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Sustainability of high energy collider physics

✦ Community consensus that Higgs factory should be the next major collider after HL-LHC

• All proposed collider concepts have similar precision across Higgs couplings to other SM particles


• Linear colliders have access to high energies (~500 GeV), opening up self-coupling measurements


✦ Climate change poses significant threat to humanity and health of Earth’s ecosystems

• How can we continue to build and operate large colliders sustainably?


✦ Pointed out in Snowmass climate impacts report that emissions from construction, energy consumption, detector 
gas emissions, and computing should be evaluated

• In this study, we focus on emissions due to main  

tunnel construction and operations
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Introduction

What’s Next for the Energy Frontier?

3P5 Town Hall
The Energy Frontier 2021 Snowmass Report

Physics goals beyond HL-LHC:

1. Establish Yukawa couplings to light flavor ⟹ precision & lumi
2. Search for invisible/exotic decays and new Higgs ⟹ precision & lumi
3. Establish self-coupling ⟹ > 500 GeV e+e- operations

The Energy Frontier 2021 Snowmass Report See also sustainability session at LCWS

Values taken from Tables XI and X of EF Higgs topical report

https://arxiv.org/pdf/2203.12389.pdf
https://arxiv.org/abs/2211.11084
https://indico.slac.stanford.edu/event/7467/sessions/443/#20230516
https://arxiv.org/pdf/2209.07510.pdf
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Collider project inputs
✦ Analysis of emissions from civil engineering of ILC and CLIC shows 80% of construction 

emissions arise from materials, 20% from material transport and construction process

• More thorough than Snowmass report - rely on it for inputs for other Higgs factory parameters!


• Global warming potential for tunnels ~6 tn/m for CLIC/ILC, use for FCC/CEPC


• Estimates for additional tunnel construction FCC/CEPC estimated based on CLIC/ILC

- Includes caverns, access tunnels, klystron gallery, etc.

Project Main tunnel length (km) Global Warning Potential (ktCO2e)
Main tunnel + Other tunnels Construction process

FCC 90.6 545 700 (+30%) 875 (+25%)
CEPC 100 600 780 (+30%) 975 (+25%)

ILC 13 80 200 270
CLIC 11 70 105 125

C3 8 50 70 75
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Carbon intensity projections
World Energy Outlook 2022, International Energy Agency

Stated Policies  
Scenario (STEPS)

Announced Pledges  
Scenario (APS)

Net Zero Emissions  
by 2050 (NZE)

More aggressive decarbonization scenario

US: 45 gCO2/kWh

EU: 40 gCO2/kWh

Japan: 150 gCO2/kWh

China: 300 gCO2/kWh

E.g. California and Pacific Northwest are 
already significantly decarbonized, take


~ 20 gCO2/kWh


CERN expects to have 50/50 split between 
renewables and nuclear (5 gCO2/kWh ) 


~ 12.5 gCO2/kWh

 

Chapter 6 | Outlook for electricity 305
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now close almost 40% of the gap between the STEPS and NZE Scenario, up from 15% in the 
WEOͲ2021. 

The global average COЇ  intensity of electricity generation declines  in all scenarios from  its 
level of 459 grammes of carbon dioxide per kilowatt‐hour  (g CO2 /kWh)  in 2021, falling by 
2030 to 330 g CO2/kWh in the STEPS, 280 g CO2/kWh in the APS and 165 g CO2/kWh in the 
NZE  Scenario.  By  2050,  the  average  intensity  of  electricity  generation  ranges  from 
160 g CO2/kWh in STEPS to slightly below zero in the NZE Scenario. However, countries start 
from different places in 2021 and their pathways vary. In general, the rapid growth of power 
systems  in emerging market and developing economies and higher use of unabated coal 
result in an average CO2 intensity of electricity generation that is 70% higher than the average 
in advanced economies (Figure 6.14). In advanced economies, while stated policies lead to 
significant reductions in annual emissions, announced pledges lead to faster reductions, with 
the United States and the European Union reaching net zero emissions electricity by 2040, 
and Japan and Korea by 2050. A number of emerging market and developing economies have 
also pledged to reach net zero emissions, and this leads in the APS to deep reductions in the 
CO2 intensity of electricity by 2050 in Africa, China, India, Middle East and Southeast Asia.  

Figure 6.14 ⊳ Average CO₂ intensity of electricity generation for selected 
regions by scenario, 2020-2050 

IEA. CC BY 4.0.

CO₂ intensity of electricity generation varies widely today, but all regions see a decline in 
future years and many have declared net zero emissions ambitions by around 2050  

6.5 Investment 

Global power sector investment rose 7% in 2021 as economies rebound in the wake of the 
Covid‐19 pandemic. Such investment is expected to rise an additional 6% in 2022 to nearly 
USD 1 trillion. Investment continues to rise in all three scenarios. In the STEPS, an average of 
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These are national/continental projections,  
but some regions within the US/EU are  

more green than the average!

STEPS projections in 2040: 

https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
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Results of sustainability analysis

Total energy consumption over full run time

ILC/C3 and CEPC consumption driven by longer run times 
(not including potential power optimizations for C3)

Total carbon impact

CEPC least sustainable, driven by  
energy production and long run times,  

bulk of emissions for FCC-ee come from construction
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✦ Construction emissions are difficult to reduce without reducing the amount of poured concrete

• Surface sites should be considered to minimize complexity and emissions associated to construction process


✦ Operations emissions can be reduced by relying on clean energy sources, technology is available 
now and becomes more accessible in 10-15 year timeframe


✦ Compact colliders built in countries with access to clean energy infrastructure offer the most 
sustainable path for high energy collider physics

• Linear Higgs factories are the most environmentally sustainable option for a precision Higgs factory


✦ Finalizing details of sustainability analysis, paper to follow
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Conclusions

Thank you for your attention - stay tuned!



Backup
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Carbon footprint from operations only

Differentiation in environmental impact driven 
by carbon intensity at target site for each project

Common construction emission per km among  
linear/circular concepts - differentiation from  

total length and construction model!

Emissions from construction
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Additional operating parameters

Higgs factory CLIC ILC C3 CEPC FCC-eep
s [GeV] 380 250 500 250 550 240 360 240 340-350 365

P [MW] 110 111 173 150 175 340 290 350
Tcollisions [107 s/year] 1.20 1.60 1.60 1.30 1.08

Trun [years] 8 11 9 10 10 10 5 3 1 4
Linst/IP [·1034 cm�2 s�1 ] 2.3 1.35 1.8 1.3 2.4 8.3 0.83 8.5 0.95 1.55

Lint [ab
�1 ] 1.5 2 4 2 4 20 1 5 0.2 1.5

Table 2: For each of the Higgs factory projects considered in the 1st row, the center-of-mass energies
(2nd row), AC site power (3rd row), annual collision time (4th row), total running time (5th row),
instantaneous luminosity per interaction point (6th row) and target integrated luminosity (7th row)
at each center-of-mass energy are given. The numerical values were taken from the bibliographical
sources mentioned in the table in conjunction with [?].
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[1] The CLIC Project, 2022 (arXiv:2203.09186)

[2] ILC Snowmass report, 2023 (arXiv:2203.07622)

[3] C3: A “Cool” route to the Higgs Boson and Beyond, 2021 (arXiv:2110.15800)

[4] CEPC Snowmass Report, 2022 (arXiv:2205.08553)

[5] CEPC Snowmass White Paper, 2022 (arXiv:2203.09451)

[6] FCC Snowmass Report, 2022 (arXiv:2203.06520)

[7] FCC-ee CDR Volume 2, 2018 (CDS)

https://arxiv.org/abs/2203.09186
https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/2110.15800
https://arxiv.org/abs/2205.08553
https://arxiv.org/abs/2203.09451
https://arxiv.org/abs/2203.06520
https://cds.cern.ch/record/2651299
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Siting options for C3

Pacific West

PJM Interconnection

California Independent 
Systems Operator (CAISO)

electricitymaps.org

Carbon intensity for electricity generation 

varies across US, driven by hydro in Northwest,  
solar in Southwest, and nuclear in Northeast

Average March 2022-2023

Not representative of C3 operations beginning 
in ~2040! Need projections

PJM 2022 estimate used in  
Janot, Blondel 2022

C3 has flexibility in site choice

https://app.electricitymaps.com/map
https://arxiv.org/abs/2208.10466
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ARUP Civil Engineering Report

A1-A5 GWP (tCO2e)

System Sub-system Components Sub-components

98489, 78%

6107, 5%

10243, 8%

11982, 9%

A4

A5a

A5w

A1-A3

1. CLIC Drive Beam 380GeV
5.6m internal dia. 

Geneva

2. CLIC Klystron 380GeV
10m internal dia. 

Geneva

3. ILC 250GeV
Arched 9.5m span

Japan

228532, 79%

13661, 5%

18922, 6%

29115, 10%

A1-A3

A4

A5a
A5w

227401, 85%

9020, 4%

13293, 5%
16747, 6%

A1-A3

A5a
A5w

A4

Total A1-A5 GWP: 127000 tCO2e Total A1-A5 GWP: 290000 tCO2e Total A1-A5 GWP: 266000 tCO2e 

*Total GWP results reported to 3 significant figures

S. Evans

https://indico.slac.stanford.edu/event/7467/contributions/5902/attachments/2851/7968/ARUP_CERN_LCA_LCWS_-_2023.pdf
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Collider project inputs

S. Evans

10m

Linear Collider Options

5.6m 9.5m

5.
5m

1. CLIC Drive Beam
5.6m internal dia. Geneva.
(380GeV, 1.5TeV, 3TeV)

2. CLIC Klystron
10m internal dia. Geneva. 

(380GeV)

3. ILC
Arched 9.5m span. Japan. 

(250GeV)

Reference: Tohoku ILC Civil Engineering Plan, 2020Reference: CLIC Drive Beam tunnel cross section, 2018 Reference: CLIC Klystron tunnel cross section, 2018

https://indico.slac.stanford.edu/event/7467/contributions/5902/attachments/2851/7968/ARUP_CERN_LCA_LCWS_-_2023.pdf


Sustainability of high energy collider physics 13

Projected daily energy load curves by region (US)
  Energy outlook March 16 2023

https://www.eia.gov/outlooks/aeo/narrative/

