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Global energy consumption
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Global energy consumption

— Other renewables
1 Modern biofuels

R Solar
- Wind
_T Hydropower
12 000 - — Nuclear
— Natural gas 7
10 000
§  8000-
)
2
-
. (1)
o o]]
%‘ 6000 77 .A’
y Fossil energy
L
.§ 4000
E
2 000 — Coal
0 T T — Traditional biomass
1600 1700 1800 1900 2000

© Constance Douwes 5



Global energy consumption
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Planetary bounderies
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Greenhouse effect

Energy from the sun warms Earth
Some escapes

back into space
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Earth is about 60°F. (=15° C)
Without the atmosphere it would be 0°F.
(=-17° C)
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Main greenhouse gas (GHG)
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Bombes d'aérosols

Réfrigérateurs

Gaz d'échappement

3

Combustion du pétrole et du charbon

Déforestation

Source : Commission européenne ; doi 1027601953332, JRC134504 CC-BY-SA.
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Main greenhouse gas (GHG)
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CFC

el [e Atmos. Lifetime GWP
Carbon Dioxide (CO2) 1000’s of years 1
Methane (CH4) 10 years 25
Nitrous Oxide (N20) > 100 years 298

Fluorinated Gases (CFC) 1,000 - 10,000 years 1,000 -10,000

Source : Commission européenne ; doi 1027601953332, JRC134504 CC-BY-SA.
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Reducing carbon emissions

a) Global GHG emissions
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Source :

T Past GHG emissions and
¢ uncertainty for 2015 and 2019
< (dot indicates the median)

Sixth Assessment Report 2023
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Emissions per year per capita
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+2 d'ici 2030 e s T

Objectif d'ici 2050 : 2t COze

INVENTONS

NSS VIES
BAS CARBONE

Sources : Kit Inventons nos vies bas carbone (Fév. 2021), Rapport sur I'état de I'environnement en France (Déc. 2020)
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Al family
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Intelligence artificielle
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Artificial neuron
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Multi-layer perceptron

input layer Hidden lty.n Output layer
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Training
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Dataset
Image (pixels) + « True » label

1. Initialization : random weights w;;

2. Adjust weights according to the error

3. Repeat until good performances
© Constance Douwes

— Cat or dog ?
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Training

Image of the train set
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1.

2.
3.

Initialization : random weights w;;

Adjust weights according to the error
Repeat until good performances

Prédiction
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Training

Prédiction True

Image of the train set

A\
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2. Adjust weights according to the error
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Training

Image of the train set
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1. Initialization : random weights w;;
2. Adjust weights according to the error
3. Repeat until good performances

Prédiction
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Inference

New entries
(never seen by the network)
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Input layer
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Inference

AT
%MA

New entries
(never seen by the network)

Fixed weights w;;
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A LOT OF COMPUTATIONS !!!

A LOT OF COMPUTATIONS !!!

A LOT OF COMPUTATIONS !!!
A LOT OF COMPUTATIONS !!

A LOT OF COMPUTATIONS !
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Training compute increase

433 Results &

= Training compute (FLOP) of Notable Al models
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Graphical Processing Units (GPUs)
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Rack-scale

MGX 1RU LC System

Floating Blind
Mate

Reduces breakage

Denser DC-
SCM

Fits 1RU form
faqtor

Configurable Bay
System

Meets different user /0
needs

Larger Cable Tray

Fits high networking
cable density

Blind Mate Slide
Rails

Enables NVLink and LC
blind mate connections

Latch Ejector Bar

Withstands 6,000 b of
mating force

Rack example: NVIDIA GB200 NVL72 Rack-Scale Configuration
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GB200 NVL72

Rear Rack Extenders

Protects cable bracings
and manifold fittings

7
3
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|
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Blind Mate Manifold

Supports 130 KW of
cooling capacity

4x Cable Cartridges

Houses 5,000 NVLink
cables

Rear Rack Stiffeners

Withstands 6,000 b of
mating force

1,400-amp Bus Bar

Powers higher compute
density

Front View

Rear View
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Data centers
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Data centers (now)
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Data centers (now)

d Microsoft’s emissions jump almost 30% as it
races to meet Al demand

Increase from 2020 to 2023 highlights challenges of meeting climate goals while investing
in infrastructure

JULY 4, 2024
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load (GW) ) Al d.rlv.es 48% Increase in Google
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Source: IEA, Energy and Al, April 2025
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Data centers (to come)

Status

Iceland Sweden O Existing system
Russia 3 Planned system

Canada United

Kingtlom, Circles sized by

Power capacity (MW)

Unitéd
States
China

Saudi Afabia

Vietnam
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Australia

Source: Epoch Al, January 2026
© Constance Douwes




In Marseille
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In France
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Datacenters prospective

© Constance Douwes

Global Energy Consumption of Datacenter (Twh)
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Source : The Shift Project, 2025

Part cryptomonnaies (non
étudiée dans le cadre de ce

rapport)

s Part "IA" due au "phénomeéne
IA générative" (voir partie VI.)

s Part "hors IA"

Scénario exploratoire de
déploiement indifférencié de
I'offre de calcul et de son
adoption généralisée

Tendance conservatrice (taux
de croissance 2024-2019
conservé, alors que croissant,
cf. Annexe 1)






Life-cycle phases

Data
Collection, Processing

Model
Develoment, Training

Model
Deployment, Inference
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Life-cycle phases

Data
Collection, Processing

Model
Develoment, Training

Model
Deployment, Inference
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Life-cycle phases

Data

Model Model
Collection, Processing

Develoment, Training Deployment, Inference

EANAR .Emes "

© Constance Douwes




Life-cycle analysis

Impacts

manufacture use

/7

© Constance Douwes

end of life
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Ressources

Water

CO,

Life-cycle phases
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T
4 Energy = 2 (Pepu + Pcpy +Pmem ) (H) X At
t=0
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%Energy — (PGPU —+ PCPU +PMEM) X Time

TDP : Thermal Design Power

© Constance Douwes 44



4Energy X PUE

Power Usage Effectiveness

Data Center

- IT Facility |
; Power Supply ',QC
4 v 14| =l @ - s
: =+ 140 ﬁ - lI ) 00}
_________ - 0 ||| B .. ... 1@ olol
Electricity Grid Powerline& : transformer UPS Backup  FuelTank |Compute, Storage  Network  Cooling : Network

Backup Generator Systems : Backbone
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# Energy X PUE X Carbon intensity = CO,eq
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France : 18g CO,eq/kWh

(60% nuclear, 39% renewable)

»w,‘
Va

. Chine : 578g CO,eq/kWh
ek > (67% coal, 25% renewable)

NY : 311g CO,eq/kWh

(42% gas, 22% renewable)

Carbon intensity (gco.eq/kwh)
T
0 300 600 900 1200 1500 47
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https://app.electricitymaps.com/

PERIODE
Dimanche 11 janvier 2026 v

@ Emissions de CO,

26 co2 eq/kWh

Données temps réel '
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Some tools

Online Code level Server level

Green Algorithms

Carbon footprint on <my_server>
How green are your computations?. P Ve

- user: <yourID> -
(2024-81-81 / 2024-88-28)

mul 1 B
Details about your algorithm

EE
#* o3 o ow B

2.37 kg CO2e 9.37 kWh

Carbon footprint Energy needed

Runtime (HH:MM

Type of cores &

13.56 km

enger car

..This is equivalent to:

- 0.581 tree-months

- driving 3.85 km

- 0.81 flights between Paris and London
GPUS

Number of

with this link! ) ictthe e sumption anc . .
Share your results with this link 'sumption and ..13.3% of the jobs failed, these represent a waste of 33 gCO2e (8.835 tree-months).
arbon footprint of traini d learning mod

5 - ...0n average, the jobs request at least 1.1 times the memory needed.
Computing cores VS Memory How the location impacts your By only requesting the memory needed, 5 gC02e (0.685 tree-months) could have been saved.
footprint
Energy used: 2.31 kWh
- CPUs: 1.57 kWh (68.18%)
d for the - 6PUs: 8.80 kWh (8.608%)

Breakend/experiment_ Memory: 0.43 kWh (18.77%)

Data centre overheads: 8.30 kWh (13.04%)

impact_tracker Carbon intensity used for the calculations: 231.12 gC02e/kWh

Summary of usage:
- First/last job recorded on that period: 2824-81-29/2024-87-30
Number of jobs: 15 (13 completed)
Core hours used/charged: 332.1 (CPU), 0.8 (6PU), 332.1 (total).
Total usage time (i.e. when cores were performing computations):
Foleet - CPU: 9 days 85:26:47 (221 hours)

- GPU: O days 00:00:00 (@ hours)
Total wallclock time: 2 days 06:29:43
Efficiency - Total memory requested: 351 6B

© Constance Douwes 49


https://calculator.green-algorithms.org/
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Training cost

of Large Language Models

GPT-3:
» 10000 NVIDIA Tesla V100 DGXS 32 GB
» 14,8 days
> Microsoft data center (PUE=1.125)
» Zone US

=~ 502 tCO,eq

© Constance Douwes

GPT-4:
> 25000 NVIDIAA100 SXM4 40 GB

> 90-100 days
» Microsoft data center (PUE=1.125)
» Zone US

=~ 9700 tCO,eq
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Training cost

of audio generative models

Model GPU TDP (W) Hours % Energy (kWh) Carbon footprint (kgCO,eq)
Jukebox 256 x TeslaV100 64 000 72 4 608 3305 = 4 tcozeq
Diff-a-Riff 1 x RTX 3090 350 288 100 74
FlowaveNet 1 x V100 250 272 82 60 ST P
SING 4 x P100 1 000 Y) 52 38 hERS
SampleRNN 1 x Titan X 250 168 42 31 ”
| AR %
RAVE 1 x Titan V 250 168 42 31 )
Paris - Tokyo
GANSynth 1 x V100 250 108 32 24 Y
WaveGAN 1 x P100 250 96 24 18
[Douwes 2023 & update 2025] \/‘
X PUE = 1.55

© Constance Douwes

X IC =0.43 kgCO2/kWh
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Training cost

of ISMIR conference

» Papers published at ISMIR 2017-2023
» Training details (hardware&time) — only 20% of papers

» Carbon intensities corresponding to affiliations

ISMIR = 8 tCO,eq

[Holzapfel 2023]

© Constance Douwes
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Development costs " Griar5000

of LORIA laboratory * L, *
e, e
INRIA Nancy (LORIA)
le7
3.5-

— mmm With GPU 600 -

5 3.0- Only CPU .

o =500 -

£ 2.5- =

g S 400 -

(o) 2 0 = —

(5] > -

o L1.5- 8300

% 2200 -

g - 0 = ~50%
| [l ]
0.0-ﬁ—ﬂ—ﬁ-—--- - 0'_|_——

2014 2019 2024 2014 2019 2024
Year Year

[Douwes 2027]
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Development costs LN
» Grid’5000 wemgn . ¢

of Multispeech research team * ok

Multispeech Team

Energy (kWh)

ZBOKWHMamy Vﬂ i HMM“ il

2023-09 2023 -1 2024 -0 2024 -03

Date

2024-05 2024 -7 2024 -9 2024 -11

[Douwes 2027]
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**

Development costs < Grid’5000

* * *
of members gf the team

2222222222222222222222222222222222222222222222222

Energy (kWh)
N 8 S

User 2 f- k. ik, \Mmhlmm. ool . . i

2222222222222222222222222222222222222222222222222

222222222222222222222222222222222222222222222222
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**

Development costs < Grid’5000

* * *
of members gf the team

[hi
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Training vs. Development

19030 kWh
. -
o= 15000 - —_ ) x
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0- _222kwh OS24 KN 37 kWh 123 kWh
. . AN . K\
2}‘?} ;(,\Q bé bQJ ,'b\“\ bQJ
o & N o S N
&& > o’<z> ‘&@ > o’@
& <3 A & <" A

D
i o565 g

© Constance Douwes 59



Inference costs

Navier Stokes

60



Training VS Inference

Meta

W Training Inference

(from Sardi 2025; data from Patterson et al., 2022; Wu et al., 2022; De Chateauvieux et al., 2022)

© Constance Douwes
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Emissions per task

I0NS

m

Q

Model
Hp

[Luccioni 2023]

© Constance Douwes




Independant hardware metrics

Number of parameters Number of operations (+,-,X, +)

()
ofor™

SESZAE

y = xl-W11+x1°W12+x2 'W21+XZ 'W22+b

© Constance Douwes
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Emissions # Size

S 1000 modality
O * Textto category
o Text to image
o 100 T
\J)/ ext to text
S Image to text
g 10 Image to category
E
@ _ .
g ° .

< 0.1

2 10M 2 5 100M 2 5 1B - b 108

Model size (number of parameters)

[Luccioni2024]

Enetwork * «a Size + ,8
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Energy + FLOPs

& densenetl6l

. densenet201

. densenet169

wide_resnetl01_2

. densenet121 hardnet85

. hardnet68ds

“hardnet68

harsinet39ds _—googlenet

= -3 _—

k- - =
mobilenet_v2
== —

4 squeezenetl_1
‘alexnet

© Constance Douwes

. wide_resnet50_2

~Nggle
~ggl3
vggll

shufflenet v2 x1 0 squeezenetl 0

12 14
FPOs(G)

Enetwork + a FPOs + ,B
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Per layer estimations

of any architecture

Additivity corrective term

E, E, .. E,
N~ NA
Oi%é/ﬂk%gl\_ O Niayers
~ ORUC B DA = o ) fi(X)
Oftofiolo (X
Moo i

Fitting function f;(X;)
Polynomial models
(i/o size, nb channels, FLOPs, etc...)
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Energy per token

Energy / token per model parameters count

Data from ML.Energy Leaderboard

120p

[Wh]

c
()
X
=]
—
—
]
a
>
(&)
—
)
c
L
-
a.
O

100

Model size (B of parameters)
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“EcolLogits

Batch size
500
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Manufacture cost

\ — &0 4 g
° — . f : \ ,“
> || -h.§. e

Duration use
‘ Lifespan of the GPU ,

Allocation factor

X CO,eq Production

» Meta : 70% Usage / 30% Manufacture
» BLOOM : 78% Usage / 22% Manufacture [Luccioni 2022]
» GenAl : 87% Usage / 13% Manufacture [Falk 2025]
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Impacts categories

Water
Consumption @

Climate Change Ozone Freshwater Acidification
Depletion Ecotoxicity

Terrestrial
Eutrophication

Marine
Eutrophication

Freshwater
Eutrophication

-

Resource Use Resource Use Human Toxicity Human Toxicity
Fossils Minerals and Cancer Effects ! Non Cancer
Metals % iaj
00
Land Use Non Renewable lonising Photochemical
Energy Radiation Ozone
Human Health Formation,

Human Health
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Text generation

Company mode Expert mode
Task Provider

Z= Write a 5-page report v OpenAl

v

Environmental impacts

Electricity consumption © Carbon Footprint

9.22 Wh 3.85 gC02eq

between 7.28-11.2 Wh between 3.11-4.6 gCO2eq

© Constance Douwes

# Water consumption

33.3m

between 26.3-40.3 mL

Model

Gpt4.1 v

@ Metals & Minerals

18 . 2 pgSbeq

between 18-18.4 ugSbeq



https://calculator.ecologits.ai/

Video generation

Company mode Expert mode

Task

‘& Generate a 4K video

Environmental impacts

Electricity consumption

6.08 kwn

between 4.5-7.65 kWh

© Constance Douwes

Provider

v OpenAl

© Carbon Footprint

3 . 04 kgCO2eq

between 2.32-3.76 kgCO2eq

Model

v Sora 2 pro

# Water consumption

26.6.

between 19.7-33.5 L

@ Metals & Minerals

14. 1 mgSbeq

between 14.1-14.2 mgSbeq


https://calculator.ecologits.ai/

LCA example

Table 2. Environmental impact of Stable Diffusion for FU1 and FU2

FU Abiotic Depletion Warming Potential ~ Primary energy
Potential (kgSbeq) (kgCO?eq) (MJ)

FUI - Single ~ 6.72¢™%8 7.84¢79 2.02¢701
use of service

FU2- Ayear  4.64¢"% 3.60e*0° 8.93¢700
of service

. . Data-center part - Training Data-center - Inference Data-center - Webhosting Il Networks End user Terminals
Stable diffusion e
(a) (b)

100%

ADP GWP PE (MJ) ADP GWP
(kg.Sb.eq) (kg.CO2.eq) (kg.Sb.eq) (kg.CO%.eq)

Source: Berthelot et al, 2024
© Constance Douwes 77


https://stablediffusionweb.com/fr

LCA example

Train GPT-4 model on Nvidia A100 SXM 40GB

Manufacture
Distribution
Usage

Bl End of life

a) GPT-4 Training

Detailed teardown
Elemental analysis

0.18
disease occurrence
102442
mol N eq
1.2e+06
kBq U-235 eq
3.0e+06
no dimension
0.12
kg CFC11 eq
25918
kg NMVOC eq

S
C
kS
)
>
QO
=
e
C
(@]
O
(O]
()]
©
et
wn
g
|9
>
@)
(O]
=
|

Falk, Ekchajzer, et al.. More than Carbon: Cradle-to-Grave environmental impacts of GenAl training on the Nvidia A100 GPU, 2025
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15t 2nd 3rd order

Lock-in and
path dependency

Consumer
behavior

|

© Constance Douwes

C

SYSTEM-LEVEL
IMPACTS

. \ L
Increasing precision in GHG
emissions ‘e\stimates

\
\ s
\\ IMMEDIATE APPLICATION

\ IMPACTS
Optimirtion and substitution //

\
\
\
\
\

/
/
/

/

lncreasing//effect on
GHG emissions

/
/

/
Rebound
/ effects

Buildings \ / Transportation

Power systems

COMPUTE-
RELATED IMPACTS

Operational and embodied

HEEM

Energy supply

s ~
{ MACHINE LEARNING ALGORITHM \

\ Inference, training, development /I

Communication
and education

Agriculture

o

Forestry and
other land use

ﬁ

Other systemic
effects
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Efficient Al

Pruning > ﬁ%‘
@ o
fp32 __Quantification— @

X
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Rebound effect

Production
expension

Compensation

Increased
usage
X
© O >
O )
& & % O N N
&N O N o o O
.(,'b‘ > < Q,Q éo
N A8 S 1\ < <
' & A\ X X ¢
N & R & &
Q& (o) %(\ 0\ Qb\ ooo
A\ QS"
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Frugality vs Efficiency

Efficience

Frugalité

Aptitude a
optimiser les
moyens alloués
pour atteindre
un résultat
défini

Aptitude a se
contenter d’un
niveau de
résultat jugé
suffisant en
redéfinissant les
usages et les
besoins

Efficacité,
optimisation

Sobriété (ou
Sufficiency 1©
en anglais)

En relatif/par unité
d’usage

Le besoin prime :
optimisation d’'une
solution jugée celle
répondant le mieux
au besoin

En global

La contrainte sur
les ressources
prime : recherche
de la solution
utilisant le moins
de ressources
possible et
apportant une
réponse
satisfaisante au
besoin

Recherche d’un
optimum local ou
d’un compromis
sur un niveau de
résultat
fortement
contraint

Recherche d’un
optimum global
ou d’un
compromis large
sur un niveau de
résultat, ce qui
nécessite d’élargir
ou d’assouplir le
besoin

Référentiel général pour I'lA Frugale, AFNOR, 2025

Prise en compte
des effets de
premier ordre pour
les minimiser

Prise en compte
des parties
prenantes de I'lA

Prise en compte
des effets de
premier ordre et de
second ordre pour
minimiser les
impacts
environnementaux
négatifs

Prise en compte de
tous les acteurs
au-dela des seules
parties prenantes
del'lA




Social impacts

© Constance Douwes

NVIDIA
sells GPUs
to big tech
companies
and data
centres

Procesados Industriales

Tantalum is extracted in Kazakhstan by
Ulba Metallurgical Plant

P

Gold is extracted in Colombia by C.I Metales ‘ E-waste dump in =
3 4
Ghana

[Valdivia 2025]

AN

intangible material of AT within its supply chain.

Sata labelers in Kenya

Mine workers in Brazil : 5EUR/hour

: 2EUR/hour

Al enginners (open Al)

: 75 EUR/hour
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