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European Strategy Update

• Highlighted in CERN Courier article.
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Snowmass “2021”
• Periodically, APS Division of 

Particles and Fields organizes a 
community-wide study to identify 
the most important questions for 
the field and promising 
opportunities to address them.


• Used to be three weeks at 
Snowmass, near Aspen → optics 
problems.


• This time, 1 2 years of 
discussions/meetings/white 
papers culminating in 10-day 
meeting at U. Washington.


• “Community engagement” issues 
were explicitly part of the study.
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Snowmass “2021”
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CEF07 outputs
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Climate impacts of particle physics

Kenneth Bloom1,⇤, Veronique Boisvert2,⇤⇤, Daniel Britzger3, Micah Buuck4, Astrid
Eichhorn5, Michael Headley6, Kristin Lohwasser7, and Petra Merkel8

1University of Nebraska-Lincoln, Lincoln, NE, USA
2Royal Holloway University London, United Kingdom
3Max-Planck-Institute for Physics, Munich, Germany
4SLAC National Accelerator Laboratory, Menlo Park, CA, USA
5CP3-Origins, University of Southern Denmark, Denmark
6Sanford Underground Research Facility (SURF), Lead, SD, USA
7University of She�eld, United Kingdom
8Fermi National Accelerator Laboratory (Fermilab), Batavia, IL, USA

Abstract. The pursuit of particle physics requires a stable and prosperous so-
ciety. Today, our society is increasingly threatened by global climate change.
Human-influenced climate change has already impacted weather patterns, and
global warming will only increase unless deep reductions in emissions of CO2

and other greenhouse gases are achieved. Current and future activities in par-
ticle physics need to be considered in this context, either on the moral ground
that we have a responsibility to leave a habitable planet to future generations,
or on the more practical ground that, because of their scale, particle physics
projects and activities will be under scrutiny for their impact on the climate.
In this white paper for the U.S. Particle Physics Community Planning Exercise
(“Snowmass"), we examine several contexts in which the practice of particle
physics has impacts on the climate. These include the construction of facilities,
the design and operation of particle detectors, the use of large-scale computing,
and the research activities of scientists. We o↵er recommendations on estab-
lishing climate-aware practices in particle physics, with the goal of reducing
our impact on the climate. We invite members of the community to show their
support for a sustainable particle physics field [1].

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

⇤Contact author, e-mail: kenbloom@unl.edu
⇤⇤Contact author, e-mail: Veronique.Boisvert@rhul.ac.uk
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2 Submitted to the Proceedings of the US Community Study

on the Future of Particle Physics (Snowmass 2021)

Societal impacts of particle physics projects

Rochelle Zens1, Michael Headley1, Debra Wolf1, Alison Markovitz2, Faith Dukes3,
Jennifer Tang3, Kenneth Bloom4, and Veronique Boisvert5

1Sanford Underground Research Facility (SURF)
2Fermi National Accelerator Laboratory (Fermilab)
3Lawrence Berkeley National Laboratory (LBNL)
4University of Nebraska-Lincoln, Lincoln, NE 68588
5Royal Holloway University London

Abstract. Large particle physics projects funded by the U.S. Government re-
quire an evaluation and mitigation of each project’s potential impacts on the
local communities. However, beyond meeting governmental requirements, par-
ticle physics projects stand to play an essential role in local decision-making,
building relationships, and framing discussions about key projects by becom-
ing meaningfully engaged in their local communities. In this white paper for
the U.S. Particle Physics Community Planning Exercise (“Snowmass"), we ex-
amine several local community engagement e↵orts made by three facilities:
Lawrence Berkeley National Laboratory (Berkeley Lab), Fermi National Accel-
erator Laboratory (Fermilab), and the Sanford Underground Research Facility
(SURF). Although each facility focuses on a di↵erent endeavor in varying types
of communities, each study highlights the importance and benefits of employ-
ing consistent outreach techniques, promoting diversity, establishing lasting re-
lationships, and creating environments for open and honest communication.

1 Executive Summary

As large employers and leading entities within their communities, particle physics laborato-
ries can benefit from community engagement focused on local impacts. Community engage-
ment plays an essential role in local decision-making, building relationships, and important
discussions about the implementation of key projects. Large particle physics projects funded
by the U.S. Government require an evaluation and mitigation of each project’s potential im-
pacts on the local communities. Beyond satisfying governmental requirements, lasting and
positive change can result when laboratories work alongside their respective communities in
a meaningful way, which broadens the positive societal impacts of particle physics research.
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Caveats

• I’m not a climate scientist!

• The Snowmass paper is hardly exhaustive (and not the 

only work on this topic).

• Energy Frontier/European slant, driven by the authors.


• I hope that this presentation gets you thinking more about 
the impacts we all have on climate change, and what we 
(as individuals and as a society) can do about it.
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Climate change is real

• International Panel on Climate Change:

• “It is unequivocal that human influence has warmed the 

atmosphere, ocean and land. Widespread and rapid 
changes in the atmosphere, ocean, cryosphere and 
biosphere have occurred.”


• “Global warming of 1.5 C and 2 C will be exceeded 
during the 21st century unless deep reductions in CO2 

and other greenhouse gas emissions occur in the 
coming decades.”

7



Climate change is real
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(IPCC AR6)



Climate change is real

9

(IPCC AR5)

(IPCC AR6)



Carbon budgets
• Limiting warming requires significant reductions in CO2 and other 

greenhouse gas emissions, in line with Paris Agreement.

• Every 1000 gigaton of cumulative CO2 emissions leads to 0.27-0.63 

C increase in warming → must adhere to a carbon budget.

• IPCC: Total budget of 300 gigaton CO2e (CO2 equivalent) 

emissions for 83% chance to limit warming to < 1.5 C →  
1.1 tCO2e per capita per year until 2050.


• U.S. has a significant role to play in this:

• Current per capita per year rate: ~14 tCO2e, ~3x global average.

• Top producer/consumer of oil and natural gas, 2nd largest # of 

coal-fired power plants, but largest nuclear capacity, 2nd largest 
renewable capacity.


• Current administration pledged to reduce GHG emissions 50-52% 
below 2005 levels by 2030, net-zero no later than 2050.

• 2005 levels ≃ 20 tCO2e per capita.

10



Particle physics in this context
• Activities associated with particle physics have the 

potential for scientists to have a carbon impact well 
above that of average citizens, so we must pay attention.


• Moral reason: We are responsible for leaving behind a 
habitable planet.


• Practical reason: Future major projects will have 
significant carbon impact and will be scrutinized for it.

• More intense project review?  Paying for a price on 

carbon?

• Particle physics is a world leader in international 

cooperation for common goals — can we do the same 
here?


• How can we pursue the science we love sustainably?

11



Astronomy impacts

12



Emissions from construction
• Building construction industry contributes 10% of world’s total carbon emissions.


• Cement made via CaCO3 + heat → CaO + CO2, 1 ton CO2 per 1 ton cement, 
hard to decarbonize.


• Our field is considering major construction projects for future facilities.

• If electric grid is decarbonized by ~2040, facility construction rather than 

operation could dominate carbon impacts!

• Example: FCC(-ee,-hh), ~90 km tunnel would be one of the world’s largest, plus 

many bypass tunnels, access shafts, experimental caverns, surface facilities….

• Excavation of 7M m3 of spoil

13



Emissions from construction
• Carbon impact of main 

tunnel?

• Bottom up: calculate 

volume of tunnel walls, 
concrete is 15% cement 
→ ~240 kt CO2.


• Top down: studies of road 
tunnel construction give 
rule of thumb of 
5,000-10,000 kg CO2/km 
of tunnel → > ~500 kt CO2.


• 6 million trees required for 
carbon offset!

14

• 1 World Trade Center: 
3.5M ft2, ~550 kg 
embodied carbon/m2 
→ ~197 kt CO2e.



Facility construction considerations
• Constructing a major future facility will have similar carbon 

impact to the development of an urban neighborhood — and 
could receive similar scrutiny.


• Be prepared:

• Collect and analyze data on carbon impacts of 

construction for future environmental reviews.

• Develop and use low-carbon materials (and reuse/recycle).


• Beyond construction, invest in accelerator R&D on energy 
efficiency and power reduction:

• See Snowmass paper https://arxiv.org/abs/2203.07423.

• Energy efficient technologies (e.g. permanent magnets, 

low loss superconducting resonators) and energy efficient 
accelerator concepts (e.g. ERL).

15
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Emissions from detectors
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• Scope 1: direct emissions from organization

• Scope 2: indirect emissions from electricity, 

heating, etc.

• Scope 3: all other emissions upstream and 

downstream (business travel, commuting, 
catering, procurement etc.); harder to quantify

2017 2018 2019 2020

CERN environment report (2021-22)



Emissions from detectors
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• Gases used for particle detection, detector cooling, A/C, 
electrical insulation


• C2H2F4 has 1300x global warming potential (GWP) of CO2.

• CF4 has 6630x GWP, SF6 has 23500x GWP!



Emissions from detectors
• Complicated infrastructure: LHC experiments have ~90 

km of gas pipes over 30 systems!

• Basic challenge: the detectors are leaky.

18
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All gas systems already recirculate gas!

Leaks in detectors 
(ATLAS and CMS)

Permeation to Air 
(CMS)

GHGs for particle detection at LHC: Run 2
GHGs are used in CERN experiments 

due to their properties necessary for good detector operation  
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Upgrade to gas 
recirculation 

(LHCb)
Big leak search campaign on-going in LS2: 

fundamental to have access to chambers for repairing

Leaks are concentrated in the gas inlets, 
polycarbonate gas connectors and Polyethylene pipes 
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Emissions from detectors

• F-gases are good for detector operations, but highly 
regulated in the EU (phased-down sales → more 
expensive), mandatory reporting in the US.


• Procurement subject to availability and price increases → 
potential threat to long-term LHC program.

19

Beatrice Mandelli �30

GHGs for particle detection at LHC: Run1 vs Run2
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Development 
of new leaks

Gas 
Recirculation

Gas 
Recuperation

Gas 
Recirculation

+50%
+30%

-30% -50%

-20%

-30% -55% -80%-65%

Gas Recirculation 
and recuperation

Average variation from Run1 to Run2

- From Run1 to Run2 only increase of emissions is ATLAS and CMS RPC due to 
development of new leaks at detector level


- All other detector systems had a decrease of GHG emission from -20% to 80%

- Thanks to the different gas system upgrades performed and a major attention on GHG use

Up to 90% at 
end of Run2

Up to 45% at 
end of Run2

Up to 75% at 
end of Run2

9 Nov 2021



Emissions from detectors
• CERN ran a working group in 2020-21 to address F-gas issues: 

centralized procurement, leak detection, replacement alternatives, 
training, traceability, reporting.


• New eco-friendly gases/liquids good for refrigerants, not as much for 
particle detection in existing systems.

20

CERN strategies for GHG reduction

Beatrice Mandelli �5

CERN Strategies to reduce GHG emissions 
in particle detection

Optimization of 
current technologies

Gas Recirculation

Particular attention 
to operation

Improved control 
and monitoring

Gas Recuperation

Pressure swing

Membrane 
separation 

Cryogenic/cold 
separation

Alternative Gases

To C2H2F4

To SF6

To CF4

Gas Disposal

GHG destruction

Long-term Short-term 

Set aside

9 Nov 2021



Improvements at CMS
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CMS Status 2023October 13, 2023

 Emissions reductions

16

    RPC gas mixture: R134a + iC4H10+ SF6    
                              95.2% + 4.5%  + 0.3% 

Leak rate 
0 l/h~25

total system volume 
13 m3

Closed loop  & 
Replenishing rate 10% 

750 l/h~ 

Exhaust 0 l/h ~ 50

R134a Recuperation 
system

New

➢ The first Freon (R134a) recuperation system was built and 
installed in CMS at the RPC exhaust.  The system was 
commissioned in June 2023 and is in operation at P5.

Fresh Gas

➢ CMS is working to reduce Green House Gases (GHG) emissions where possible. 
➢ For example, Muon CSCs will run with 5% of CF4 (2.5% fresh and 2.5% recuperated gas) during the Heavy Ion run  

P. McBride, October 2023 JOG



Emissions from detectors

• Now is the time for R&D on replacement gases, leak-free 
detectors, recirculation systems for future detectors!

22
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Why it is so difficult to find good GHG alternatives

9 Nov 2021

When looking for alternatives eco-friendly gases, several factors have to be taken into account

Safety

Environment

Performance

Safety first for detector operations 

- Gas mixture not flammable

- Gas components cannot have high 

toxicity levels

Tradeoff between 
flammability and GWP


- Replacing F with Cl or H: it 
shortens atmospheric lifetime 
BUT increase flammability limit


- Adding C=C bound: it 
increases reaction with O2

RPC short and long term 
performance are affected


- Good quenching gases required

- Radiation-hard gas required

- Gases cannot heavily react with 

H2O or UV radiationGWP represents the main 
environment concern

GWP is related to IR absorption 
over time. Low GWP gases have 
short atmospheric lifetimes


- Water solubility —> rain out

- OH reactivity —> oxidation 

- UV absorbance —> photolysis



Emissions from computing
• Data centers and computing contribute 2-4% of global GHG emissions, only 

expected to grow.

• Up-front considerations: where do we place computing facilities and how are 

they powered?

• Great variation of electricity emissions across countries and even regions.

23



Emissions from computing
• Data centers and computing contribute 2-4% of global GHG emissions, only 

expected to grow.

• Up-front considerations: where do we place computing facilities and how are 

they powered?

• Great variation of electricity emissions across countries and even regions.

24 electricitymap.org



Emissions from computing
• Can we be smarter about how we use existing facilities?

• Can compute centers expose information on their specific 

carbon impact, so that experiments can use it in scheduling?

• Can we schedule jobs to run at times when electricity 

supplies tend to be cheaper/cleaner (midday/nighttime)?

• Can we consider carbon impact as an element of computing 

“performance” in benchmarking?

• Can we invest in optimization of power consumption for 

products/libraries in widespread use in the field?

• (Or at least track progress over release history?)


• Looking ahead: electricity must be de-carbonized, but:

• Expect higher demand for electricity overall.

• Concerns about “embodied carbon” in computing facilities.
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Emissions from laboratories
• DOE requires yearly reports on environmental impacts.

• Fermilab 2022 sustainability report:

26

renewable energy 
certificates

https://esh-docdb.fnal.gov/cgi-bin/sso/RetrieveFile?docid=7096&filename=2022%20Annual%20Site%20Env%20Report.pdf&version=1


Emissions from laboratories
• More on Fermilab: electricity usage is expected to increase by 

30% over historic peak levels due to PIP-II, LBNF operations.

27



Why am I here?

28

And why was Snowmass here?
When it could have been here?



Emissions from travel

• Particle physicists are 
famous for the amount of 
traveling they do.

• Experiment sites, 

conferences

• Air travel is “only” ~2% of 

global emissions, but rising 
rapidly (up 32% in 5 years 
before pandemic) and hard 
to de-carbonize.
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FACT SHEET: GLOBAL

communications@theicct.org    WWW.THEICCT.ORG

SEPTEMBER 2019

CO2 EMISSIONS
FROM COMMERCIAL AVIATION, 2018

To better understand the carbon emissions 

associated with commercial aviation, this 

study developed a bottom-up, global aviation 

CO2 inventory for calendar year 2018.

TOP CO2 EMITTERS
(based on country of departure)

1. United States
 182 MMT
 24% of global total
 69% from domestic operations

2. European Union
 142 MMT
 19% of global total
 47% from in-bloc operations

3. China
 95 MMT
 13% of global total
 69% from domestic operations

For the full study: www.theicct.org/publications/co2-emissions-commercial-aviation-2018

Passengers:
NARROWBODY
395 MMT (43%)

Passengers:
WIDEBODY

305 MMT (33%)

Passengers:
REGIONAL

47 MMT (5%)

DEDICATED
Freighter

70 MMT (8%)

BELLY
Freight

101 MMT (11%)

Freight
Operations
171 MMT CO2
(19% of total)

Passenger
Operations
747 MMT CO2
(81% of total)

918 MMT CO2
from commercial 

aviation

918million metric tons 
(MMT) CO2 from 
passenger and 
freight transport

increase 
since 2013, 
using IATA 
values32% million  

passenger flights
(67% domestic  /  
33% international)38

PASSENGER CO2 EMISSIONS
occurred on
short-haul flights
(less than 1,500 km)⅓
occurred on
medium-haul flights
(1,500 km to 4,000 km)⅓
occurred on
long-haul flights
(greater than 4,000 km)⅓ Nearly 2x as much CO2 per 

passenger km as longer flights

FLIGHTS ≤ 500 km

of global  
CO2 total

5%



Rethinking travel
• The pandemic has taught us a lot about what can be done 

remotely…and what can’t be done remotely.

• Can we optimize experiment work so that more of it can be 

done at home institutions (e.g. remote control rooms)?

• Can we improve meeting technology so that everyone can 

have the same experience regardless of location?

• Can we rely more on regional centers to reduce travel to the 

experiment host laboratory?

• What about conferences?  Is in-person appearance necessary 

for career development, or just for fun?

• Estimate 1 ton CO2e per conference participant!

• Improvements: accessible venues, virtual attendance, 

reduce frequency, multiple regional hubs

• Judicious choices can have an impact.

30



European Strategy Update input
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European Strategy Update
• Highlighted in final ESU report:
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Our recommendations
• New experiments and facility construction projects should report on their 

planned emissions and energy usage as part of their environmental 
assessment, which will be part of their evaluation criteria. These reports 
should be inclusive of all aspects of activities, including construction, 
detector operations, computing, and researcher activities. 


• U.S. laboratories should be involved in a review across all international 
laboratories to ascertain whether emissions are reported clearly and 
in a standardized way. This will also allow other U.S. particle physics 
research centers (including universities) to use those standards for 
calculating their emissions across all scopes. 


• Using the reported information as a guide, all participants in particle 
physics – laboratories, experiments, universities, and individual 
researchers – should take steps to mitigate their impact on climate 
change by setting concrete reduction goals and defining pathways to 
reaching them by means of an open and transparent process involving 
all relevant members of the community. This may include spending a 
portion of research time on directly tackling challenges related to 
climate change in the context of particle physics.

33



Our recommendations
• U.S. laboratories should invest in the development and affordable deployment of 

next-generation digital meeting spaces in order to minimize the travel 
emissions of their users. Moreover the particle physics community should 
actively promote hybrid or virtual research meetings and travel should be more 
fairly distributed between junior and senior members of the community. For in-
person meetings, the meeting location should be chosen carefully such as to 
minimize the number of long-distance flights and avoid layovers. 


• Long-term projects should consider the evolving social and economic 
context, such as the expectation of de-carbonized electricity production by 
2040, and the possibility of carbon pricing that will have an impact on total 
project costs.


• All U.S. particle physics researchers should actively engage in learning about 
the climate emergency and about the climate impact of particle-physics 
research.


• The U.S. particle physics community should promote and publicize their 
actions surrounding the climate emergency to the general public and other 
scientific communities. 


• The U.S. particle physics community and funding agencies should engage with 
the broader international community to collectively reduce emissions. 
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Beyond Snowmass
• The Snowmass study was a huge effort, covering the 

entirety of particle physics!

• ~500 white papers → summaries from topical groups 
→ summaries from 10 “frontier” areas → 70 page 
overall summary report.


• This topic got an entire sentence in the summary! 
 

• And the topic got a brief mention in the recent Particle 
Physics Project Prioritization report:


• From here, it is in our own hands….

35



Outlook
• Human-influenced climate change is real, and particle physics needs 

to be considered in that context.

• A wide range of our activities can have an outsized impact on carbon 

emissions.

• But we can take some reasonable steps to mitigate this, and these 

steps should be integrated into any consideration of new particle 
physics projects.

• Funding agencies could allow particle physics sustainability 

research to count as “normal” particle physics research.

• Optimism: 

• The most recent IPCC report says that it’s not too late to slow the 

impacts of climate change…but we need to act now.

• Inflation Reduction Act is actually a climate change bill!

• A community that can build and operate some of the world’s most 

complex scientific experiments can address this challenge too!
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My electric car!
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Societal action is needed

38


