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The climate history of Homo Sapiens
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Planetary Boundaries
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Science-based analysis of the risk
that human activities will destabilise
the Earth system at the planetary
scale

We are no longer in the safe
operating zone for
6* out of 9 planetary boundaries

*novel entities, climate change, biosphere
integrity, land-system change, freshwater
change, biogeochemical flows



Socioeconomic metabolism of the global economy
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Climate change: the evidence

Changes in global surface temperature relative to 1850-1900

a) Change in global surface temperature (decadal average)
as reconstructed (1-2000) and observed (1850-2020)
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b) Change in global surface temperature (annual average) as observed and
simulated using human & natural and only natural factors (both 1850-2020)
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Figure 1 of Summary Report for Policy Makers of the IPCC 6t assessment report of Working Group 1



Climate change: the risks

Global and regional risks for increasing levels of global warming

(a) Global surface temperature change b) Reasons for Concern (RFC)
Increase relative to the period 1850-1900 Impact and risk assessments assuming low to no adaptation
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Climate change: responsibilities
Per capita carbon footprint for each decile of regional populations
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Climate change: our responsibility

COMETS

Comité d'éthique du CNRS

AVIS n°2022-43

« Intégrer les enjeux environnementaux a la

conduite de la recherche — Une responsabilité
éthique »

Approbation en séance pléniére le 5 décembre 2022

« Un trés large accord se fait jour sur la nécessité que la recherche, comme toute activité, participe
a I’effort de réduction des émissions de gaz a effet de serre. »

« La prise en compte de I’environnement fait partie intégrante de I’éthique de la recherche »

C’est de « la responsabilité des acteurs et actrices de la recherche de penser leur activité au
regard des enjeux environnementaux »

« Cette responsabilité concerne non seulement I’empreinte des pratiques de recherche mais plus
généralement I’impact environnemental négatif ou positif que le choix de tel ou tel sujet de
recherche et de telle ou telle voie pour le traiter peut engendrer pour I’environnement au sens large,
a court, moyen ou long terme. »



The carbon footprint of astronomy

Huge differences
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mmm Employee H
(1040) — Tin Y among estimates
MPIA (Germany) = Efzﬁggg’g
(320) B Observatories

Strong impact of

MIT Kavli (USA) . .

(158) carbon intensity of

RAP {France) electricity
Australia production
(934)
6 é 4'1 é ;3 1I0 112 1'4 1'6 1I8 2'0 2'2 2I4 2I6 2'8 Bb 32
tCO,e employee~?! year?!

Knodiseder et al. (2023), in: Climate Change for Astronomers (IOP)
Based on data from: . .
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IRAP carbon footprint

e M Electricity (138 tCOe) 2019 carbon footprint:
M Heating (108 tCO,e)
= 7418 £ 860 tCO.e
37.7% M Air conditioning (26 tCO,e)
B Waste (55 {CO,e) Average 2019 carbon
M Meals (85 tCO,e) footp ri nt:

I Home-workplace commuting (174 tCO,e) 52 tCO.e / astronomer*
2

Internal commuting (10 tCO,e)
I Good and services (1,335 tCO,e)

Computer equipment (81 tCO,e) *1 44 astronomers
External equipment (33 tCO,e) 263 emp|oyees

External storage (26 tCO,e)

Data flow (1 tCO.e)

Observational data (space) (2,800 tCO.e)
Il Observational data (ground) (1,300 tCO,e)
I Hotel accommodation (75 tCO,e)
17.5% M Professional travels (1,169 tCO,e)

Martin et al. (2022), Nature Astronomy, 6, 1219; arXiv:2204.12362
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Carbon footprint computation
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Carbon footprint computation

Boundaries Emission factors
Tonnes of CO,e per kWh,
kg, km, M€ spent

Carbon footprint =

Activity data

Consumption, weight,
distance, cost
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Martin et al. (2022), arXiv:2204.12362
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Purchase of goods and services

le3 « Estimated using a monetary
12141335 tCO,e (18.0%) Chemistry (4.1 %) method (based on NACRES

Total Cryogenics/gases (2.1 %) d
Spending 3657 k€ Particle physics (10.0 %) (o]0 es)

Emissions 1335 tCO2e e - Average emission factor:

General supplies (4.4 %) 365 kgCOze/k€

Buildings (4.0 %)
Mechanics (10.8 %)
Electronics (19.6 %)
Optics (13.0 %)
Communication (3.3 %)
Consulting (9.2 %)
Computing (8.8 %)
Shares < 2.0 %

1.0

0.8

0.6

0.4

Average emission factor (kCO,e/k€)

B

%% 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Martin et al. (2022), arXiv:2204.12362
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Use of observatory data

Inventory of observatories used in 2019 refereed papers
— 46 space missions (probes & telescopes)
— 39 ground-based observatories
Computation
— Include construction (amortised) and annual operations
— Monetary and mass ratios (tCO,e ~ M€ ; tCO,e ~ kg)
— Emission factors from literature survey
— Activity data from literature and internet

Attribution

— Based on the fraction “IRAP authors / all authors” on refereed papers published in
2019 that cite a given facility

Notes:

Estimations based on the same method have been recently derived for the use of Earth

observation satellites (Marc et al. 2023)
The inclusion of research infrastructures in the GES 1p5 tool is under implementation and

will include, for example, the LHC (thanks to work by Mélissa Ridel and colleagues)



Emission factors for observatories

Emission factors derived from existing carbon footprint
Space missions (based on payload wet mass)

Space missions (based on mission cost)

Construction of ground-based observatories

Operations of ground-based observatories

Selected other activities for comparison
Activity

Insurance, banking and advisory services
Architecture and engineering, building maintenance
Installation and repair of machines and equipment
Metal products (aluminium, cupper, steel, ...)

Mineral products (concrete, glass, ...)

estimates
50 tCO.e / kg
140 tCO,e | M€
240 tCO,e / M€
250 tCO,e / M€

110 tCO,e / M€
170 tCO,e / M€
390 tCO,e / M€
1700 tCO,e / M€
1800 tCO,e / M€



Actuvuty data
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Knodiseder et al. (2022), Nature Astronomy, 6, 503

Collection of cost data was the most time-
consuming part of the work

Collection of payload mass data was easy
Cost data not always include mission
extensions and never include upgrades; if
no data were found contribution was

skipped (results are lower limits)

All cost data were inflation corrected to
2019 economic conditions
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Facullty carbon footprint

LI ST e e e e oo ° Order of magnitude estimates of lifecycle
i carbon footprints for 85 astronomical
research infrastructures

* Results of individual infrastructures are
uncertain by 80% (recommended
uncertainty by French Environmental
Agency ADEME for method of monetary
ratios)

* Annual footprints by dividing the lifecycle

footprint by the mission or observatory
lifetime (or ten years, whatever is longer)

Knodiseder et al. (2022), Nature Astronofny, 6, 503



Use of observatory data

Category Lifecycle Annual footprint IRAP attribution
footprint (ktCO.e / yr) (tCO.e / yr)
(MtCO,e)

Total 7.8x1.4 5321106 3953 £ 689

Cost-based and mass-based estimates provide comparable results
53% of IRAP’s carbon footprint

Footprint dominated by space-based (IRAP bias)

Footprint per IRAP astronomer: 27.4 £ 4.8 tCO,e / yr /| astronomer
Extrapolation to world inventory: 36.6 £ 14.0 tCO.,e / yr / astronomer

19



Summary of the situation

Research
Infrastructures

Other items
of astronomy
related footprint

e

n e e e e e e

2019

Lifestyle footprint

~60tCO.e/
astronomer
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Summary of the situation

Research
Infrastructures

Other items
of astronomy
related footprint

Lifestyle footprint ] ]
2019 2050
~ 60 tCO,e/ 2tCO,e/ Factor 5 - 20 Based on
astronomer human reduction responsibility

in climate

Hickel (2020), Lancet Planet Health, 4, 399 —> breakdown
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Summary of the situation

Whatever target is to be adopted, it
will fundamentally change how we

Research will do astronomy in the future

Infrastructures

Other items
of astronomy
related footprint

Lifestyle footprint

2019 2050
~ 60 tCO,e/ 2tCO,e/ Factor 5 - 20 Based on
astronomer human reduction responsibility
in climate

Hickel (2020), Lancet Planet Health, 4, 399 —> breakdown
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Towards an action plan at IRAP

Hiring of an environmental transition manager

Working groups to identify potential actions
— Professional travelling
— Purchase of goods & services
— Daily lab life
— Low carbon science (change of research practices)
Scenario based action plan (excluding use of observatory data)
— -2%/ yr (minimum requirement by research ministry)
— -5% 1/ yr (research ministry goal)
— -7% 1/ yr (compliant with Paris agreement)
Select / adapt scenario and adopt action plan
— Discussion forums by employee corps
— Vote by lab council by the end of the year (current plan)

23



Reducing the travelling footprint

Evolution missions 2019/2022 * -30% less trips
Km parcourus + -50% CO,e emissions

* Increased use of train
7 000 000 * Trend confirmed for first

6 000 000 semester 2023 (reduction
5 000 000 not related to COVID)

4 000 000

3 000 000 A real (voluntary) shift

2 000 000 seems to have happened
1 000 000

in the lab!

0
2019 2022

B Avion ® Train ™ Voiture ™ Bus

Mouinié (2023), IRAP internal document

24



Eco-design

<€

Average emission factor (kCO,e/k€)

Reducing the purchase footprint

le3

1.2
1.0
0.8

0.6

0.2

9.0

Total
Spending 3657 k€
Emissions 1335 tCO2e

Transfer

"

Reduction
_

1.0 1.5 2.0

Spending (k€)
Martin et al. (2022), arXiv:2204.12362

Chemistry (4.1 %)
Cryogenics/gases (2.1 %)
Particle physics (10.0 %)
Freight (2.2 %)

Vacuum (4.1 %)

General supplies (4.4 %)
Buildings (4.0 %)
Mechanics (10.8 %)
Electronics (19.6 %)
Optics (13.0 %)
Communication (3.3 %)
Consulting (9.2 %)
Computing (8.8 %)
Shares < 2.0 %

2.5 3.0 3.5
le3

Easy fixes: mutualise,
extend lifetime, repair
More difficult changes:
buy less, buy
differently

Attractive: eco-design
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The difficulties of eco-design
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The difficulties of eco-design

a Norlisk’s emissions are more comparable to the passive degassing that happens at some of the most
active effusive volcanoes. Between 2005 and 2017, only one volcano - Ambrym in Vanuatu - emitted
more sulfur dioxide through passive degassing than Norilsk. (NASA Earth Observatory, 12/07/2017)

Reka Ambarnaya '

Usines et fonderies de
Norilsk| Stanislav
Lvovsky * 2008 - cc-by-
ne-nd 2.0

Smelting plant
R

| L3

- . ]
2— Smoke J

Pollution de la riviére
Daldykan en

septembre 2016 suite
au débordement d'un
parc a résidus miniers
| © Alex Kokcharov
2016 - Twitter

Tailings pond -

Voiland, A"(2017,). A Manmade Volcano over Norilsk. NASA .Eemh Observatory.

Nickel production in Norilsk mine, Russia (Aurore Stephant)
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The difficulties of eco-design

Eco-design - Proba-V satellite

Comparison environmental impact baseline and ecodesign

Global warming
Ozone depletion
Human toxicity
Abiotic resource depl.
Photochem. ozone form.
Particulate matter
Freshwater eutr.
Marine eutr.
Metals resources depl.
lonising radiation
Freshwater ecotox.
Marine ecotox.
Fossil resources depl.

Mineral resources depl.

Acidification

20% 40% 60%

®

—=Space mission study case

80%

120%

Greensat

An Vercalsteren et al. (2018), Clean Industry Days

Perform life cycle analysis
(LCA) capturing all
environmental impacts
(keyword: impact transfers)
Optimisation is always a
trade-off (impossible to win
on all impact categories
without reducing scope)
Improvements of typically
20-30% seem feasible
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Reducing the purchase footprint

le3 Significant impact

"2 e — gr;;;,g;:gsﬁg;sggnzlo% . | reductions likely imply
o 2%?2323531%5375%0% o ,':fg;:te (%r.\%/sou/:)s (100%) | that we have.to touch
' m Vacuum (4.1 %) our core business
General supplies (4.4 %)
Transfer Buildings (4.0 %)

0.8 Mechanics (10.8 %)

Electronics (19.6 %)
Optics (13.0 %)
Communication (3.3 %)

Consulting (9.2 %)
Computing (8.8 %)
Shares < 2.0 %

0.6

0.4

Average emission factor (kCO,e/k€)

0.2 Reduction
ﬁ
%90 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Martin et al. (2022), arXiv:2204.12362 29



Freight

Reducing the observatory footprint

Example of ESO (https://www.eso.org/public/france/about-eso/green/)
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Reducing the observatory footprint

Example of ESO (https://www.eso.org/public/france/about-eso/green/)

Purchases

o Business
Next few years

-4.4 ktCO.e / yr

Running observatory sites using renewable energy (-7.5%)
Preferring sea freight over air (-5.0%)

Reducing business travel (-2.9%)

Extend lifetime of IT equipment (-0.0%)
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Reducing the observatory footprint

Example of ESO (https://www.eso.org/public/france/about-eso/green/)

Capital goods Waste
™% 0%

Commuting
%

4 ELT

Freight C Operations

28 kiCO,e

Energy

0 Business
Next few years

Explosives Energy (combustion)

2018

2% 2%
Freight " Concrete (dome foundation, anciliary. pier]
19% 10%
Instruments being

developed 2%

3% 63.7

-4.4 ktCO,e / yr i KICOse

22%

36%

Installations and
mechanisms
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Reducing the observatory footprint

12000 i
Il Photovoltaic power plants PaSt and pred|Cted .
B Chilean grid annual carbon footprint
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>‘ .
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o
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= 4000
©
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C
£ 2000
0
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Year

Data from Filippi et al. (2022), SPIE, 12182, 3
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Reducing the observatory footprint

An inconvenient truth:

It is extremely difficult to decarbonise while
ramping up!

We need BOTH carbon footprint reductions

AND a reduction of the deployment pace of
new observatories
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Environmental impact & science roadmaps

Minimiser l’impact environnemental des projets spatiaux scientiﬁques

Contribution émanant de la communauté scientifique (plus de 240 signataires) au séminaire de prospective
du CNES 2024 sur la thématique

“Empreinte environnementale des activités scientifiques spatiales”

Coordination: Didier Barret & Jirgen Knodlseder

Prospective scientifique de I'INP

Intégrer les enjeux environnementaux a la recherche en

COMETS Physique

Comité d’éthique du CNRS

AVIS n°2022-43

« Intégrer les enjeux environnementaux a la

conduite de la recherche — Une responsabilité
éthique »

Approbation en séance pléniére le 5 décembre 2022
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Towards sustainable astronomy

To keep our planet habitable human societies have to switch to a sustainable socio-
economic pathway (cf. IPCC)

This concerns all human activities, including (astronomical) research
(cf. inequalities)

This (likely) implies that we have to do astronomy differently (cf. previous slides)

reduce air travelling

rethink our activities (e.g. environmental impact assessment and mitigation,
less instrument development, more R&D)

deeper use of (abundant) archival data
make decarbonisation a funding priority
build less new facilities

This (certainly) implies a systemic change, including individuals, laboratories,
research and funding organisation, governments

As a community, we should recognise our responsibility and be exemplary
(cf. credibility)
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Fitting into the planetary boundaries

B Beyond the boundary
| Boundary not quantified

climate
change

Kate Raworth (2018), Doughnut economics 37



Backup slides



Greenhouse gas emissions versus cost

Carbon footprint (kt CO,e)

1200 A
1000 A
800 A 250 t COe / M€
600 - 3]
400 -
200 A &
0 -
560 1OIOO 15IOO 20I00 ZSIOO

Turnover (M€)

Carbon footprint reports of
19 French companies of
the construction sector
versus their turnovers
(source: Base Carbone
ADEME).

The blue line corresponds
to a monetary emission
factor of 250 tCO,e / M€,
the area indicates
an uncertainty of 80%.
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Astronomy versus other fields

Based on cost estimates in ESFRI 2021 infrastructure roadmap

Construction

Digital

Energy
Environment
Health & Food
Physics (w/o astro)
Astronomy

Social & Cultural

Bl Projects
mw Landmarks

0 250 500 750 1000 1250 1500 1750 2000
ktCOe
Operations
Digital Bl Projects
Energy mw Landmarks

Environment
Health & Food
Physics (w/o astro)
Astronomy

Social & Cultural

0 25 50 75 100 125 150 175
ktCOe year~!

Astronomy: 24%
(construction)

Other domains (e.g.

physics) have an
equivalent issue
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