Interdisciplinary Reviews: Data Mining and Knowledge Discovery
(2023): e1507.

Strubell, E., et al, 2019. Energy and policy considerations for deep leaming in NLP. arXiv preprint arXiv:1906.02243

Schwartz, R., Dodge, J., Smith, N. A, & Etzioni, O. (2020). Green ai. Communications of the ACM, 63(12), 54-63.

Verdecchia, R, et al. "Data-centric green ai an exploratory empirical study." 2022 Intemational Conference on ICT for
Sustainability (ICT4S). IEEE, 2022.

Yarally, Tim, et al."Uncovering Energy-Efficient Practices in Deep Learning Training: Preliminary Steps Towards Green AL" CAIN
2023. arXiv preprint arXiv:2303.13972 (2023).

Poenaru-Olaru, Lorena, et al. "Retrain Al Systems Responsibly! Use Sustainable Concept Drift Adaptation Techniques.” GreenS
2023

Malmodin, J. and Lundén, D.,2018a. The energy and carbon footprint of the global ICT and E&M sectors 2010-2015.
Sustainability, 10(9): p. 3027.

Masanet, E., Shehabi, A, Lei, N., Smith, S., and Koomey, J., 2020. Recalibrating global data center energy-use estimates. Science,
367(6481): p.984-986.

Pang, C.,Hindle, A., Adams, B., & Hassan, A. E. (2015). What Do Programmers Know about Software Energy Consumption? IEEE
Software, 33(3), 83-89. doi: 10.1109/MS.2015.83

https:/ /www.modelop.com/blog/mlops-and-modelops-whats-the-difference-and-why-it-matters/

Castellanos-Nieves, D.; Garcia-Forte, L. Improving Automated Machine-Leaming Systems through Green Al Appl. Sci. 2023, 13,
11583. https://doi.org/10.3390/app132011583

Cruz, L, et al. “Greening Al-enabled Systems with Software Engineering: A Research Agenda for Environmentally Sustainable Al
Practices” ACM SIGSOFT Software Engineering Notes 2025

35


https://doi.org/10.3390/app132011583

THANKS

Do you have any questions?

june.sallou@wur.nl

@ june.sallou.org

CREDITS: This presentation template was created
by Slidesgo, and includes icons by Flaticon and
infographics & images by Freepik, Smashicons,
and Technology illustrations by Storyset:

https://storyset.com/technology
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