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ML applications 
in climate change 

mitigation 

ML applications 
that increase 

emissions

Callback: Multifaceted relationship  Between ML and Climate

ML̓ s system-level 
impacts

Impacts from ML 
computation & 

hardware



Poll one

Which one of four impact categories do you believe may have the 

most substantial impact on climate currently?

ML applications 
in climate change 

mitigation 

ML applications 
that increase 

emissions

ML̓ s system-level 
impacts

Impacts from ML 
computation & 

hardware



Life-Cycle Assessment 

Whole value chain from cradle (raw material extraction), through use phase, to grave 
(disposal)

Assessing the many environmental impacts

Image: Wikipedia
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Inventory Analysis: GHG Protocol

• Global standardized frameworks to 
measure GHG emissions from private 
and public sector operations, value 
chains and mitigation actions

• Scope 1: Emissions from direct use 
of fossil fuels, e.g. for heat, fleet 
vehicles

• Scope 2: Emissions from purchased 
electricity and heat

• Scope 3: Emissions from value 
chains including customers

• Also extended to water

6Image: Chien et al, 2026 in Nature Reviews Clean Technology



Kaack, L. H., Donti, P. L., Strubell, E., Kamiya, G., Creutzig, F., & Rolnick, D. (2022). Nature Climate Change, 1-10.

“direct”

“indirect”

How AI Affects Greenhouse Gas Emissions
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Kaack, L. H., Donti, P. L., Strubell, E., Kamiya, G., Creutzig, F., & Rolnick, D. (2022). Nature Climate Change, 1-10.
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How AI Affects Greenhouse Gas Emissions



Impacts from ML Computation & Hardware

Embodied 
emissions from 
production and 
end-of-life of 
hardware

Efficient compute, 
cooling, and waste 
heat use Renewable energy 

and demand 
flexibility

Mining and 
production

Transportation Disposal and 
recycling

Operational 
emissions from energy 
consumed during 
computation



Sustainability impacts of a GPU card

● Operational emissions >> Embodied emissions
● Importance of mining 

Source: arxiv.org/abs/2509.00093



Computing -Related Emissions from ML: 
Development & Training



Reminder:  

AI is not just “one thing”

Models have different sizes



Model Size Influences the Energy Demand for Training

Source: Zhenya Ji and Ming Jiang 2026, https://doi.org/10.1016/j.rser.2025.116159.

~ 2 days of powering Berlin



Computing-Related Emissions from ML: 
Inference



Inference Emissions Are Growing 

• Both Meta and Google report that inference emissions outweigh those of 
training

• Depending on use, training or inference may dominate

• Consumers need transparency to trade off between models

Jacob Morrison, Clara Na, Jared Fernandez, Tim Dettmers, Emma Strubell, Jesse Dodge. Holistically Evaluating the 
Environmental Impact of Creating Language Models. ICLR 2025 (Spotlight).



Higher Efficiency … Largely Outweighed by Usage Growth

Rebound 
effect

Sources: Google, Ketan Joshi



Large Differences in Inference Energy Needs Across Tasks

Sources: https://www.nature.com/articles/d41586-025-00616-z based on Luccioni et al., Hugging Face Energy Score 

https://www.nature.com/articles/d41586-025-00616-z


Poll Two

What is the order of magnitude between 
one prompt 

and one 8-sec medium-definition video?

a) x 10,    b) x 100,    c) x 1,000,    d) x 10,000





AI with Little Energy Use 
Is Common & Possible

→ FRUGAL AI

Frugal AI: Driving Sustainable, Inclusive, and Scalable Innovation whitepaper, 2025



Using General-Purpose Models for Inference Is 
Often Inefficient Compared to Task-Specific Models

24

Luccioni, Alexandra Sasha, Jernite, Yacine, and Strubell, Emma. "Power Hungry Processing: ⚡Watts ⚡ Driving 
the Cost of AI Deployment?" arXiv preprint arXiv:2311.16863 (2023)

More parameters 

→ more energy



More Data ≠ Always Better Performance 

Nie, Yuhao, et al. "Sky image-based solar forecasting using deep learning with heterogeneous 
multi-location data: Dataset fusion versus transfer learning." Applied Energy 369 (2024): 123467.

Stanford = Stanford University (Stanford, CA, USA)
SIRTA =  SIRTA Atmospheric Observatory (Palaiseau, France)

DEWA = Dubai Electricity and Water Authority (Dubai, UAE)

Paper also shows that fine-tuning a global model on DEWA data (all or big enough subset) yields similar 
performance for DEWA compared to the local DEWA model (but with higher total training effort)



Towards Local Models



Frugality  in AI development

• Frugal AI Challenge: Encourage academic 
and industry actors to keep efficiency in 
mind when deploying AI models

• Tracking energy consumption and 
performance 

• Incentivize frugality in AI deployment while 
also addressing real-world challenges.

• Tasks:

• Detecting climate disinformation
• Classifying regions at risk of wildfires,
• Detecting illegal deforestation. 

Code Carbon
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Layers around the model  also matter
→ Escaping “Token Maxxing” via Skills, etc.



TinyML: Running AI on Microcontrollers

Lin et al 2024 Tiny Machine Learning: Progress and Futures; seedstudio.com



Moving from Bottom-up…



…to Top-Down Perspective



Electricity Demand  is Rapidly Growing

2010 2018

250-500% increase  
between 2020 and 2035

Source: IEA, “Energy and AI” 2026
Rough estimates, based on: 
Masanet, Eric, et al. "Recalibrating global data center energy-use estimates." Science (2020)

6% increase 
between 2010 and 2018

(despite 5.5x increase 
in compute instances)



Poll Three

Which energy source is expected to the most rolled out 
to meet the increased demand in electricity from AI?

a) renewables,    b) coal,    c) gas,    d) nuclear



Additional Electricity Supply: 
Carbon Intensity? 
Competing uses? 

Associated Impacts?

Source: IEA, “Energy and AI” 2026



Grid integration  of data centers: Spiky  power consumption

35Li, Yuzhuo, et al. "The unseen AI disruptions for power grids: LLM-induced transients." arXiv preprint arXiv:2409.11416 (2024).



Takeaways for practice (energy)

● Thinking about energy requirements of the models is important

● Not all models use a lot of energy! Big models vs small models 💻 

● The consumption of the largest models doesnʼt discredit AI-for-climate as a whole 

● Try to use a small / task-specific when possible: significant efficiency gains

● Think about which tasks are most impactful vs. potentially wasteful

● There are tools to compute the energy/GHG impacts of your project, e.g., Code Carbon

https://codecarbon.io/


Non-GHG Sustainability Impacts: Raw Materials

37

Raw materials used to make computing chips come 
from 50 of our 90 naturally occurring elements 
here on Earth. For some, the stocks are getting 
rapidly depleted.



Non-GHG Sustainability Impacts: 
Water 

Image: Chien et al, 2026 in Nature Reviews Clean Technology



Poll Four

Is direct or indirect use of water for data centers larger?

a) direct,    b) indirect,    c) similar



Water:  Differentiated Impacts

40

● Water withdrawal vs Water consumption vs Water discharge

● About 50% consumption, direct currently less than 0.5% of US 
water consumption

● Indirect use >>> Direct use (up to 80%)

● Projected global scope 1 + 2 water withdrawal in 2027:  
○ 4.2–6.6 billion cubic meters (more than 4-6x Denmark or ½ U.K.)

● Local impact/stress: Problem often more peak than annual 

totals; 

● Bloomberg News reports that about two-thirds of U.S. data 
centers built since 2022 are in high water-stress areas.

Image: Shaolei Ren



Water:  Solutions to Reduce Needs?

41

- “Closed-loop” liquid cooling (no evaporation) reduces water 
use to almost zero, but requires more energy (and can 
create more peaks)

- Increasingly possible to better schedule or switch between 
different cooling methods, but not necessarily for all parts 
of the data center

- Indirect consumption is more challenging. Depends on the 
choice of power technology (e.g., gas/nuclear >> solar) and 
on the local climate

Image: The Guardian, Wikimedia



When Impacts Are Worst… At the Same Time:  Heat waves

42

- When water consumption/withdrawal happens 
matters:  worst during dry season / heat stress

- Same for energy consumption: during heat waves 
AC consumption stress the grid

- Dilemna: to cool down data centers, one can 
substitute water-intensive cooling and 
energy-intensive cooling, but both may be under 
pressure

- Water can shave peak loads but resource allocation 
is an issue; as many communities don’t have the 
surplus water supply 
→ need for resilience planning 

Images: Shaolei Ren, Wikimedia



Situated case study: Brazil ’s data center expansion

Massive ongoing wave of AI-driven infrastructure 
investments, exceeding R$25 billion 

89% of Brazilʼs electricity matrix is renewable, with almost 
half hydro-based → ideal for data centers?

Increasing droughts are putting pressure of water relevant 
both to hydropower generation and cooling, while access 
to water is already an issue for communities

Persistent energy poverty, over 1.3 million people still 
lack reliable electricity

Example: New data centers in Ceará and 
Rio Grande do Sul are threatening the 
access to water for local communities
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How AI Affects Greenhouse Gas Emissions



How AI Affects Greenhouse Gas Emissions



Kaack, L. H., Donti, P. L., Strubell, E., Kamiya, G., Creutzig, F., & Rolnick, D. (2022). Nature Climate Change, 1-10.



Estimates of the GHG Emissions Savings Potential are 
Unreliable

Estimates from consulting and tech firms often based on undisclosed modeling or extrapolation of 
stakeholder interviews → vested interests likely overestimating the positive impacts

[…] the application of AI 
levers could reduce 
worldwide greenhouse gas 
(GHG) emissions by 4% in 
2030, an amount equivalent 
to 2.4 Gt CO2e […]

2019 2020 2021



AI use to accelerate emissions-intensive 
industries

Example: Oil and gas applications 

AI Applications Increasing Emissions



AI Increasing Impacts Emissions (And Beyond): Oil Drilling



Most AI Use Across Society Is in Non-Climate Applications



Images: Ketan Joshi, The AI Climate Hoax: Behind the Curtain of How Big Tech Greenwashes Impacts, 2026

So Far, Ai-for-Climate is Rather Traditional AI
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Rebound effects

Societal power 
shifts



How AI Affects Greenhouse Gas Emissions



How AI Affects Greenhouse Gas Emissions



Potential rebound and lock-in effects
- Autonomous vehicles, ridesharing

56

Image source: Wadud et al. 2016

System-Level Impacts of AI Applications



Potential rebound and lock-in effects
- Autonomous vehicles, ridesharing

Increasing societal consumption
- Personalized ads, on-demand delivery

57

Image credit: Megan_Rexazin_Conde / Pixabay.com

System-Level Impacts of AI Applications



Potential rebound and lock-in effects
- Autonomous vehicles, ridesharing

Increasing societal consumption
- Personalized ads, on-demand delivery

(Mis)information and polarization
- Content personalization/amplification

58

Image credit: Rose Wong / for NBC News

System-Level Impacts of AI Applications



Potential rebound and lock-in effects
- Autonomous vehicles, ridesharing

Increasing societal consumption
- Personalized ads, on-demand delivery

(Mis)information and polarization
- Content personalization/amplification

Inducing societal power shifts                          
due to access and agency

59

Image credit: Jamillah Knowles & We and AI / Better 
Images of AI / People and Ivory Tower AI / CC-BY 4.0

System-Level Impacts of AI Applications



Poll Five

Share an example of a system-level impact of AI you believe has/will have 
a significant impact on climate, for one of the categories:

a) rebound effect,    b) increased consumption,    
c) mis-information and polarization,    d) societal power shifts



Lecture outline
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The “GenAI Fallacy” : Using AI-for-Climate 
as Justification for Large Models

• To justify the energy consumption in datacenters for 
large models such as LLMs, AI-for-climate applications 
are a welcome narrative for tech companies

•  But, most AI applied in climate-relevant sectors is not 
large models

• We can have AI-for-climate progress without large 
computing-related energy costs

“If we have to spend even 1% of the worldʼs electricity 
training powerful AI, and that AI helps us figure out how to 
get to non-carbon-based energy or to do carbon capture 
better, that would be a massive win” 

Misleading statement from Sam Altman



Key messages 
from the 2025 
Shell Energy 
Security 
Scenarios

“Chronic Potential -itis” 

• Concept from Vlad Coroamă: lot of discussion about potential…

• But there are significant barriers to AI deployment in climate-related domains

• Actors are presenting AIʼs savings potentials by constructing best case adoption scenarios

• Visualizations and summaries communicate overconfidence in reaching hypothetical 

estimates

Source: https://www.shell.com/news-and-insights/scenarios/the-2025-energy-security-scenarios.html



Holistic Estimates?

No application-related increases & no system-level effects assessed

Source Type Computing-related Application-related 
(reductions)

Application- 
related 
(increases)

System-
level

Stern et al. 2025 Journal article Total data center 
increase

Power, meat and 
dairy, and light road 
vehicles

No No

IEA 2025 Technical report Total data center Some energy 
applications No Only 

rebound

PWC 2025 Consulting report Total data center 
increase Economy-wide No No

Schneider 
Electric 2024 Technical report AI No No No

de Vries 2023 Journal article AI No No No



Danger of Fallacies in (Lack of) Comparisons  
Between Positive  & Negative  Impacts of AI

Source: IEA 2026, 
Energy and AI

"is AI's energy use worth 
the climate benefits?" 
is an ill-posed question

potential energy savings 
in certain sectors 

≠ net climate benefit

≠ a major global 
accelerant in achieving 
global climate goals.

Widespread 
adoption 

of AI across 
industries



Greening the grid is not sufficient

The path to net zero emissions is narrow: staying on it requires 
immediate and massive deployment of all available clean and efficient 
energy technologies. In the net zero emissions pathway presented in this 
report, the world economy in 2030 is some 40% larger than today but uses 
7% less energy. A major worldwide push to increase energy efficiency is an 
essential part of these efforts, resulting in the annual rate of energy intensity 
improvements averaging 4% to 2030 – about three-times the average rate 
achieved over the last two decades.

Source: IEA, “Net Zero by 2050: A Roadmap 
for the Global Energy Sector” (2021) Source: IEA, “Energy and AI” 2026

• Unbridled AI growth is not something 
that can be handled by the Planet

• has social impacts already



Lecture outline
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Callback: AI & Climate Policy and 
Regulation Lectures

TODO: add summary slides if i can get access to the 
other decks



Existing initiatives to foster applications

⬩ Dedicated governmental research and 
development funding (EU, Germany, 
Austria, Sweden, US, etc.)

⬩ Large research and monitoring 
programs (Copernicus, Nasa Harvest, 
etc.)

⬩ Some AI strategies and EU AI Act (2024) 
emphasize climate change as 
application area

69
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Incentivizing 
Frugal applications



Existing Initiatives Requiring Transparency

⬩ The EU AI Act (2024) 

▪ Reporting on the compute resources and energy 
use of high-risk systems and large models

⬩ Proposed US Artificial Intelligence 
Environmental Impacts Act (2024)

▪ Require environmental impacts assessments (by 
the EPA and NIST)

▪ Application- and computing-related impacts

71



Poll Six

The EU AI Act requires public disclosure for the energy 
use for general-purpose AI required for:

a) training,    b) inference,    c) both,    d) none



Example in the EU AI act: 

● For general-purpose AI:  significant gap as it only covers the energy used during the 
modelʼs development phase, but leaves out the inference phase 

● Where the Act does mandate the disclosure of energy consumption, this information 
is restricted to authorities and is not accessible to downstream providers → 
significantly reduces transparency and accountability, thereby weakening the 
potential for public oversight and market responses.

● AI Act fails to address the greenhouse gas (GHG) emissions generated by AI 
applications

● Water consumption not addressed

● Environment can in theory be regarded as a criterion for high-risk systems but it is not 
made explicit. 

Omissions matter



Regulating Data Centers

• Energy Efficiency Directive EU/2023/1791 ("EED") 
and the Commission Delegated Regulation 
EU/2024/1364 

▪ applies to all data centers in the EU with a power demand of 
at least 500kW, which includes small-sized data centers.

▪ Data center operators are required to collect, make publicly 
available and report to a EU database information. The 
reporting is mandated on an annual basis.

▪ The required data includes energy consumption, power 
utilization, temperature set points, waste heat utilisation, 
water usage and use of renewable energy

• German 2023 Energy Efficiency Act
▪ requires data center operators to inform their customers on 

an annual basis on the energy consumption directly 
attributable to them 74

Power Usage Effectiveness 
(Image: Google)



Need for Integrated Oversight for Datacenter Sitting

● Transform data-infrastructure governance from a 
purely energy-water challenge into a lever for 
equitable territorial planning and people's centred 
policy vision.

● Land use interaction: Siting has various implications 
given interaction with local zoning, property 
valuation, and ecosystem restoration priorities

● Ongoing discussion on compensation mechanisms, 
and community benefit frameworks needed

● → Need for integrated oversight across energy, 
environment, and digital-economy policy vision.



Summary 

📝 Sustainability impacts of AI span the whole AI lifecycle and include various 
impact categories

→ Look at computing, applications and system-level impacts

📝 Impacts of large models need to be better addressed via evidence-based action

📝 Yes to frugal AI-for-climate applications!

📝Estimates remain uncertain and outlooks/narratives should be cautious 

📝 Regulating AI, beyond market incentives, can lead to further transparency, which 
is key to public debate



More Resources 

https://www.sustainableaicoalition.org/inventory-of-key-reports-on-sustainable-ai/

https://www.sustainableaicoalition.org/inventory-of-key-reports-on-sustainable-ai/


Data



Q&A



Quiz One

Is the energy use for training or inference most 
important for the main commercial large language 

models for
a) Training,    b) Inference?



Quiz Two

Are larger models always performing better than smaller 

models in terms of results for climate-relevant tasks?

a) True,    b) False



Quiz Three

Do we have robust scientific estimates about the 

future net impact of AI on climate?

a) True,    b) False



Quiz Four

Qualitatively, 

is the current net impact of AI on climate:

a) Negative,    b) Positive?



Quiz Five

Is using more renewable energy the solution to the 

increasing electricity demand of AI?

a) True,    b) False



Pre-Readings
● Aligning artificial intelligence with climate change mitigation, Kaack et al 2022 

https://www.nature.com/articles/s41558-022-01377-7

● The AI Climate Hoax: Behind the Curtain of How Big Tech Greenwashes Impacts, Ketan 

Joshi, 2026 

https://drive.google.com/file/d/12l1W4W25b-_ff6yFNJABkfal9_9oevxe/view

● The Real Story on AIʼs Water Use–and How to Tackle It, Shaolei Ren & Amy Luers, 2025 

https://spectrum.ieee.org/ai-water-usage 

https://www.nature.com/articles/s41558-022-01377-7
https://drive.google.com/file/d/12l1W4W25b-_ff6yFNJABkfal9_9oevxe/view
https://spectrum.ieee.org/ai-water-usage

