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O Prolegomena

Where I’'m speaking from (my knowledges are situated - > zaravay - 19881) :

O Projects f“‘““!.‘ SLOW (3

O Position: research professor in computer science

0 Research activities:

- 92-2014: design of declarative languages for DS

- 2014- : digital technology and the Anthropocene

QO Member of Lobﬂs IE5 QdEcoInFo GdR GPL

GdR Genie de la Programmation et du Logiciel
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https://www.lacl.fr/~michel/
https://labos1point5.org/
https://ecoinfo.cnrs.fr/
https://gdr-gpl.cnrs.fr/
https://slow-tech.fr/
https://www.jstor.org/stable/3178066

Word of clarification

@ Disclaimer

d A broad and multidisciplinary subject that draws on various academic fields
d Science in the making: unstabilized knowledge
O High degree of uncertainty at the root of controversies

d Collision between the long term (of research) and the short term (of news)

(*) the picture on the first slide is from iscuzce - 20181 that is pre Nov. 2022 %
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https://goodkindsucks.blogspot.com/2018/09/goodkind-plagiarist.html

Outline of the talk

1. Current situation
2. Information and communication
- Definition
- ICT and GHG impact
- Life cyce analysis (LCA) and Direct Effects
- Second Order Indirect Effects

3. Mainstream (generative) Al

4. Conclusion
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1 Current situation

[U. of Liverpool - Warming oceans and atmosphere visualized in new climate stripes study - 05/2025]
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https://phys.org/news/2025-05-oceans-atmosphere-visualized-climate-stripes.html

A serious situation

d Climate change widespread, rapid and intensifying (IPCC)

Anomalies and extremes in sea surface temperature in April 2024
Data: ERAS 1979-2024 = Reference period: 1991-2020 « Credit: C3S/ECMWF

O Extreme temperatures

o L B

d Drought conditions -
d Heatwaves .
O Fires
O Flooding
O Glacier melting
O Permafrost melting
a.
O Relative to 1850/1900  :&mce == oy (on & o e v
Q +1,15 °C (world) BBl ecividie. (ooemics €SECMWF (B
[...] April 2024 is the eleventh consecutive month being
O +1,7 °C (France) the warmest for the respective month of the year. [...]
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https://climate.copernicus.eu/april-2024-11th-consecutive-warmest-month-globally

2023-2025: first three-year average above 1.5°C

Anomaly Actual Three highest
Region (vs 1991-2020) temperature Rank anomalies

Surface air temperafure

Globe +0.59°C 14.97°C 3rd highest 2024 +0.72°C
(#1.47°Cvs 2023: +0.60°C

pre-industrial) 2025: +0.59°C

Global land +0.86°C 10.08°C 2nd highest 2024: +1.06°C

2025: +0.86°C
2023:+0.85°C

Europe +1.17°C 1041°C 3rd highest 2024 1.47°C
2020: +1.19°C
2025 +1.17°C

Key temperature statistics for 2025

Past 11 years have been 11 warmest on record
January 2025 (+0,79°C - reference 1991-2020) is the warmest January ever recorded
March, April and May were each the second warmest for the time of year

Each month of the year, except Feb and Dec, was warmer than the corresponding month in any year before 2023

o O O o o

In 2025, annual surface air temperatures were above the 1991-2020 average across 91% of the globe, the same fraction as in
2024.

(]

48% of the globe experienced much warmer than average annual temperatures

U Annual temperatures were the warmest over 9% of the Earth’s surface relative to all years since 1979

Hﬁ?l“’EPISEN lCl Cl ECO'Q.ED rbm;ﬁdm ’

[2026 - Global Climate for 2025 - COPERNICUS]


https://www.pond5.com/stock-footage/item/313395651-2026-year-continuous-single-one-line-art-drawing-animation-n
https://climate.copernicus.eu/sites/default/files/custom-uploads/GCH-2025/GCH2025-full-report.pdf

Acceleration in temperature rise

O Reference: pre-industrial period (1850-1900)
O Acceleration of warming since 2014

d At this rate, it will be +2 °C in 20 years and +3 °C by 2100

2014 - -
+0.35 °C / decade
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https://www.pond5.com/stock-footage/item/313395651-2026-year-continuous-single-one-line-art-drawing-animation-n
https://library.wmo.int/records/item/69455-state-of-the-global-climate-2024
https://www.youtube.com/watch?v=Vl6VhCAeEfQ
https://wmo.int/news/media-centre/wmo-confirms-2025-was-one-of-warmest-years-record
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2025GL118804

An acceleration that started in the 50's

O All socioeconomic indicators
show similar growth

d Turning point in 1950

Figure 2. Trends from 1750 to 2010 for ten of the socio-economic graphs
(excluding primary energy use and international tourism) with three splits for: the
OECD countries, the so-called BRICS (Brazil, Russia, India, China (including
Macau, Hong Kong and Taiwan where applicable), and South Africa) countries,
and the rest of the world
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— The Antrhopocene Review - 2018]

[Stephen et al.


https://journals.sagepub.com/doi/abs/10.1177/2053019614564785
https://www.youtube.com/watch?v=Vl6VhCAeEfQ

An acceleration that started in the 50's

Earth system trends

d Similar situation for many
Earth system indicators

£

E | Carbon 41 Nitrous 2100 | Methane
g dioxide J oxide  vioe
E 3o E o E 1200 —
%m }ém ‘§1|:m 2
Figure 3. Trends from 1750 to 2010 in indicators for the structure and functioning £ £ £ o S
of the Earth System. (1) Carbon di'oxide from.firn and ice core records (Law ™ o o qes0 a0 T S A o S T TR |
Dome, Antarctica) and Cape Grim, Australia (deseasonalised flask and Yoar At Yoar e Yoar N
instrumental records); spline fit. (2) Nitrous oxide from firn and ice core records J
(Law Dome, Antarctica) and Cape Grim, Australia (deseasonalised flask and = = ; as — = >
: . : - - ; tratospheric 2 04| Surface s | Ocean
instrumental regords), spline fit. (3) Methane from firn and ice core records (Law s 20 ° 0 | femperature " | acidification ~
Dome, Antarctica) and Cape Grim, Australia (deseasonalised flask and g @ = s 9
instrumental records); spline fit. (4) Maximum percentage total column ozone # H : @
; Spi p 9 E 02 & 4]
decline (2-year moving average) over Halley, Antarctica during October, using o 3 &
305 DU, the average October total column ozone for the first decade of o N Faal . Tesf - 2
measurements, as a baseline. (5) Global surface temperature anomaly '™ " ¢ 0 102G, W9 IR o i " H
(HadCRUT4: combined land and ocean observations, relative to 1961-1990, 20 g
yr Gaussian smoothed). (6) Ocean acidification expressed as global mean  _ . . o
surface ocean hydrogen ion concentration from a suite of models (CMIP5) based = Marine fish Shrimp % ,, | Nitrogen to &
on observations of atmospheric CO2 until 2005 and thereafter RCP8.5. (7) 22 capture 1 > T aquaculture gw coastal zone |
Global marine fishes capture production (the sum of coastal, demersal and £ « F i, .
pelagic marine fish species only), i.e. it does not include mammals, molluscs, = .. g2 ; . J
crustaceans, plants, etc. There are no FAO data available prior to 1950. (8) , H 2 »
. . . . IO — i
Global aquaculture shrimp production (the sum of 25 cultured shrimp species) Y70 180 180 1900 1950 2000 Y70 1900 180 1900 1950 2 oo 1750 1800 1850 1900 » (4]
as a proxy for coastal zone modification. (9) Model-calculated human-induced o o o g
perturbation flux of nitrogen into the coastal margin (riverine flux, sewage and 4]
. " . . 30 . S0 § Ll
atmosph.erlc deposmon). (10) Lo§s of tro_plcal forests (tropical evergreen forest ] Tropical : . | pomesticated 5 [ Terrestrial 9
and tropical deciduous forest, which also includes the area under woody parts of 5 1| forestloss i |land 2 | biosphere 2}
savannas and woodlands) compared with 1700. (11) Increase in agricultural = , 5, i‘“ degradation
land area, including cropland and pasture as a percentage of total land area. (12) = . g 5
Percentage decrease in terrestrial mean species abundance relative to s 2 :
abundance in undisturbed ecosystems as an approximation for degradation of o . T 0 ! 3 o
1750 1800 1B50 1900 1950 20 1750 18000 1E50 1900 1950

1750 1ﬂ.EIEI 1850 190D 1950 2000
the terrestrial biosphere. Ve wie Yoar wio Year 2010
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https://www.youtube.com/watch?v=Vl6VhCAeEfQ
https://journals.sagepub.com/doi/abs/10.1177/2053019614564785

On a human scale

d The Holocene: a period of great stability

| Quaternaire |
y< >y
Pal [ Eocene | Oli [ Mio Pliocene | Pleistocene Holocene
151 Paléolithique | 5 Hemisphere Ice Sheets Néolithique 15
----- <« )l ¢ ) g
N. Hemisphere Ice Sheets 2200
Naissance
101 agriculture 10
-10kyr
Ve e - d . i
mid-Pliocene :-Iﬁ mid-Holocene
. 5 > - > 5
@) early Eocene Derniére période
g glaciaire —
5 -115kyr - -12kyr 9
14 °C 4
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Zachos et al. (2008) Y Lisievl & lvymo (2004) —WGRlP Marcot v (2013) Y HadCRUTA4 o
o
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Myr Before Present kyr Before Present Year CE 2

Fig. 1. Temperature trends for the past 65 Ma and potential geohistorical analogs for future climates. Six geohistorical states (red arrows) of the
climate system are analyzed as potential analogs for future climates. For context, they are situated next to a multi-timescale time series of global
mean annual temperatures for the last 65 Ma. Major patterns include a long-term cooling trend, periodic fluctuations driven by changes in the Earth’s
orbit at periods of 104—105 y, and recent and projected warming trends. Temperature anomalies are relative to 1961-1990 global means and are
composited from five proxy-based reconstructions, modern observations, and future temperature projections for four emissions pathways (Materials

and Methods). Pal, Paleocene; Mio, Miocene; Oli, Oligocene.
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https://www.pnas.org/doi/10.1073/pnas.1809600115
https://www.youtube.com/watch?v=Vl6VhCAeEfQ

A system at risk of losing its resilience?

d “Are we pushing the system out of its Holocene attraction
basin?” [J. Rockstrom - 2024]
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https://www.stockholmresilience.org/research/research-videos/2024-08-19-the-tipping-points-of-climate-change---and-where-we-stand.html
https://www.stockholmresilience.org/research/research-videos/2024-08-19-the-tipping-points-of-climate-change---and-where-we-stand.html
https://www.youtube.com/watch?v=Vl6VhCAeEfQ

Planetary boundaries to keep the planet in a safe zone

Climate change

02 Radiative
concentration  forcing

Biosphere

d Planetary boundaries ity
2023

Novel entities

O “The planetary boundaries framework Genetic
delineates the biophysical and
biochemical systems and processes
known to regulate the state of the
planet within ranges that are historically y /
known and scientifically likely to maintain NG,

Functional

Earth system stability and life-support “5." sratosphercozone
systems conducive to the human ’
welfare and societal development //’ e
experienced during the Holocene.” 'y
‘. 4 . Atmospheric
Fl’:;::’;zef Blue aerosol loading

d Regulation during > 3B years

Ocean
. Biogeochemical acidification
O Interactions between the geosphere flows
and biosphere have controlled
environmental conditions Boundary transgressed ,
N s
D HOIOCE"e state Of earth (IaSt ] ] 000 Safe:prg:.:zating Zone of increasing risk Higgnreisk

years) have been rather stable

[K. Richardson et al. - 2023 - Scie}[:ce Advances]
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https://www.science.org/doi/10.1126/sciadv.adh2458

Planetary boundaries to keep the planet in a safe zone

d ...7 have already been crossed
@ 1. Climate change

3 But also
@ 2. Novel entities
3. Stratospheric ozone depletion
4. Atmospheric aerosol loading
@ 5. Ocean acidification (2025/09)
@ 6. Biochemical flows (N/P)
@ 7. Freswater change
@ 8. Land-system change
Q@ o. Biosphere integrity

vrec|“ersen  Jlelal  /Ecolnfo
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[B. Sakschewski et al - 2025 - Planetary Health Check]
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https://www.planetaryhealthcheck.org/
https://www.pik-potsdam.de/en/news/latest-news/seven-of-nine-planetary-boundaries-now-breached-2013-ocean-acidification-joins-the-danger-zone
https://www.pik-potsdam.de/en/news/latest-news/seven-of-nine-planetary-boundaries-now-breached-2013-ocean-acidification-joins-the-danger-zone
https://www.pik-potsdam.de/en/news/latest-news/seven-of-nine-planetary-boundaries-now-breached-2013-ocean-acidification-joins-the-danger-zone

The cost of climate disasters in 2025

US events dominated natural disaster losses in 2025

. Munich RE
Selected natural catastrophe loss events worldwide
SeVere Storm s Rockfall -~ Frost + Flood
14-17 Mar, USA i 28 May, Switzerland 2 i 23-29 Jul, China
Overall losses: US$ 9.4bn i Overall losses: US$ 0.5bn ¥ Overall losses: US$ 5.8bn
Insured losses: US$ 7bn : Insured losses: US$ 0.4bn i Insured losses: US$ 0.5bn

Fatalities: 29 £ Fatalities: 1 Fatalities: 70

Wildfire
‘".‘-w--w-- B Earthquake
28 Mar, Myanmar,
Thailand, China, Vietnam
Overall losses: US$ 12bn
Insured losses: US$ 1.5bn
Fatalities: 4,500
L]
Hurricane Melissa ., . s Cyelone Alfred
SB;BU Oct,DJarnalca. (;,:;Jba‘ ’ Severe storm, flood Cyclone Garance 28 Feb-10 Mar, Australia
. u.mmmaﬂ s 3-4 Nov, Argentina 27-28 Feb, Réunion Overall losses: US$ 3.5bn
Panama, Haiti, Puertc Rioo Overall losses: US$ 1.4bn Overall losses: US$ 0.9bn Insured losses: US$ 1.2bn
Overall losses: US$ 9.8bn Insured losses: minor Insured losses; US$ 0.4bn Fatalities: 1
Insured losses: US$ 3bn .
Fatalities: 5
Fatalities: 95
@ Geophysical events Meteorological events Hydrological events Climatological events @) solectd significant catastrophes
Earthquake, tsunami, Tropical storm, extratropical storm, Flood, mass movement Extreme cold temperature,
volcanic activity, rockfall convective storm, local storm wildfire s Small, medium and large loss events
. . . [T. Blunck - Devastating wildfires and intense thu
a According to reinsurer Munich RE nderstorms exacerbate losses for insurers - 2026]

- $224B cost for the damages

- Costliest claims year to date regarding non-peak perils: Wildfires, flooding and severe thunderstorms account for
almost all insured losses

- Insured losses once again above the US$ 100bn mark; total global losses lower than the 10-year average
- Hurricane Melissa devastates Jamaica; USA dodges direct hurricane hit for first time in ten years
- Fatalities totalling 17,200 significantly higher than in 2024, but below long-term average

- Climate change does not let up: 2025 one of the warmest years ever

“’EPlSEN l(] Cl ECO|Q,EO ; btien bnué;‘quedec "
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https://www.pond5.com/stock-footage/item/313395651-2026-year-continuous-single-one-line-art-drawing-animation-n
https://www.munichre.com/en/company/media-relations/media-information-and-corporate-news/media-information/2026/natural-disaster-figures-2025.html#2126964707
https://www.munichre.com/en/company/media-relations/media-information-and-corporate-news/media-information/2026/natural-disaster-figures-2025.html#2126964707

The cost of mitigating the effects

Global
d The projected cost of damage is ” i
. .. & I
estimated to be six times greater i
than the cost of mitigation . I
(to meet the Paris Agreement ﬁg " |
v Ll
targets) 5 0 I
3
- . ES
0 6 x 6 trillions US$/year in 2050 3%,
. TE
0 18% drop in GDP by 2050 5o I
53 i
(1]
|
X i
Q Fig. 1 | The commitment and divergence of £ o
economic climate damages versus mitigation © £ WS EHOCaSERTECILG
costs. Estimates of the projected reduction in 604 g:!ma:e gamages Eng’
income per capita from changes in all climate Di:‘;?:ncz"zi‘?;}ated;a i
variables based on empirical models of climate o i s%ganm%Signiﬁcam.ﬂvels
impacts on economic output with a robust lower : : I : : : :
bound on their persistence [] under a low-emission 2020 2030 2040 2050 2060 2070 2080 2090 2100
scenario compatible with the 2 ‘C warming target
and a high-emission scenario (SSP2-RCP2.6 and [Kotz et al. - Nature - 2024]

SSP5-RCP8.5, respectively) are shown in purple and
orange, respectively. Shading represents the 34% and
10% confidence intervals reflecting the likely and
very likely ranges, respectively (following the
likelihood classification adopted by the IPCC), [...]

vrec|“ersen  Jlelal  /Ecolnfo
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https://www.nature.com/articles/s41586-024-07219-0

Remaining stock of CO;

d IPCC modelization (AR6 - 2021 - p20/21)

B.5.2 For every 1000 GtCO; emitted by human activity, global surface temperature rises by 0.45°C (best
estimate, with a 71'Fe7y range Trom 0.27 to 0.63°C). The best estimates of the remaining carbon Buagetsﬁom the

39 Net zero GHG emissions defined by the 100-year global warming potential. See footnote 9.

Subject to Copyedit p.20

—are 500 Gtcoz—

Approved / Summary for Policymakers IPCC AR6 SYR

lobal warming to 1.5°C and 1150 GtCO,
reductions in non-C O emissions the lower

beginning of 2020 are 500 GtCO, for a 50% likelihood of limitin
dget or the larger remaining carbon budget for

for a 67% likelihood of |1m1t1ng warming to 2°C™_The stronger
the resulting temperatures are for a given remaining carbo
the same level of temperature change*'. {3.3.1}

In 2021...

[IPCC - 2023 - 6th Assesment Report]

=" |cicl Ecolgﬁo /

\ow Tech lab numérique de 'UPEC

17


https://www.ipcc.ch/assessment-report/ar6/

Remaining stock of CO;

U To avoid tipping: only use the available CO2 stock!
. . B.§.2 For every 1000 GtCO, emitted by human activity, global surface temperature rises by 0.45°C (best
D I PCC m o d e I I Z at I o n (2 O 2 ] ) estimate, with @ ,z@y range Tom 0.27 10 i!g!!!': The Bes% CSUMALCS Of (hC TCMmAIMIMg Carbon Buagefsﬁom the

39 Net zero GHG emissions defined by the 100-year global warming potential. See footnote 9.
Subject to Copyedit p-20
Approved Summary for Policymakers IPCC AR6 SYR

beginning of 2020 are 500 GtCO, for a 50% likelihood of limiting global warming to 1.5°C and 1150 GtCO,
for a 67% likelihood gf imiting warming to e stronger the reductions i non-CO, emissions the lower
the resulting tempgfatures are for a given remammg carbon budget or the larger remaining carbon budget for
the same level offemperature change®'. {3.3.1}

M
Q CO, remaining stocks (in 2025) to comply with the Paris Agreement

(SSP1-1.9) - +1,5 'C with a 50 % likelyhood

O 2025:]130 Gt (exhausted in 3 years if CO. emissions stay at 2024 level)
0 2024: 200 Gt

Q 2023:275 Gt (+1,7 °C: 625 Gt, +2 °C: 1 050 Gt)

[P. Foster et al - 2024]

vrec|“ersen  Jlelal  /Ecolnfo
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https://www.ipcc.ch/assessment-report/ar6/
https://essd.copernicus.org/articles/17/2641/2025/
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https://www.imdb.com/title/tt0910970/

2.1 Definition

« Mal nommer un objet, c’est ajouter au malheur de ce monde »

“To misname things is to contribute to the world's miseries”

[A. Camus - 1944]

UP/EC | “’EP'SEN lacl ECO'Q.EO S bm:qé,gc


https://www.radiofrance.fr/franceculture/podcasts/le-journal-des-idees/des-mots-et-des-choses-3314130

ICT: wherever there is silicon, computations?

Tom Warren &

@tomwarren
Amazon has created a $55 soap dispenser that has WiFi to pair to an
Alexa speaker. Why? To “automatically play songs, jokes, and more when
you wash” & theverge.com/2021/8/3/22607.

Traduire le post

[Telecom Review - 2020]
Semiconductors Power Today's Automobiles

Power Train Infotainment
+ Enginecontrol  + Dashboard Networking
-Engine « Car audio « CAN? i
- -Fuel injection + Connectivity audio o LINE
@ George Kedenburg I -Knock control ~ * Entertainment « FlexRay
@GK3 « HEV/EV' motor  * ITS/GPS? + SAFE-BY-WIRE
« Transmission + Car navigation display « MOST

i just had to download a software
update for my shoes which are now
getting a charge on their USB-C wireless
charging mat

Chassis

» Steering/EPS*
+ Brake/ABS’

« Traction control \
+ Suspension -

+» Chassis control

« Bluetooth

Electronic System

« Alternator, battery
& starter

« Lighting

« Diagnostics

we're living in the future!!! 5
Traduire le post

7:19 PM - 17 févr. 2019 depuis San Francisco, Safety and Control

cA | — + Airbag Comfort and Control + In-car data bus
[Twitter - 2019] ‘G_‘) [ASUS RTX 5080] « TPMS® « Power door
o « Collision warning « Power window
~ « Parking assistant « Climate control
. « Back monitor « Seat controls
“ « Night vision « Mirror & wiper control
:E‘I 1 Hybrid electric vehicle/electric vehicle 5 Media-oriented systems transport
'g 2 Intelligent transportation system/ & Electric power steering
(] global positioning system 7 Anti-lock brake system
S 3 Controller area network 8 Tire-pressure monitoring system
— 4 Localinterconnect network -

[2021 - Semiconductor Engineering 2021]
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https://x.com/GK3/status/1097198861703999489/photo/2
https://x.com/GK3/status/1097198861703999489/photo/2
https://x.com/GK3/status/1097198861703999489/photo/2
https://semiengineering.com/the-good-and-bad-of-auto-ic-updates/
https://edgeup.asus.com/2025/the-proart-geforce-rtx-5080-stands-out-with-a-wood-patterned-laminate-trim-and-usb-type-c-port/proart-rtx5080-exploded-view/
https://www.theguardian.com/world/2018/jan/28/fitness-tracking-app-gives-away-location-of-secret-us-army-bases
https://x.com/tomwarren/status/1422525660455649281
https://www.telecomreviewafrica.com/articles/general-news/1976-new-country-to-connect-to-ellalink-submarine-cable/

ICT - definition issues

0 Technical definition (and not sociotechnical)

« An ecosystem that brings together all the devices used to manipulate
information in electronic form »

0 Two outlines according to [OECD] (c. roussiine

Secteur numérique
- 2022]

Existant matériel dont on estime
lemprainte envircnnementale directe

.. . . . Béati commercial et
U The digital object in 3-tiers résidentie N\
; 1) Data Centers - (data-storage and computing)

/ Santé

2) User devices

Transport «— — Industrie
3) Networks
O A process: the digitalisation of activities Pl S
. ; . . Energie Agriculture
Q Business, agriculture, construction, transportation,
industry, healthcare, education... ~, Numerisation
O - the effects that come with all the changes brought by [G. Roussilhe - 2022]
digital technology
UP{C | JEPISEN l cl Cl EC 0 I O.ﬁo T v‘ nuér\que de 2
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https://gauthierroussilhe.com/articles/secteur-numerique
https://www.itu.int/ITU-D/ict/events/bangkok07/doc/26.%20Business%20ICT%20Sector%20and%20Trade_6%20Nov_SR_rev.pdf
https://gauthierroussilhe.com/articles/secteur-numerique
https://gauthierroussilhe.com/articles/secteur-numerique

2.2 Trajectory
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Part of ICT in world GHG emissions

Final service Equipment Device Final energy Emissions

Petrol Engine
36 —~g——

=\

a\‘l\/— '_ : - -4 9 ———'

Appliances 4.1
e 88 Cooledspace 10

s Hotwater 53
2 System

p - % Q |
b - “ommercial ¢ / d /
Ve - - & U ey . Heated Y | f
Nume rique = <l TP space. > G, /] ey
3 ‘_- 2 . &/ / andpublic 123
“'-- llluminated seaﬁce ¥ | Eest
uildings

= Driven
/(/ system =

\\\‘* Electric heater
54

y

\- Heat exchan. 1.1

i)
* \~ Qil burner 2.0/ A“-_

.

= ey (i > . »
NNy - 0 — e ; 7 L\, GasBurner 31
2 - 4% GHG A5i \ ' " —'i/-Fumace 6.4 7.5“A -
7 i T Y,

P

4.L

Direct Coal 3.9
use

[Freitag et al - 2021] |

[€T0Z - T® 3° [1ozlfeq]

Final service Land-use Land management Process Emissions
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https://www.sciencedirect.com/science/article/pii/S2666389921001884
https://pubs.acs.org/doi/10.1021/es400399h
https://www.sciencedirect.com/science/article/pii/S2666389921001884

Part of ICT in world GHG emissions: distribution

4,000 4,000 3.634
3,500
3,000

£ 2,500 2,257 S 2,500
2,000
1515

1,500 1,306
1,087 1,107

Belkhir & Belkhir & Andrae & Edler Andrae & Edler Andrae & Edlel
Imeligi (2018) - Elmeligi (2018) 4 (2015)-2020 (2015)-2020 (2015)-2020
2020 minimum 2020 maximum) Bestcase Expected case Worst case

1,153

971
1,000 775 917
0 — -
Malmodin & Belkhir & Belkhir & Andrae & Edler Andrae & Edler Andrae & Edler Malmodin (2020
Lunden (2018Q Elmeligi (2018)- Elmeligi (2018)-§ (2015)- 2015  (2015)-2015 (2015)- 2015
A 2015 minimum 2015 maximum Best case Expected case  Worst case
WUserdevices M™Datacentre WNetworks ®™TVs mUserdevices ®Datacentres ®WNetworks mTVs

[Freitag et al - 2021]

1,000

500

Greenhouse gas emissions in MtCO2e
]
o
(=]
(=]
Greenhouse gas emissions in MtCO2e

« [We estimate] the carbon footprint for ICT,
including TVs and other consumer electronics,

footprint in 2015 and 2020
(A) Estimates for global ICT's carbon footprintin 2015.
(B) Estimates for global ICT's carbon footprint in

Figure 2. Estimates for global ICT’s carbon ;

2020. Note that for Malmodin and Lundén’s’? esti- rises to 1.2-2.2 GtCOze (2.1%-3.9% of global GHG
mates, TV includes TV networks and other consumer emissions) in 2020 with ca. 30% coming from
electronics, whereas for Andrae and Edler's” esti- b d d . . d 7 O(y f h

mates, only TVs themselves and TV peripherals are embodied emissions an o Trom use phase
included. Belkhir and E'??"Qi? did not include TVs. emissions. We stress once more that these are
Malmodin and Lundén’s™” original estimates for the . . . .

ICT and entertainment and media sector includes rough e_StImates Wlth a Slgnlflcant degree Of
paper media, which we have excluded here. uncertal nty. »

U | Before 11/2022 and the release of mainstream Al
with LLMs | |
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https://www.sciencedirect.com/science/article/pii/S2666389921001884

ICT share of GHG emission

4 SSP1-1.9 scenario and minimal ICT growth (6%)

main-title

45000 300

40 000 "
= 2% 5
T 35000 @
93 @
< &
£ 30000 200 @

o

£ 25000 O
pd 150 g
_g 20 000 S
" (@]
£ 15000 00 =
N £

10 000 -
N
O 50 Y
O 5000

2005 2010 2020 2030 2040 2050

Emission CO2 mondiale e Croissance 6% e Ratio

Left ordinate are MT of CO2 emission per year. Right ordinate are percentages for the grey
curve.
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ICT share of GHG emission

d SSP1-1.9 scenario and higher limit ICT growth (9%)

main-title
45000 600

wv

— C

@ 40000 o

(D) 7))

> 500 A

= 35000 I=

S )

30 000 400 o~

= le)

%) O

c 25000 -

o 300 S
w

A 20000 2

c

% 15000 200 =

~ X

O 10000 5

U 100 =

5000
2005 2010 2020 2030 2040 2050

e Emiission CO2 mondiale === Croissance 9% Ratio

Left ordinate are MT of CO2 emission per year. Right ordinate are percentages for the grey
curve.
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ICT share of GHG emission

O SSP1-1.9 scenario constant ICT share (6%)

main-title
45 000 45

wv
» 40000 40 c
< o
(D) N
< 35000 3B L
= &
= o
< 30 000 30 8
2 25000 s 2
o E
v 20000 20 o
é o

[
o 15000 15 -
N —
O 10000 10 U
U —

5000 5
2005 2010 2020 2030 2040 2050

e EMiission CO2 mondiale e |CT constant e Ratio

Left ordinate are MT of CO2 emission per year. Right ordinate are percentages for the grey
curve.
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ICT share of GHG emission

O SSP2-4.5 scenario (business as usual) and minimal
ICT growth (6%)

50000 | 100
45000 90
wv
— C
© 40000 / 80 ke
v "
< 0
+— 35000 70 €
e v
c 30000 60 N
= o
%) O
c 25000 50 =
o S
w
» 20000 0
e c
15 000 30 =
ﬁ x
|_
@) 10 000 20 U
U —
5000 10
0 ! 0

2005 2010 2020 2030 E 2040 2050 2060 2070

e Emission CO2 mondiale d:—Croissance 6% == Ratio

Left ordinate are MT of CO2 emission per year. Right ordinate are percentages for the grey
curve.
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ICT share of GHG emission

d SSP3-7 scenario (regional rivalry) and minimal ICT growth
(6%)

250000 180
160 n
= 5
O 200000 140 )
< 0
= &
= e 120 v
c 150000 8

= 100
%) O
C —
<
o 80 S
A 100000 2
v o
£ 60 =

v
X
N 50000 . —
S O
20
0 ——— | 0

2005 2010 2020 2030 2040 20.‘-’;0 2060 2070 2080 2090 2100

s E mission CO2 mondiale —i—Croissance 6% === Ratio

Left ordinate are MT of CO2 emission per year. Right ordinate are percentages for the grey
curve.
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2.2 15t and 2" order effects

Perimeter Effect Examples
1st order Technology Life Cycle Impact production (energie, resources), use
Direct Itself Of Hardware (energie), end-of-life (pollution)

Optimization smart-* —
2nd order Use and o -
- - c . . q_ c _ R o M
Indirect applications Substitution dematerialization - walkman + photo -> ~ O
smartphone I M|
|
Consumer obsolescence induction 5G printer -> paper. s o
+Y O
3rd order Froducers direct rebound and indirect devices, uses consumption o

Structural : 2
economic growth new markets g

Behavioral Economy : S 0
acceleration e-commerce (24/7), logistics = §
Society reconfiguration Uber : o

Uﬁ? | “,EPISEN lCl Cl @ECOMFO = miﬁm


https://iopscience.iop.org/article/10.1088/1748-9326/11/10/103001
https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf

2.3 First order effects
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23.1 Raw material

= g
Transport ﬂ Transport
__-/ Fabrication
Matieres %
Premiéres

99
&

Valorisation

—
w.

Transport

Fin de vie
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A physical and political ICT

d DRC andcolombite-tantalite
(coltan)

O Source of Tantale (Ta)

O Excellent electrical/heat conductor

U Used in capacitors and 80% in
electronics

[WP - 10/2025]

0 2019: produces 40% of global
supply

4 8,6% loss of forest cover since Y2k A coltan_mine operated by S_Odété m{'n/ére de Bisunzu (SMB) near
. Rubaya, in eastern Democratic Republic of Congo, in August 2019.
[Ethical consumer - 09/2025]

R : BAZ RATNER / REUTERS - in [Le Monde - 29/08/2024 d
U Area of significant conflict 117372024 / in [Le Monde - 29/08/2024] accessed on

O 30 years of war
d Cobalt

0 80% of world's reserve

A L3 . ik

O 7 millions of displaced people
(UN data)

O Over 10 000 deaths ] o
0 30% extracted using traditional

methods

Hﬁ?l“’EPISEN lCl Cl ECO'Q.ED rbm;ﬁwm -

[Electronic watch - 10/2023]


https://www.lemonde.fr/afrique/article/2024/08/29/en-rdc-l-echec-patent-de-la-tracabilite-du-coltan-indispensable-aux-smartphones_6298239_3212.html
https://electronicswatch.org/en/the-creuseurs-diggers-at-the-centre-of-the-world-s-push-for-evs-are-in-peril_2636464
https://www.ethicalconsumer.org/technology/conflict-minerals-tech-goods-home-appliances
https://fr.wikipedia.org/wiki/Coltan

Desperately Seeking Elements

EI Analy5|s by dlsmantlmg, crushing, and screenmg

..............

9 J

End-of-life mobile
phones

Collection

UP/EC | “,5P|SEN

lacl

Dismantling

Ecolgﬁo

" "

PCB

Screen

Casing

|

Cameras

Speakers

Battery is kept
and stored

properly . \
2 8

Shredding

Particle size € 150 um
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[M. Gomez et al.



https://www.sciencedirect.com/science/article/pii/S0959652623022576?pes=vor&utm_source=sciencedirect_contenthosting&getft_integrator=sciencedirect_contenthosting

Significant dispersion of elements

O Concentration of metals and metalloids

Cu: 53260 pg/g

Al: 7892 pg/g 1D
Ba: 4856 ug/g ™

Ni: 4103 pg/g =

Ca: 4088 pg/g =™

Sn: 2963 ug/g =

Fe: 4435 pg/g ™

. REEs: 3380 pg/g =

Screen: 7816 pg/g Ik oo— 2 . ; = Zn: 1109 ug/g —

) o — . Pb: 559 jig/g —

— % 270ug/g—

= e Au: 141 pg/g —

® - Mn; 121 ug/g —

Metal: 93809 pg/g PCB: 77504 pg/ e B: 1467 pg/

AESSESE —— W 10—
== Te: 4

Speaker: 4680 ng/g M=—————— = Ger3tpg)

= Nb: 16 [1g/g
Camera: 3809 |1g/g Mo ——— . Bi: 8 g/,

T
- 2023]

Extrapolation of the data in Fig. 10 on the content of metal per mobile Hf 21t
phone (ug metal/g mobile phone) permits an estimate that 1 tonne of EoL- Al\e%:g?
MPs can contain up to 53 Kg copper, 141 g gold, 270 g silver, 10 g Rredn /.
platinum, 18 g palladium and 3.3 Kg rare earth elements (REEs). In PCBs A
these amounts are much higher - 1 tonne of PCBs can contain up to .

Mo:
278 Kg copper, 1.3 Kg silver, 678 g gold, 98 g palladium, 38 g platinum, ngw =
and 11.1 Kg of REEs (mainly erbium, neodymium, and dysprosium). Re:2tig/e—

UP/EC | “,ENSEN @ECO'HEO éﬁ /
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https://www.sciencedirect.com/science/article/pii/S0959652623022576?pes=vor&utm_source=sciencedirect_contenthosting&getft_integrator=sciencedirect_contenthosting
https://www.sciencedirect.com/science/article/pii/S0959652623022576?pes=vor&utm_source=sciencedirect_contenthosting&getft_integrator=sciencedirect_contenthosting#fig10
https://www.sciencedirect.com/topics/materials-science/palladium
https://www.sciencedirect.com/topics/materials-science/erbium

Smarphone: a mine in your pocket

d The elements contained in a smartphone
(66% of the periodic table)
‘ <— RETOR

DALLE TACTILE + VITRE

InISn] SilAl|] K

ECRAN

EuJTb] Y

Europium A Terbium A Yttrium
Ce]Tm
adolinium A Cérium Thulium
La] B |Ba
Lanthane Bore Baryum
Mo Hg

agnésium Molybden

CARTE ET COMPOSANTS

Ni [Pb ]| sn
Nickel Plomb Etain Bismuth
Aul Ag| W] Pt
Or Argent Tungsténe Platine
RhjBe|Cu}] P
Rhodium Béryllium Cuivre Phosphore
Arsenic Gallium A Germaniu m A Silicium
Ru|Nd|] Fe
irconi Ruthénium A Néodyme Fer
B [Sm|Co| Pr
Bore Samarium Cobalt Praséo dyme

BATTERIE -

Lithium Cobalt Carbone Fluor BuITIER Chlore Dysprosiu Tantale EI.

»

: :

. g‘)

@0@@ Mangan Vanadium M Phosphore M Aluminiu Carbone A Antimoine Brome Nickel Zinc Niobium Palladium 2
vec|Vesen  [laldl  &Ecolnfo ‘ &



https://www.systext.org/sites/all/animationreveal/mtxsmp/#/7

“Purer than pure”’ - the evolution of materiality

d Elements in the semiconductor industry 80’s - 2010’s

GROUP Radioactive
1
(=]
o
z 1
T
Likhism
N
>
T |

(T N ST TN SN SN S TN TN SN S S

so-03 Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og

Mboners  Peowien  Mosows Liwerorem Tesseasis  Ogassseas

-
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https://arxiv.org/abs/2509.18768

“Purer than pure” - the evolution of materiality

d Purity requirements for the elements

GROUP
1
S 2
& iz 2 13 14 15 16 17
—— S —— e —
2 i Be B N (0] F Ne
A Berpium Baenny [r— Pr— - Heen
Hempam Magresarn 3 Gharl
[ s T @ ] T T T A T R = ] x|

'Rb S Y zr Nb Mo - Ru Rh Pd Ag L Xe
. - Ba #n Hf Ta W/ Re Os Ir Pt Au Hgl T
: so-t03 Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og §
Artreres Muthwriardham Dubaum Saszorgum Bowrum Hassk L M Darerwted bum. PMoarigenuT Ceparrizum Whani Farawum Meacoviom Livermearium Termawsra Opanassen N
>
La Co Pr Nd  Sm Eu Gd Tb Dy Ho Er Tm Yb Lu |

@ B >99.9999999% (9N) [ 299.99999% (7N) [ 299.9995% (5N5) 299.995% (4N5)

299.95% (3N5) =99.5% (2N5) Not defined

[::::J Radioactive
e/ Vesen  [lald] “IEcolnfo ‘

[G. Roussilhe et al.
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https://arxiv.org/abs/2509.18768

“Purer than pure” - the evolution of materiality

d Purity requirements for the elements @
0 Al(uminium) - industry _"_ \ i

Q /ndustry grade: 99% (2N) B I T S S S
<K Case T v crlMaFe Co Ni Cu
O 64 Mt consumed worldwide -HET==H-EHH>HN
Ba on H Ta [W Re 0s i Pt Au gl T e
O 5% to 10% for electronics sector : »iw R Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mo Ly Ts Og

La Ce Pr Nd  Sm Eu Gd To Dy Ho Er

d Al(uminium) - semiconductor
Semiconductor grade: 99.9995 (5N5) IR <5 ooocss vy [ =9 vy [ s s 516 [ 200905 v
Purification is a multi-step process —
Energy-intensive process (electrolysis/segreation)

3 x electrolysis requiring 13 MWh/ton

5 companies hold 79% of the market for 5N5 Al

(I I N Iy W

[G. Roussilhe et al. - 09/2025
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https://arxiv.org/abs/2509.18768

Geopolitics and governance of the elements

d Main EU suppliers of essential raw materials

Hafrium 76% )
Strontium 31%

Level of governance (based on
average of six Worldwide
Governance Indicators®, 2021) Ferspan 3“%_

B High(1251025)
Medium (0.1 to 1.24)

B Low(-124t00)
B Very low (-1.25 to -2.5)

Tech Transition in the EU - 12/2025]

[R. Zoboli - Investing in Critical Raw Materials £

or the Clean

* Including: Voice and accountability; Political stability and absence of Manganese 41%
viclencefterrorism; Govemment effectiveness; Rule of law; Control of cormuption

43
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https://www.researchgate.net/publication/398451413_10_Investing_in_Critical_Raw_Materials_for_the_Clean-Tech_Transition_in_the_EU
https://www.researchgate.net/publication/398451413_10_Investing_in_Critical_Raw_Materials_for_the_Clean-Tech_Transition_in_the_EU

Concentration of semiconductor companies

d Major companies in the semiconductor industry
(2020 data) Iy

US$4bn
Germany Kioxia

The Netherlands == (M)

Us$10bn
Tokyo
Electron

United : s
States Reey _ ¥ Us$10bn
- M '(ftilrl.iﬂ.: . US$2abn STMicron !
2 Broadcom f

B ussobn

;.
1
[F Us$5bn Us$78bn
| Global- Intel Corp
[AFoundrie (M)
I

us$22bn
Qualcomm

Us$58bn
Samsung
Electronics

¥ Us$iibn

| Mediatek
¥ Us$46bn
TSMC

[ING - 2020]

@ ctquipment [ Fabless [} Foundry [ DM Back-end
(M)=Memory
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https://think.ing.com/articles/eu-chips-act-to-strengthen-europes-economy/

Years projected before peak extraction

Cd
Se

Ag
Critical material and energy resources %

Ni
[...] The abscissa indicates the year of T
peak. Red is for past peaks, for
peaks within half a century, green for s
peaks beyond that delay. -
Many material stocks (e.g. phosphorus, o
rare earth elements) are projected to N
peak within decades [...], as will several %
metals. For instance, copper (Cu) could )
peak within 30-50 years [...]. i

Ge
For legibility, out of 92 elements, only a &

few ones representative of the elements Gas
which peak within 200 years are plotted. ©

Data for ecosphere boundaries, which do  ces
not correspond to year predictions, are -20 0 20 40 60
not plotted here. Years

UP/EC “,ENSEN l(] Cl ECO'Q,EWO
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[J. Halloy et al. - The Physics of SustainabilitgazMateri

al and Power Constraints for the Long Term - 12/


https://www.arxiv.org/abs/2512.10680
https://www.arxiv.org/abs/2512.10680

232 Manufacturing
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A global network requiring a lot of cables

4 En 2025
d 1,48M km of cables
U 574 active cables

Q Of variable length h- o
Q 131km (Ireland - UK) 3

U to 20k km (Asia-America)

Kazakhstan

O Laying100k km of cables AY
per year

d Cost of a campaign between two

contlnents: . . [Submarine Cable Map - 2025]
NY — Irlande, Microsoft, $300m

[Fibre Systems - 11/2025]

Mid-Atlantic Ridge Celtic Shelf
-2200 rnl =100 m
Distance in Kilometer Points 1000 2000 3000 4000 5000

'UPEC
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https://www.submarinecablemap.com/
https://www.fibre-systems.com/news/microsoft-steps-submarine-cable-investment

The semiconductor technological system

4 Interdependence between materials, physics, chemistry
and power/energy

d Technical system: computers needed to build computers
Semiconductor technological system

; ! Foundries
. Chip Intellectual Property (IP) Cores R ence

CEVA  Cmognaton :
V]

2. Electronic Design Automation (EDA) Tools  menmor synorsys  €3dence _ _
T Chip compagnies

—

. . . @ﬂirliquide @ @gr_ggi_c____ y
3. Specialized Materials and subsystems — non & ces rusirnm m
4. Wafer Fab Equipment (WFE) ASML KLAE AL @ sense TEL
5. “Fabless” Chip Companies & amazon eumonocon 23 A
P P GQUC"CO”W\ Anvipia  arm Materials &
6. Integrated Device Manufacturers (IDMs)  intel #deon  Ky7 SUbSYS_temS
. sK~hvmx &mms IEIE!.‘EQ A
- _ Pty ] ’
7. Chip Foundries =~ YFeeernee SHe UMC () zume

Tower sAMsuNo SM@ VicH
8. Outsourced Semiconductor Assembly and
(AT O e JCET

BP!I! tASEGROUP

_ [J. Halloy - 2024]
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https://youtu.be/QDsluMRGEpA?si=sP0NV4ZgP3eryh0o&t=978

The semiconductor technological system

O Example : ASML (Pays-Bas)

U

Leading supplier (> 80%) of semiconductor equipment

2024: m.cap 345 B€ ; Revenue 28 B€ ; net profit 7,6 BE

U

5 months manufacturing
100 000 parts

2km of cables

Cost: 100-150 M€

Only firm able to handle
3nm process

O 0000

O High NA EUV
photolithography system
at an Intel facility in
Oregon, US

[Usine Nouvelle - 2024]
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https://www.usinenouvelle.com/article/asml-depasse-les-attentes-au-t2-l-ia-stimule-les-reservations.N2216304

Un systeme technologique

0 Systeme
d Complicated (made up of a large number of elements)

O Fragile and vulnerable (one part goes missing and nothing works anymore)

0 Reduces or even destroys the robustness of the system

0 Techniques and
technologies
operate in systems

Techniques et

Technologies Feunion de materiaux

0 Form dense,
intertwined
networks .
composed of e b
numerous interacting = Shoxpelitaves
heterogeneous

elements
v/ Vemsen  [lald]  &Ecolnfo

[J. Halloy - 2022 - Du vivant aux technologies zombies et inversement]
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https://www.wtfayla.com/w/m2eUsiWUDzVWFqgPZna3Uo

France: use of resources

949
| ARCEP stu dy, 2023 génére, pour ses seuls usages / kg / an

numeériques...

~—
de ressources utilisées*
(pour la fabrication des équipements)
kg / an -
de déchets
(y compris électroniques ou liés a
En moyenne, I'extraction des matiéres premieres)

un Frangais...

-----

* comprenant ressources abiotiques (matériaux, énergie fossile...), biomasse, déplacements de terre et I'eau.
[ARCEP - Etude 2023]
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https://www.arcep.fr/uploads/tx_gspublication/dossier-presse-Etude-Ademe-Arcep-lot3_mars2023.pdf

France: use of resources

QO ARCEP study 2023 D P MDA T R
O ADEME study 2025
y 17,8

0 The more we
progress...

ARCEP - Etude 2023]

O ..the greater the
measured impact is 117, Mt/an

par an et par personne
en France. ()

[ADEME - 2025]
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https://www.arcep.fr/uploads/tx_gspublication/dossier-presse-Etude-Ademe-Arcep-lot3_mars2023.pdf
https://ecoresponsable.numerique.gouv.fr/actualites/actualisation-ademe-impact/
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https://cdn.vectorstock.com/i/750p/75/20/datacenter-equipment-isometric-diagram-vector-27677520.avif
https://cdn.vectorstock.com/i/750p/75/20/datacenter-equipment-isometric-diagram-vector-27677520.avif

Physical views of a Google DC in New Albany

O Site: 70 acres (28ha - 283 000 m?) — land artificialization
O DC: 139 000 m?
d Power: 3 x 64MW (192 MW) - density of 3.23 kW/m?

[Vantage DC - 2025]

[DC - Google]

- SLOW_/
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https://datacenters.google/discover-more/photo-gallery/
https://vantage-dc.com/wp-content/uploads/2024/10/VDC_DataSheet_OH1_FR.pdf

ical views of a DC

Phys

i

-
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[DC - Google]
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https://datacenters.google/discover-more/photo-gallery/
https://dallas-ashrae.org/images/meeting/041625/the_ashrae_thermal_guidelines_for_data_centers_____past__present_and_future.pdf

Birth of a DC: Ai campus in Fouju (south of Paris)

d Facts and figures
O Located in Fouju (Seine-et-Marne)
O Covers 70 hectares
* 12 buildings @
* 2 electrical stations
* Various buildings (training, technical support)
* Common areas

* Green spaces
d Two phases
1) = 2028 : 3 buildings DC + training, 700 MW capacity
2) = 2029 :+9 DG, 1,4 GW capacity @
d Cost : 35B euros (8B for the first phase) @

[CNDP - 2025]
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https://www.debatpublic.fr/implantation-de-datacenters-et-infrastructure-de-raccordement-au-reseau-electrique-campus-ia-fouju
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A smartphone travels (a lot)

d Data 2016
d Apple iPhone 6

eeran Q)

[LMD - 2016]

W WiFi :
Bluetooth AP
Bettm‘e °JAPON

£ S NOUVELLE-
= S CALEDONIE (Fr.)

\ e e Nickel
X

TATWAN
COmposants mlcroétectrom‘ques -
9 :‘:/rcmts imprimés, connecteurs

e

~ cow;éEDusuo
‘Mémoire o
mm

o)
cu.,.so

Composants mlcroélectron[qm /
Circuits imprimés, coumcmn -

| E"'rA'rs-umsj.‘
Contréleur SINGAPOUR |
-4mnmcm.° maLisie:” $) composants mmroéucmmques
\ . Raffinage de tétain ‘
Mémoire flash ) = —
7 ALLEMAGNE
Accélérométre )
FRANCE'@ “
%ﬁ. > O =
Gyroscope
ITALIE
.
Les grandes étapes
de la fabrication d'un iPhone .
(t e
@ conception -
» Extraction et transformation SN
de matiéres premiéres Y
o Fabrication i ';_ ;a,.
des principaux composants
*l.ltMum
) Assemblage M Lithium ey -
4 L : cr-_nu b Sources : Apple, « Supplier list 2016 »
o Distribution 4 et « Conflict minerals report 2016 » ;
5 [ 1 CCFD - Terre solidaire, « Des ressources
naturelles au coeur des conflits »,

Vo o

‘) rﬁ't::ériels
vrec/“emsen  [laldl & Ecolnfo

octobre 2014 ; « The iPhone supply chain »,
http://visually/iphone-supply-chain ;
Jefferies Inc. ; IHS Technology.
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://www.monde-diplomatique.fr/publications/manuel_d_economie_critique/a57189#&gid=1&pid=1
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The materiality ICT - Worldwide and France

0O Some figures (worldwide) O France (updated 2022 data)

0 34 B devices O 11% of electricity consumed  [apEvE - 2025]

Q 5,5B users [ITU - 2024]
* 51,5 TWh for domestic use

Q_5,5% of global electricity consumption
O 2-4% of GHG, growing at 6-9% / year * 65 TWh including DC outside France

[Freitag et al - 2021] U > 800M user devices (2020)

O 3-tier

o DC
Q 67 million servers

-
o 1,5% of global electricity (IEA - 2025) 545 millions .

Stockage d'accueil

. t 27
O Devices S0 \\
D 3 . 5 B smar p h ones (DJs’ques durs externes,
clés USB et micro SD) portables

59
Q > 3B screens / o
: e = P
ablettes \
O Between 10 and 30B IoT devices — o Tabetes N\~ .
63 Slordlnateuy Ordinateurs
O Network 37

-
Q 1B internet boxes

Box TV
21

Q 10M relay antennas

Autres
écrans

[Bordage - 2019] [TSP - 2018] 7

vrec ersen  Jlelal - /Ecolnfo

Imprimantes

[ARCEP - 2023]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://www.greenit.fr/wp-content/uploads/2019/10/2019-10-GREENIT-etude_EENM-rapport-accessible.VF_.pdf
https://theshiftproject.org/wp-content/uploads/2018/05/2018-05-17_Rapport-interm%C3%A9diaire_Lean-ICT-Pour-une-sobri%C3%A9t%C3%A9-num%C3%A9rique.pdf
https://www.arcep.fr/uploads/tx_gspublication/dossier-presse-Etude-Ademe-Arcep-lot3_mars2023.pdf
https://www.itu.int/itu-d/reports/statistics/2024/11/10/ff24-internet-use/#footnote1
https://ecoresponsable.numerique.gouv.fr/actualites/actualisation-ademe-impact/
https://www.sciencedirect.com/science/article/pii/S2666389921001884

The materiality of digital technology - Worldwide

C L‘IMPACT DES DATA CENTERS - R \
EN FORTE HAUSSE C’est plus qu'en 2020 (16 %),
/*

pour deux raisons :
I'ADEME s'attend i
a un triplement des % » a l'epoque, §3uls les
émissions de gaz data centers implantés
- en France avaient été
m dﬂ l'ﬂ'l'lpl‘-elm Cal"bﬁﬂﬂ pﬂs en CQmptﬁJ or, une
du numérique sont partie importante de
‘/ causés par les data nos usages (53 %) est
centers : c'est donc lie hébergée a I'étranger ;
d’électrlclté consommée en France, a l'vtilisation des services
193 TWh (dont 33 TWh numériques (moteurs de + de nouveaux centres
ata centers), recherche, clouds, vidéos de données ont éré
ala demande, réseaux MiIs &n service entre
sociaux, 1A..). les deux études.

S/
,\

o
m % Soit 51,5 TWh par les usages natiocnaux
du numérique.

de la consommation
électrique francaise Mais ce sont en réalité 65 TWh, si l'on
sont liés au numerique. | prend en compte les data centers situés
a l'étranger, soit presque autant que

la consommation éléctrique totale

de I'lle-de-France (66,6 TWh).

-mco e émim par
la mmrmtlcm de
:oomnuswdwisuels

A noter
Ces données, datant de 2022, ne reflétent pas encore
la montée en puissance de I'lA générative.

b 4

vrec~emsen  |leld] & Ecolnfo éﬁ
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https://ecoresponsable.numerique.gouv.fr/actualites/actualisation-ademe-impact/

Network

d Worldwide (data S. Bouveret citing Statista & Cisco)
d 2019 - world IP traffic (proj.): 1,66 Zo (10?' bytes)
Q 2017 - world IP traffic: 1,5 Zo (500 times more in 15 ans)
Q 2002 - 3,2 Eo

O Traffic distribution

B Vidéo en ligne
[] Autre vidéo (télé, visio., surveillance...)
[ Usage hors vidéo

60% 20%

[S. Bouveret - 2024]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://recherche.noiraudes.net/ecoinfo/pres/ImpactNumerique.pdf

Network

d Dans le monde (données S. Bouveret citant Statista & Cisco)
d 2019 - world IP traffic (proj.): 1,66 Zo (10?' bytes)
Q 2017 - world IP traffic: 1,5 Zo (500 times more in 15 ans)
Q 2002 - 3,2 Eo

O Traffic distribution
20.4% 20%

VoD (streaming)
Pornographie
Tubes

Autres (vidéos hébergées sur rés. sociaux...)
Autre vidéo (télé, vis?ca., surveillance...)

FIE1 T ]

Usage hors vidéo

1625
/o 20%

[S. Bouveret - 2024]

12.6% 10.8%
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://recherche.noiraudes.net/ecoinfo/pres/ImpactNumerique.pdf

DC locations around the world

d An uneven geographical distribution of sites

Leadlng countries b! number of data centers as of March 2025 Switzerland 121

United States of America 5,426 Hong Kong 122
Germany 529 Sweden 95
929
United Kingdom 523 Singapore
France 322 Belgium 80
Indonesia 84
Australia 314
New Zealand 83
Netherlands 298
Austria 68
Russia 251
Malaysia 62
Italy 168
Chile J 59
Mexico 173
Ukraine |f 58
Poland 144
Ireland | 55
Spain 143
Denmark J| 50
China 449
Finland | 48
Japan 222
Norway 47
Brazil 196
South Korea | 43
Switzerland 121
0 1,000 2,000 3,000 4,000 5,000 8,000

[Statista - 03/2025]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://www.statista.com/statistics/1228433/data-centers-worldwide-by-country/

Strong growth in demand

d Analyse of data 2012-2024
d Source: environmental reports from firms

d Analysis: P. Leboulanger and A.-C. Orgerie (2025)

—u— Google (total)

30 1 —+— Microsoft (total)
= —— Meta (total)
E 25 | —=— Apple (total)
=
2
2 20
E
=
=
S 15 -
z
&)
5 10 A
[® ]
"]
w

5 -

— = —
0 LB T T T T T
2012 2014 2016 2018 2020 2022 2024 [1c2E - P. Lel_)oulanger
Year & A.-C. Orgerie - 2025]
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https://www.iea.org/energy-system/buildings/data-centres-and-data-transmission-networks#overview
https://hal.science/hal-05215097/document
https://hal.science/hal-05215097/document

DC consumption projections (base case)

0 2024:415 Twh o
O 2030 % N
* 945 Twh (x2) .
* 3% of world consumption e +30%/an
Q 12% growth/an — 2017 - S
O 30% growth post 2024 -
O growth 4x faster than overall 45

consumption

200

0 7 | l l T I
2020 2022 2024 2026 2028 2030

0 Accelerated servers @ Conventional servers O Other IT equipment @& Cooling © Other infrastructure

[IEA - Energy And AI - 04/2025]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://www.iea.org/data-and-statistics/charts/global-data-centre-electricity-consumption-by-equipment-base-case-2020-2030

Per capita DC consumption projections

KWh / capita

O Significant geographical -
variations g
d 80% growth: US + China :
d US :540 kWh = 1,200 kWh S S——— A

(10% of household consumption) " US + China = 80%

_________
-----
------
-———
-
-——

T 7 I I I I I
2020 2022 2024 2026 2028 2030

D United States @ China © Europe @ Asiaexcl.China © Restofworld © Global average

[IEA - Energy And AI - 04/2025]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://www.iea.org/data-and-statistics/charts/global-data-centre-electricity-consumption-by-equipment-base-case-2020-2030

Energy source projections for DC

d 30 %: Coal
0 27 %: Renewable
d 26 %: Natural gas

d 15 %: Nuclear power

1000 Wind

750

O Location-based
Nuclear

d Significant geographical
disparity (US vs China)

250

Coal

0 7 | I | l | | |
2020 2022 2024 2026 2028 2030 2032 2034

© Coal @ Maturalgas © Muclear @ SolarPV © Wind © Otherrenewables @ Other

[IEA - Energy And AI - 04/2025]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://www.iea.org/data-and-statistics/charts/global-data-centre-electricity-consumption-by-equipment-base-case-2020-2030
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Flow of WEEE

D FIOW Of WEEE * The flows di not specifically point to individual coun-
e e
in certain regions of countries n:np:: ighe tovelsof
Q 2019:53Mt WEEE . St
22 w
O 2022 :62Mt WEEE (+]6M
\‘F»"“aa ‘
Q0 7.8 Kg / earthling P —
O Growth > 2Mt / year
O 17%-22 % properly handled
U What about the 80%

@ Since 2010, growth of WEEE if
5 times faster than collection
and recycling

aurzrdia and New Zaakind

Uncontrolled ___ Movement of hazardous e-waste
ﬂ e-waste and with prior informed consent un- Printed circuit O O O Flow within

used EEE .. dertheBasel Convention board waste the region

O Flow of WEEE

[Waste Management - 2022]

U From North to South

0 10% crosses borders

Informal sector Q Pollution and destruction are not negative
externality but rather the conditions to make low-

0 13M of women cost digital technology possible.

O 19M children (age >=5)

Hﬁ?l“’EPISEN lCl Cl ECO'QEO‘ rbm;ﬁdm 70



https://waste-management-world.com/materials/global-e-waste-flows-monitor/
https://ewastemonitor.info/electronic-waste-rising-five-times-faster-than-documeted-e-waste-recycling-un/

Part of ICT in WEEE

Small Equipment
i 20.4
TEMPERATURE Large Equipment excluding Photovoltaic Panels
EXCHANGE EQUIPMENT =
(0)13.3 billion kg ﬁg 15.1
3.6 billion kg (27%) . -
Temperature Exchange Equipment
TOTAL @ 13.3
(82 billion kg 5
13.8 billion kg (22.3%) 3
SEREE AKID MONITORS Screens and Monitors L
(5.9 billion kg
15 billion kg (25%) 5.9 ] 0;8 MT
Small IT and Telecommunication Equipment | 1 7% of total
O W 4.9
SMALL IT AND TELE- r -
SMALL EQUIPMENT COMMUNICATION EQUIPMENT HEH
(204 billion kg O 486 billion kg —~ 1.9
2.4 billion kg (12%) 1billion kg (22%) -
O Photovoltaic Panels
LAMPS Q 0.6
O12 billion kg I i I
01 billion kg (5%) 0 g 12 18 94
LARGE EQUIPMENTS (EXCLUDING (D E-waste generation in billion kg (2022)
PHOTOVOLTAIC PANELS) PHOTOVOLTAIC PANELS = — [E-Waste Monitor - 2024]
Q151 billion kg O 04 billion kg - -
5.1 billion kg (34%) 01 billion kg (17%) Pa’ rt Of ICT
O Total e-waste generated. E-waste documented as formally collected and recycled.

Produced / collected and recycled

vrec|“ersen  Jlelal  /Ecolnfo
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https://ewastemonitor.info/electronic-waste-rising-five-times-faster-than-documeted-e-waste-recycling-un/

Hidden part of WEEE



https://www.francetvinfo.fr/monde/afrique/societe-africaine/la-decharge-de-dechets-electroniques-dagbogbloshie-veritable-defi-economique-et-environnemental-pour-le-ghana_3863287.html
https://www.radiofrance.fr/franceinter/podcasts/je-reviens-du-monde-d-avant/je-reviens-du-monde-d-avant-du-samedi-06-juillet-2024-9175169

Worth of smartphone components

d Elements contained in a smartphone with their

concentration i T
d Obtained by grinding and
sieving
4 1.103g = mg
Highlights o ——f—

= 850 mobile phones processed with minimal pre-processing and

Element

industrial shredding.

Sr
» In mobile phone bodies, with 278g/kg of metalsj Au is 82.1% of the brag
total price. e
k. —
Pb o
* The economic value of recovered metals from 1kg of phone bodies is g S
$13.41. N .
i - g
Mn — = .
= Batteries contained 524g/kg of metals, with Co, Al, and Cu being o :
Cr
dominant elements. ol °
4 9
u N
= 1kg of batteries is valued at $11.37, containing high-value metals like "] 2
cobalt and gO]d- 100 10+ 102 102 100 100 101 o 100

Concentration (g/kg)

UP/EC|R,EPISEN lCl Cl ECOInﬁO ‘ fw oo o mi%d JUEC 7



https://www.sciencedirect.com/science/article/pii/S0956053X25000698

Poorly recycled digital technology

. . H He
O Loss rate, lifetime and
< 0.01 100 %
EO L-RR Of 6] metals Li Be (en kg perdusparkgder:éa‘t::):xg:tgaerrats__cu B c N 0 F Ne
7 Durée de vie du métal_| 01 0% |ag
] (en années)
Na Mg EOLRR\ﬂ/// Si P S ClL |Ar
[A. Charpentier ot al. - 2022] BL Taux de recyclage des produits en fin de vie > 1 0% = =
K |Ca Ti |V Cr |Mn Co Zn Br |Kr
<1 14| 8.28| 1a| 154 4| 59| |45 25 <1 <1 2 <1
which extracted metal 3 3 H B B 130824| [29| 44| 8| |1 @2 |12[88<1
bECOmES unavailable fOI" Cs * Ta |[W |[Re [0s [Ir [Pt Hg [Tl (Pb |Bi |Po (At |[Rn
further use 3 I M BB 1o| 4.10L 41| 192 5| 7 27 s
d Lifespan: average _ La |Ce [Pr |Nd
duration of use in the ranthanides nEQo

economy (from extraction
to disposal)

O EndOfLife-Recycling Rate

[SYSTEXT - 2024 - pl07]
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https://www.systext.org/sites/all/documents/RP_SystExt_Controverses-Mine_VOLET-2_Tome-3_Avril2024.pdf
https://www.nature.com/articles/s41893-022-00895-8

Recycling that only delays depletion

1000

0 In a context of growth, recycling only s
causes a shift in time.

U Asumptions: 80

700

O Constant annual consumption growth rate of
4%.

O End-of-life recycling rate (EOL-RR) of 80%.

O Metal residence time in the economy of 10
years.

Effet du recyclage
600

500

400

O Solid curve: change in ?Iobal 300

consumption of a meta -

Production et consommation annuelles

U Consumption represents 100
equivalent units for year 1 and 500
units for year 41.

60
20 ans

O No recycling: all metal comes from
primary resources, so primary
production coincides with the solid —
curve. a

Global consumption increases by 4% each year = the share of production that comes
from primary resources also increases by 4% each year, even though the amount of
recycled metal is also growing exponentially (gray downward arrows between the two
curves). Thus, after 20 years,é)rimary production in the case of recycling corresponds
to 100 units, whereas it would amount to just over 200 units in the absence of

QO If recycling: only part of the metal
comes from primary resources (the

. - - recycling.
rest of consumption is provided by .

H Similarly, after 60 years, primary production with recycling corresponds to 500 units,
rECYCIGd_ metal)! SO prlmary wherea.!it would glmountpto mo);epthan 1,000 units w?lthougt recycli';g. In other words,
prod uction co rresponds to the dotted the curve with recycling for year 60 is equal to the curve without recycling for year 41.
curve. u Conclusion: Based on these assumptions, the depletion of primary resources is only

delayed by 20 years, even if the amount recycled increases exponentially (e.g., in year
40, the amount of metal recycled is five times higher than in year 1).
[SYSTEXT - 2024 - pl64]
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23.6 Additional data
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Emissions by product (Europe)

B Fabrication terminaux 0.1%
Il  Distribution terminaux 16.4%
[[] Utilisation terminaux
[[] Fin de vie terminaux :
stian e  0.2%

Il Fabrication Eq. Réseau e
[l] Distribution Eq. Réseau 5.9%
[] Utilisation Eq. Réseau 0.1%
[] Fin de vie Eq. Réseau
B Fabrication datacenters g 10.3%
I Distribution datacenters
S IL:J.tlllzatu:.rn ja:acen:ers 1% 0185% u

in de vie datacenters 8%° 0%

31%

[S. Bouveret - 2024]
[Bordage et al. - 2021 - p 35]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://recherche.noiraudes.net/ecoinfo/pres/ImpactNumerique.pdf
https://www.greenit.fr/wp-content/uploads/2021/12/EU-Study-LCA-7-DEC-EN.pdf

Emissions by life cycle stage (Europe)

Fabrication 0_9%
Distribution

Utilisation

Fin de vie

7.8%

[S. Bouveret - 2024]
[Bordage et al. - 2021 - p 35]
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https://www.france24.com/fr/info-en-continu/20250412-en-france-l-engouement-d%C3%A9mesur%C3%A9-pour-le-running-d%C3%A9passe-les-acteurs-traditionnels
https://recherche.noiraudes.net/ecoinfo/pres/ImpactNumerique.pdf
https://www.greenit.fr/wp-content/uploads/2021/12/EU-Study-LCA-7-DEC-EN.pdf

2.4 Second order effect

Perimeter Effect Examples
1st order Technology Life Cycle Impact production (energie, resources), use
Direct Itself Of Hardware (energie), end-of-life (pollution)

Optimization smart-* —_
2nd order Use and o -
- . . . . T . _ _ o M
Indirect applications . dematerialization - walkman + photo -> N O
smartphone Ioe
|
Consumer obsolescence induction 5G printer -> paper T o
» o
3rd order Eroducers directrebound  and indirect devices, uses consumption o«
1

Structural : g
economic growth new markets £

Behavioral Economy : _ 0
acceleration e-commerce (24/7), logistics ﬁ §
Society reconfiguration Uber o -

Z
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https://iopscience.iop.org/article/10.1088/1748-9326/11/10/103001
https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf

Effets indirect

Perimeter Effect Examples
D Optl m I Zatlon’ 1st order Technology Life Cycle Impact production (energie, resources), use
- H Direct Itself Of Hardware (energie), end-of-life (pollution)
efficienciency
Optimizati rt*
2nd order Use and >mea
. L o APt imrmy )
Indirect applications . dematerialization - walkman + photo ->
smartphone

[J. Combaz - 2023 - EJCP]

4 Indirect effect that may result from better resource allocation or
streamlining of processes

d Technical process but with potential social consequences (e.g., Linky meter,
which helps optimize consumption)

O This is generally a positive effect

[G. Roussilhe - 2022 - Blog]
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https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf
https://gauthierroussilhe.com/articles/comprendre-et-estimer-les-effets-indirects-de-la-numerisation#la-substitution

Example : GPS

/ptﬁmisatfoN cl”

— longueur trajet — temps de trajet
an' .9
o= + temps\_f/

— usure iﬂ — infrastructures (?)

g

— carburant
% et
(' <

[J. Combaz - 2023 - EJCP]
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https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf

Indirect effects

Type Perimeter Effect Examples
D S u b S t I t u t on 1st order Technology Life Cycle Impact production (energie, resources), use
Direct Itself Of Hardware (energie), end-of-life (pollution)
imizati smart-*
ond or T Optimization
. o - R :
Indirect applications . dematerialization - walkman + photo ->
smartphone
Consumer obsolescence induction 5G printer -> paper
3rd order Eroducers direct repound and indirect devices, uses consumption
ST economic growth new markets
ST acceleration e-commerce (24/7), logistics
society reconfiguration Uber

[J. Combaz - 2023 - EJCP]

4 Indirect effect consisting of replacing a
product or service with a product or
service that has a lower environmental

Everything in this picture is now in your pocket.

screens).

d The paradigmatic example is the
smartphone (which produces
substitution, accumulation, and
extension, even symbiosis).

[G. Roussilhe - 2022 - Blog]
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https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf
https://gauthierroussilhe.com/articles/comprendre-et-estimer-les-effets-indirects-de-la-numerisation#la-substitution

Example : GPS

l

. + électricité
— papier l

| e

— production , ) + production (?)
‘ » + machines, usines (?) <+— .
de papier + infrastructures (?)

[J. Combaz - 2023 - EJCP]
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https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf

Rebound effect (Jevons’ paradox - 1865)

O Direct

O More efficient use of resources (efficiency gains) increases
consumption (e.g., steam engines, cars, insulation in Germany, etc.).

O Indirect

d Indirect rebound effect when gains made in one area generate
consumption in another area

d The drive for efficiency can lead to rebound effects due to
reinvested savings or reduced guilt about consuming other
products

vrec ersen  Jlelal - /Ecolnfo



Understanding the impact

4 Variation on Kaya’s equation

Impacts »I — P)( XT< Technologie

Population

[J. Combaz - 2023 - EJCP]
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https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf

Rebound effect: from the ENIAC to the iPhone 6

ENIAC (1945

% ; ' - IBSE T F S
e 8 i " .n‘«'ﬂi‘" .

e L

iPhone 6 (2014)
SR

4 Perf.: x 260 millions !
@ Conso.:+75000!

| A\

e <
" Poids:30t "= Poids:130g
= Dim.:30,5mx2,4x0,9 (167 m2) = Dim.:158,1x77,8 mmx7,1 mm
: = Conso.: 150 kW = Conso.:™~2W
= Perf. : ~500 FLOPS = Perf. : ~130 GFLOPS

[J. Combaz - 2023 - EJCP]
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https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf

Rebound effect: from the ENIAC to the iPhone 6

150 kW
(in operation)
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https://gpl-ejcp.github.io/_pages/2023-07-03_Enjeux_Environnementaux_Numerique_no_backup.pdf

IT for green : « Enabling effects »

O Enabling effects: induction of positive
indirect effects by technology

d Do we have enabling effects for digital
technology?

[L'esprit critique - S3E30] |
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https://www.facebook.com/reel/666205769367323

IT for green : « Enabling effects »

0 Enabling effects: induction of indirect effects using tech.

AN

d A ce jour on dispose de

[GESI -2015]

0 Two studies that mention effects of this type for digital technologies: (con - 2019]

d These studies suffer from significant methodological
weaknesses: [G. Roussilhe et al. - 2023] [G. Roussilhe - 2022 - Blog]

0 These studies do not take into account indirect rebound effects.
3.1 Enabling effects

To the best of our knowledge, no scientific publication
so far has provided an assessment of the global (current
or potential) enabling effects of digitization for GHG emis-
sions mitigation®. Still, two claims have been widely shared
amongst stakeholders and tech companies since 2015: that
digitization could reduce global GHG emissions by up to
20% (12 GtCO2e) in 2030 according to GeSI [16], a part-
nership of companies from the ICT sector; and that mobile
communication technologies enabled the avoidance of 2.1
GtCO2e in 2018 according to GSMA [17], the association
representing the interests of mobile operators worldwide.
Both reports show major methodological flaws and their
results should be used with extreme caution, as we explain
below. [G. Roussilhe et al. - 2023]
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https://smarter2030.gesi.org/downloads/Full_report.pdf
https://www.gsma.com/solutions-and-impact/connectivity-for-good/external-affairs/wp-content/uploads/2019/12/GSMA_Enablement_Effect.pdf
https://www.sciencedirect.com/science/article/abs/pii/S187734352300043X
https://www.sciencedirect.com/science/article/abs/pii/S187734352300043X
https://gauthierroussilhe.com/articles/comprendre-et-estimer-les-effets-indirects-de-la-numerisation#les-promesses-deffets-positifs-de-la-numerisation

IT for green : « Enabling effects »

0 Enabling effects: induction of indirect effects using tech.

Q A ce jour on dispose de

[GESI -2015]

0 Two studies that mention effects of this type for digital technologies: (con - 2019]

d These studies suffer from significant methodological
weaknesses: [G. Roussilhe et al. - 2023] [G. Roussilhe - 2022 - Blog]

0 These studies do not take into account indirect rebound effects.

4 In general
0 The work focuses on the benefits
0 Has results that contradict observation

O Is based on optimistic assumptions

d Analysis of methodological weaknesses (c. xoussiine - 2022 - 510
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https://smarter2030.gesi.org/downloads/Full_report.pdf
https://www.gsma.com/solutions-and-impact/connectivity-for-good/external-affairs/wp-content/uploads/2019/12/GSMA_Enablement_Effect.pdf
https://www.sciencedirect.com/science/article/abs/pii/S187734352300043X
https://gauthierroussilhe.com/articles/comprendre-et-estimer-les-effets-indirects-de-la-numerisation#les-promesses-deffets-positifs-de-la-numerisation
https://gauthierroussilhe.com/articles/comprendre-et-estimer-les-effets-indirects-de-la-numerisation#les-promesses-deffets-positifs-de-la-numerisation

A net positive effect of digitization

d Study conducted in 2024 by R. Paccou and G. Roussilhe

Al-powered HVAC in Conclusions =~ T
educational buildings: A

net digita| impaCt USG Key Insights On The Results

case

Key Insight 1: Demonstrating Significant Positive Impacts with a
Favorable Carbon Cost-Benefit Ratio of 1:60 per year

Our study reveals the substantial potential of Al-Powered HVAC
systems in buildings, showcasing notable energy savings and
carbon emission reductions. Between 2019 and 2023, we ob-
served a 3.12% reduction in district heating consumption and
an impressive 8.93% decrease in electricity consumption. These
improvements translated to significant carbon emission reduc-
tions: 109.87 tCO2e from district heating and 149.30 tCO2e
from electricity, totaling 259.17 tCOZ2e over the four-year period.
The results indicate a favorable 1:240 carbon cost-benefit ratio
per year, highlighting the efficiency of the system. While these
findings are encouraging, we recognize the importance of further
research to validate these effects across diverse building types
and geographical locations, paving the way for more widespread
adoption and optimization of Al-powered HVAC systems.

U’ J - 91
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By Rémi Paccou and Gauthier
c{g Share Report N2 & Roussilhe

02 Dec 2024 + 31 min read


https://www.se.com/ww/en/insights/sustainability/sustainability-research-institute/ai-powered-hvac-in-educational-buildings/

3 And came mainstream Al

o
©
o
—
1
>
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0
g
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o
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https://www.imdb.com/title/tt0062622/

Multiple perspectives

d A subject at the intersection of multiple fields
1) Legal (learning, use, data, etc.)
2) Philosophical (intelligence, thinking, cognitive tasks, etc.)
3) Economical (data centers, GPUs, global transformation, etc.)
4) Social (surveillance, employment, training, etc.)
5) Societal (arts, culture, human/algorithm relations, etc.)
6) Political (ownership, decision-making, governance, etc.)
7) Technological (global purpose technology)
8) And... environmental (solutions, resources, impacts, etc.)
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3.1 Definition attempt
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https://www.imdb.com/title/tt1798709/

What are we talking about?

d According to the EU Artificial Intelligence Act (02/02/2025)
Article 3: Definitions

Date of entry into force: According to: Inherited from:
2 February 2025 Article 113(a) Chapter|

See here for a full implementation timeline.

For the purposes of this Regulation, the following definitions apply:

(1) ‘Al system’ means a machine-based system that is designed to operate with varying levels of
autonomy and that may exhibit adaptiveness after deployment, and that, for explicit or implicit

objectives, infers, from the input it receives, how to generate outputs such as predictions, content,
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https://artificialintelligenceact.eu/article/3/

Socio-technologico-political definition

4 According to EU Artificial Intelligence Act (02/02/2025)
0 AFNOR: reuses EU’s definition
0 K. Crawford (NYU & Microsoft) “The atlas of Al” [K. Crawford - 2022]

| argue that Al is neither artificial nor intelligent. Rather, artificial intelligence is both
embodied and material, made from natural resources, fuel, human labor, infrastructures,
logistics, histories, and classifications. Al systems are not autonomous, rational, or able to
discern anything without extensive, computationally intensive training with large datasets or
predefined rules and rewards. In fact, artificial intelligence as we know it depends entirely
on a much wider set of political and social structures. And due to the capital required to
build Al at scale and the ways of seeing that it optimizes Al systems are ultimately designed
to serve existing dominant interests. In this sense, artificial intelligence is a registry of
power.

[...] how artificial intelligence is made, in the widest sense, and the economic, political, cultural,
and historical forces that shape it. Once we connect Al within these broader structures and social
systems, we can escape the notion that artificial intelligence is a purely technical domain.
At a fundamental level, Al is technical and social practices, institutions and infrastructures,
politics and culture. Computational reason and embodied work are deeply interlinked: Al
systems both reflect and produce social relations and understandings of the world.
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https://www.zulma.fr/livre/contre-atlas-de-lintelligence-artificielle/

3.2 IA and resources
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The great acceleration since 2012

Petaflop/s-days

le+h Post 2012: computing power
requirements double every 3-4 years AR
le+2 Neural Machine

Translation

s ©TI7 Dota 1vl

le+0

°

°

ResNets
le-2 AlexNet
°
3.4-month doubling
le-4 Deep Belief Nets and
layer-wise pretramlng. A L
DQN

le-6

TD-Gammon v241. ry
TM for Speech

... Computing power requirements

double every 24 months

®
NETtalk RNN for Speech

[}
ALVINN
le-10

le-12 2-year doubling (Moore's Law)

le-14 erce.ptron « First Era ® Modern Era >

1960 1970 1980 1990 2000 2010 2020
[Blog AI Compute - 05/2018]
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https://openai.com/research/ai-and-compute

Generative Al: the acceleration accelerates

d The tsunami of generative Al (enables the rapid generation of text,
images, multimedia, etc., and produces results that are statistically
close to a model)

0 See J. Sevilla et al. - 2022 on available models

1e+24

1e+22

1e+20

1e+18

Pre Deep Learning Era

1e+16

1e+14

-
[}
+
—_
n
\

1e+10 ==

Training compute (FLOPS)
\
\
\
A
O
O
(o]

1e+6 o e e

1e+4 o}

\
Deep Learning Era

1e+2 3

1952 1960 1968 1976 1984 1992 2000 2008 2018 2022
Publication date [J. Sevilla et al - 2022]
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https://arxiv.org/abs/2202.05924

Large amount of data used

Training computation vs. dataset size in notable Al systems. by
researcher affiliation

Computation is measured in total petaFLOP, which is 10** floating-point operations® estimated from Al literature, albeit with
some uncertainty. Training dataset size refers to the volume of text that is employed to train a model effectively.

W Academia
i GPT-4
10 billion ? o Academia and industry
«lIPhaGo Zg@. ‘GLB.M collaboration
100 million AlphaZero ce0 8y %ea & O .‘-s“:o; W Industry
a_ - ° ‘A!phaGQ'Lé'e ‘GPT"g (15B) ) B Other
1 million DETR @ o & . ®
e i Seq2Seq LSTM 5 @ T AHA
T o (GGl 6 " ea ®4 T @ Jul 2, Oct
o) 10,000 g § ° JansE  RNNsearch-50* 1950 «—s——» 30,
o .GANs i L] 2023
3 100 oo & JNSLM+RNN400/10 (WS))
— ] NPLM
2 ' :
[ L] TD-Gammon
5 0.01 . LeNet-5-12-----®
E. [ ]
8 0.0001 etTalk (dictionary)
& Fuzzy NN®
:E 0.000001..Neocognitmn ® ® .Samuel Neural Checkers
i o
'_
200000001 .Perceptron Mark |
0.0000000001 ADALINE
<le-11
.Theseus
4 100 10,000 1 million 100 million 10 billion 1 trillion
Training dataset size

Data source: Epoch (2024) OurWorldInData.org/artificial-intelligence | CC BY

1. Floating-point operation: A floating-point operation (FLOP) is a type of computer operation. One FLOP represents a single arithmetic operation
involving floating-point numbers, such as addition, subtraction, multiplication, or division.
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Generative Al: the acceleration accelerates

d GPT
X|g4 U 2018
0 17 600 petaFLOPS

7 Q GPT-2

X228 Q 2019
0 1,49M petaFLOPS

¥ 0 GPT-3
0 2020

X6l QO 341M petaFLOPS
(341 zetaFLOPS)

0 GPT-4

O 21B petaFLOPS
(21 yottaFLOPS)

vrec ersen  Jlelal - /Ecolnfo

Computation used to train notable artificial intelligence systems
Computation is measured in total petaFLOP, which is 10** floating-point operations®. Estimated from Al literature,
albeit with some uncertainty. Estimates are expected to be accurate within a factor of g, or a factor of 5 for recent
undisclosed models like GPT-4.
disclosure required at 100 billion petaFLOP under the Executive OrdGemini Ultra, :agg( dlomain
iology
10 billion PaLM (540B) & M Games
AlphaGo MEie® M Image generation
100 million bs M Language
g B Multimodal
g Lmilion 3 8, ot : SOtherh
] peec
@ *, i
a 10,000 =) =E:O‘?relli§Ne't".O W Vision
§ Unsupervised High-level Feature Learner . =.|"'ags ".‘“.!:"
: $
g 100 .KNS LI\./I.-l-.RI\i.N 51.90510 (WS_J).
RSV -
% . .NPLM .GPU D‘ENi ‘LS‘TI\‘/.I (':har Large
oo TD-Gammon Decision tree (classﬁ‘lcaﬁonL
3 0.01 . D e 8 SPIDER2
= [ ]
0.0001 .N efTalk (dictionary)
L]
0.00001 .Fuzzy NN
= :
: JNeocagnitron .Back;propagation
Apr 1, 1980 Sep 4, 1992 Aug 18, 2003 Jul 31, 2014
Publication date
Data source: Epoch (2024) QurWorldinData.org/artificial-intelligence | CC BY

Note: The Executive Order on Al refers to a directive issued by President Biden on October 30, 2023, aimed at establishing guidelines
and standards for the responsible development and use of artificial intelligence within the United States.

1. Floating-point operation: A floating-point operation (FLOP) is a type of computer operation. One FLOP represents a single arithmetic operation
involving floating-point numbers, such as addition, subtraction, multiplication, or division.

[C. Giattino et al - 2023]
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https://ourworldindata.org/artificial-intelligence?insight=the-last-decades-saw-a-continuous-exponential-increase-in-the-computation-used-to-train-ai#key-insights

Training GPT-3 - OpenAl

O Models are trained on GPUs

d Gpt 3 (a somehow old version)

0 Data set used for training: 45 To of data

’iNvidia V100]

O Computation time: 355 ans on a single V100
4 Model: 176B parameters
d Training on 10k NVIDIA V100 (2017) by Microsoft

O Durée: 10 jours

d Training: 552 tons eCO2 and 1,2 GWh of electricity
d 05/2024 : 10M users/day requiring 564 MWh of electricity

[D. Trystram & T. Ménissier - 2024]
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https://theconversation.com/lia-peut-elle-vraiment-etre-frugale-226274
https://www.nvidia.com/content/dam/en-zz/es_em/es_em/Solutions/Data-Center/tesla-v100/data-center-tesla-v100-nvlink-625-ud@2x.jpg

Using GPT - OpenAl

O Models are trained on GPUs

d Gpt 3 (a somehow old version)

4 [Nvidia V100]

d 65/2024—10Musers/day reqtriri ‘€
d 07/2025 : 2,5B prompts per day (according to S. Altman) !techcrunch - 07/2025]

L Look at istanora ar incex - 20251 fOr additional informations
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https://www.nvidia.com/content/dam/en-zz/es_em/es_em/Solutions/Data-Center/tesla-v100/data-center-tesla-v100-nvlink-625-ud@2x.jpg
https://techcrunch.com/2025/07/21/chatgpt-users-send-2-5-billion-prompts-a-day/
https://hai.stanford.edu/ai-index

Paradigm shift

i ) 6/11/2025 - The Minds of Modern Al: J. Huang, G.
D A| req uires resources Hinton, Y. LeCun & the Al Vision of the Future

d Training phase - 10%
d Use phase (inference) - 90%

4 Significant change

d Previously, compiled code ran on data [YT - 6/11/2025]

d Low resource consumption (near to zero marginal computing cost)

@ The use phase

d Requires to take the (large) context into account

d Results generated in real time
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https://youtu.be/0zXSrsKlm5A?si=bf8hNx4dvUmU2p5y&t=1112

4 Conclusion
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https://www.imdb.com/title/tt2180271/

Numérique : maladie infantile de nos sociétés ?

LONG RANGE STRATEGIC BUSINESS PLAN

0 Le numérique (et I'lA), un géant aux pieds d’argiles
0 Systeme socio-technique construit comme un illimitisme

O Non-soutenable par design

* Reposant sur des stocks non renouvelables

* Neécessitant beaucoup d’énergie et de puissance

C |

d Impact environnemental important (du berceau au tombeau) He("u:)'

Qatar: 34%

0 Soumis a une géopolitique complexe

—
©
N
o
N
1
(9]
(O]
(2]
2

0 Un chemin possible pour un futur collectif
O Prendre soin des infrastructures existantes

Innover par soustraction

Politiser les enjeux techniques

Dé-numériser ce qui est possible

o 0 0 O

2 L
looking glass

Renforcer les architectures souveraines et sobres
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https://pubs.usgs.gov/periodicals/mcs2026/mcs2026-helium.pdf

