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Sustainability studies for the Cool Copper Collider

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


✦ The Cool Copper Collider (C3) is a linear e+e- collider concept with a compact 7-8 km footprint


• Enabled by normal conducting copper RF cavities, low surface fields/breakdown rates  high gradient!


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

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


• Evaluate emissions due to construction and operation, compare to other 
Higgs factory options on the basis of physics reach

→

2

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

           Accelerator Complex

10Snowmass

8 km footprint for 250/550 GeV CoM ⟹ 70/120 MeV/m

● 7 km footprint at 155 MeV/m for 550 GeV CoM – present Fermilab site

Large portions of accelerator complex compatible between LC technologies 

● Beam delivery / IP modified from ILC (1.5 km for 550 GeV CoM), 

compatible w/ ILC-like detector

● Damping rings and injectors to be optimized with CLIC as baseline

C3 Parameters C3 - 8 km Footprint for 250/550 GeV

C3 Main Linac Cryomodule
9 m (600 MeV/ 1 GeV)
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https://arxiv.org/abs/2211.11084
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Comparison of Parameters
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Physics reachPhysics: Higgs Production at e+e-

8P5 Town Hall

ZH is dominant at 250 GeV
Above 500 GeV 
● Hvv dominates 

● ttH opens up

● HH production accessible with 

ZHH

Rich physics program envisioned by the 

Energy Frontier 

The Energy Frontier 2021 Snowmass Report
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Physics: Higgs Production at e+e-

8P5 Town Hall

ZH is dominant at 250 GeV
Above 500 GeV 
● Hvv dominates 

● ttH opens up

● HH production accessible with 

ZHH

Rich physics program envisioned by the 

Energy Frontier 

The Energy Frontier 2021 Snowmass Report
Snowmass 2021 energy frontier report

All e+e- Higgs factories can 
operate in the  

250 GeV ZH mode

Only linear colliders can 
operate at 550 GeV, enables 
20% precision on Higgs self-

coupling

55
0 G

eV

25
0 G

eV

https://arxiv.org/abs/2211.11084
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Sensitivity comparison for each collider concept
✦ Taking into account effects of luminosity and polarization to evaluate measurement sensitivity:


• C3/ILC-250 performs similarly to CLIC-380, C3/ILC-550 outperforms CLIC-380


• C3/ILC-550 matches or exceeds physics reach of FCC in all coupling sensitivity metrics


• Compare colliders based on their total carbon footprint - weighted by precision of measurement

Snowmass Higgs physics topical group report

https://arxiv.org/abs/2209.07510
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Tunnel construction for FCC-ee

97.7 km

✦ Snowmass climate impacts report analyzes FCC construction using bottom-up and top-down approaches

• Only takes into account main tunnel (excludes access shafts, experimental halls, etc.)

Bottom-up approach

Driven by manufacture of concrete


FCC inner/outer diameter 5.5/6.5m

Concrete is 15% cement, which 
releases 1 ton CO2 per ton


237 kton CO2 (for 7 mil m3 spoil, 
concrete density 1.72 ton/m3)

Top-down approach

Includes secondary emissions (e.g. 

construction machinery)


Rough estimates of 5-10k kg CO2 per 
meter of tunnel length


With 5k kg CO2/m, yields 500 kton CO2

Roughly factor of 2 difference 
between base material emissions and 

secondaries

More recent update on FCC civil 
engineering (L. Broomiley)

https://arxiv.org/pdf/2203.12389.pdf
https://indico.slac.stanford.edu/event/7467/contributions/6072/attachments/2880/8017/Latest%20Plans%20for%20FCC%20Civil%20Engineering%20and%20Site%20Investigations.pdf
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Collider project inputs

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✦ ARUP analysis indicates 80% of construction 
emissions arise from materials (A1-A3), 
remaining from material transport and 
construction process

• More thorough than Snowmass report - rely on it 

for inputs for other Higgs factory parameters!


• Approximate global warming potential (GWP) for 
tunnels ~6 tn/m for CLIC/ILC, apply for circular 
collider concepts

Project Main tunnel length (km) GWP (tCO2e)
Main tunnel + Other 

tunnels
+ A4,A5

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

Design of additional tunnels (shafts, 
klystron gallery, caverns)


will be used to improve rough 
+30/+25% estimates

Thanks to Steinar Stapnes for 
helpful discussions and feedback!

https://indico.slac.stanford.edu/event/7467/contributions/5902/attachments/2851/7968/ARUP_CERN_LCA_LCWS_-_2023.pdf
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C3 Excavation models

Figure 5: Cross section of the tunnel layout matching the profile of the ILC tunnel for the combined
RF and accelerator gallery. Area shown underneath the gallery floor is not representative of scale.

accelerator complex. All major equipment fits in the same cross section as the ILC tunnel.
The RF source gallery is separated from the Main Linac by a shielding wall to simplify
access. Along with RF sources (klystron, modulator and low level RF), the modulator
cooling water and electrical power distribution at 480 V power are in the RF gallery. The
accelerator tunnel includes the installed cryomodules, ring to Main Linac transport, possible
linac bypass for machine development, and emergency vent lines for the nitrogen in the
cryomodules. Air supply, high voltage power distribution and water drainage are housed
below the tunnel floor. Cross-gallery access is envisioned every 100 m with surface access
every 1 km to correspond with penetrations for liquid and gaseous nitrogen. The main linac
will also dominate the electrical power consumption for the site. Table 5 compares these
parameters for C3 250 and C3 550.

20

Cut and cover


Preferred option for reduced construction costs and 
emissions (but not required)

‣ Much of the displaced earth is pushed on top 

(shielding), only ~40k m3 must be transported away


‣ Same amount of concrete required as for tunnel, 
assume emissions can be reduced to 65 kton CO2

Bored tunnel


Total of 600k m3 total excavation, 225k m3 concrete

‣ 200k m3 of excavation comes from tunnel volume, 

concretes include all site requirements!

Releases  
58 kton CO2 

from concrete

Double it to 
account for  

top-down vs. 
bottom-up  

(120 kton CO2)
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✦ Driven by carbon footprint of energy production used during operations

• Site power requirements have room for optimization, consider nominal beam parameters


• Carbon intensity (equivalent emissions of gCO2/kWh) key parameter, depends on location/power sources


• “The United States has set a goal to reach 100 percent carbon pollution-free electricity by 2035” (from April 2021 US 
emissions target report - is this a realistic assumption?

9

Operations emissions

Estimated power consumption  
for C3-250

National grid storage capacity expected to reach 120 GWh by 2040 - 
8 hours of storage at 150 MW < 1% of grid capacity

NREL Storage Futures Study

vii 
This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications. 

 
Figure ES-1. National storage capacity in the reference case separated by storage duration (left) 

and across all scenarios (right) 
See Table 1 (Methods: Scenarios and Model Inputs section) for a full list of resource scenarios included here. See 

Figure A-1 in the appendix for additional details on generation and capacity by technology in each scenario. 

While storage can provide many services to the grid, we find that economic storage deployment 
is driven primarily by the combination of capacity value and energy arbitrage (or time-shifting) 
value, and that the combination of these value streams is needed for optimal storage deployment 
to be realized. We also find a strong correlation between PV penetration and storage market 
potential. More generation from PV leads to narrow net-load peaks in the evenings which 
increases the market potential of storage capacity value. More generation from PV also creates 
more volatile energy price profiles which increases the market potential of storage energy time-
shifting value. 

Collectively, these results demonstrate the phased deployment pathways laid out in the first 
Storage Futures Study report: The Four Phases of Storage Deployment: A Framework for the 
Expanding Role of Storage in the U.S. Power System (Denholm et al., 2021). Shorter duration 
storage is deployed initially and over time longer duration of storage assets deploy on a cost-
effective basis. This analysis also highlights how far cost-effective diurnal storage alone can 
move the power sector towards cost-optimal deployment.  

Building upon this analysis of economic deployment of diurnal storage future work should 
examine the relationship between diurnal storage and longer-duration storage resources, 
especially under highly decarbonized grid conditions outside the scope of this work, such as 
those approaching 100% clean energy. In addition, more work is needed to understand the 
relationship between storage and demand-side flexibility at a national-scale.  

Finally, while the focus of this work is on Li-ion batteries because the technology has greater 
market maturity than other emerging technologies, the results from this study can be generalized 
to other storage technologies that can meet these cost and performance projections. Collectively, 
these results speak to the growing opportunity for diurnal storage to provide least-cost solutions 
in the power system. 

Complex (50 MW)

RF (40 MW)

Cryo-cooler (60 MW)

https://unfccc.int/sites/default/files/NDC/2022-06/United%20States%20NDC%20April%2021%202021%20Final.pdf
https://unfccc.int/sites/default/files/NDC/2022-06/United%20States%20NDC%20April%2021%202021%20Final.pdf
https://www.nrel.gov/docs/fy21osti/77449.pdf
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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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Carbon intensity projections
World Energy Outlook 2022, International Energy Agency

Stated Policies  
Scenario (STEPS)

Announced Pledges  
Scenario (APS)

Net Zero Emissions  
by 2050 (NZE)

 

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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More aggressive decarbonization scenario

Project carbon intensities in 2022 into 2040 based on  
Low Uptake scenario of energy source portfolio (national level)

US Energy Information Agency (EIA), Annual Report 2023

CAISO: 194  70 gCO2/kWh→
PJM: 381  130 gCO2/kWh→

US: 45 gCO2/kWh

EU: 40 gCO2/kWh

Japan: 150 gCO2/kWh

China: 300 gCO2/kWh

 both estimations using projections from US and international agencies give comparable projections→
(Note: Silicon Valley Clean Energy can provide 175 MW of clean energy in 2-3 year timeframe)

https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
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Energy consumption and emissions

Total energy consumption over full run time Precision Weighted Consumption

C3 and CEPC consumption driven by long run times Differentiation in environmental impact driven 
by scientific output
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Impacts of construction

Emissions from construction Precision weighted total carbon impact
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C3 power optimizations
Possible options for beam power reduction with 

several different approaches


Impact on luminosity and ultimate physics 
performance not yet evaluated

Emissions due to operations have clear road toward further reduction since clean energy in 
California is already accessible, operations emissions of C3 can be virtually eliminated 

(limited by emissions from manufacturing solar panels)


Carbon capture in concrete can offset emissions, but scalability not yet demonstrated

 great potential for green Higgs factory with C3!→
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✦ Beam power can be increased for additional luminosity or higher current shorter RF pulse


✦ C3 has a relatively low current for 250 GeV CoM (0.19 A) - Could we push to match CLIC at 1.66 
A? (8.5X increase?)


✦ Pulse length and rep. rate are also options (rep. rate is challenging from a power perspective)




✦ Impact: 

• More damping may be needed


• Higher power per meter - part of upgrade to 550 GeV


• Detector -  3ns bunch spacing good, 1 ns spacing ok


• <1 ns bunch spacing significant impact on detector

15

Bunch Spacing
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✦ Baseline -> Thermal load 2200 W/m @ 120 Hz 

16

Pulse Length
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✦ Double the pulse length and half the repetition rate?


✦ Reduce to 1700 W/m, but pulsed heating goes up (both below 50K) 

17

Pulse Length

700 ns, 70 MeV/m 1400 ns, 70 MeV/m

Combining reduced bunch spacing and increased bunch length  
provides ~50% savings for main linac (50 MW reduction)
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✦ Need to include: Modulator, 
klystron and magnets


✦ Recent progress reported at 
CCTA


✦ Permanent magnet solenoid will 
have significant impact

18

RF Source Efficiency 

https://indico.slac.stanford.edu/event/7467/contributions/6129/ 

I. Syratchev

Canon 62.5 MW  
C-band

Procured INFN

https://indico.slac.stanford.edu/event/7467/contributions/6129/
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✦ Reduce fill time of accelerator, increase pulse length of rf source -> Need high Qo

19

Pulse Compression 

https://indico.slac.stanford.edu/event/7467/contributions/5839/

Normal Conducting Pulse Compressor High Temperature Superconductor 
Pulse Compressor

J. Golm et al., IEEE TAS, Vol.  
32, No. 4, (2022) 1500 

doi/jacow-ipac2023-wepa183/index.html
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✦ C3 is a candidate for a compact linear e+e- Higgs factory with low carbon impact


✦ Lower energy consumption over circular colliders to achieve same (or better) physics goals


• C3 physics reach enhanced by polarized electrons, ability to access  = 550 GeV running mode


✦ Significantly reduced emissions associated to construction than alternative Higgs factory concepts

• Emissions from conventional concrete manufacturing, factor 4-8 lower emissions for C3 than FCC


✦ Can be built anywhere, but compelling to build in US due to expected grid electrification

• By 2040, carbon intensity of electricity generation to be on par with EU, far below Japan and China


✦ More precision in auxiliary systems to refine operations estimates

s

20

Conclusions

Thank you for your attention - stay tuned!



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

https://www.eia.gov/outlooks/aeo/narrative/
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Additional operating parameters

inant e
+

e
≠ æ W

+
W

≠ background for positive (negative) electron(positron) beam polarization,
increasing the signal-over-background ratio and allowing the precise measurement of the rate of
other backgrounds, as well as the reduction of detector-related systematic uncertainties, by virtue
of combining measurements from the various combinations of initial-state polarizations. These ef-
fects collectively indicate the increased precision reach that beam polarization provides for linear
machines.

For these reasons, we use as metrics the expected relative precision in the measurement of the
Higgs couplings to compare the energy consumption and carbon footprint of the proposed Higgs
factories. The Higgs factories considered in this study comprise both linear (CLIC, ILC, C3) and
circular (CEPC,FCC-ee) machines, with their respective running scenarios given in Table 5. For
those Higgs factories, Table 6 summarizes the projected relative precision for Higgs boson couplings
measurements, when combined with results from the HL-LHC. The overall physics reach of all the
proposed Higgs factories is similar, especially when considering the higher center-of-mass energy
runs for ILC/C3.

Higgs factory CLIC [29] ILC [28] C3 [3] CEPC [30],[31] FCC-ee [32],[24]
Center-of-mass energies considered

Ô
s [GeV] 380 250, 500 250, 550 240,360 240, 340-350, 365

Site Power P [MW] 110 111 at 250 GeV
173 at 500 GeV

≥ 150 at 250 GeV
≥ 175 at 550 GeV 340 290 at 240 GeV

≥ 350 at 340 ≠ 350, 365 GeV
Annual collision time Tannual [107 s/year] 1.20 1.60 1.60 1.30 1.08

Operational E�ciency ‘ 0.75 0.75 0.75 0.60 0.75
Site power fraction during downtime Ÿ 0.3 0.5 0.3 0.5 0.5

Running time Trun [years] 8 11 at 250 GeV
9 at 500 GeV

10 at 250 GeV
10 at 550 GeV

10 at 240 GeV
5 at 360 GeV

3 at 240 GeV
1 at 340 ≠ 350 GeV

4 at 365 GeV

Instantaneous Luminosity/IP Linst [·1034 cm≠2 s≠1 ] 2.3 1.35 at 250 GeV
1.8 at 500 GeV

1.3 at 250 GeV
2.4 at 550 GeV

8.3 at 240 GeV
0.83 at 360 GeV

8.5 at 240 GeV
0.95 at 340 ≠ 350 GeV

1.55 at 365 GeV

Target Integrated Luminosity Lint [ab≠1 ] 1.5 2 at 250 GeV
4 at 500 GeV

2 at 250 GeV
4 at 550 GeV

20 at 240 GeV
1 at 360 GeV

5 at 240 GeV
0.2 at 340 ≠ 350 GeV

1.5 at 365 GeV

Table 5: 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), operational e�ciency (5th row),
site power fraction during downtime (6th row) and the total running time (7th row), instantaneous
luminosity (8th row) and target integrated luminosity (9th 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 [33].For the 6th row, in particular, the site power when the collider is on but not
in collision mode has been taken to be 50% of that during active collisions for accelerator designs
based on superconducting RF (SRF) cavities and 30% for designs based on normal-conducting RF
(NCRF) cavities, mainly due to the much more relaxed cooling requirements during downtime for
the latter.

It is then reasonable to compare the total energy consumption of each of these machines through-
out their lifetime. A straightforward calculation is possible using the information summarized in
Table 5, which includes estimates of the AC site power P , the annual collision time Tannual, the
operational e�ciency ‘ (namely the fraction of time during which the collider is powered and active
collisions are taking place), the fraction of power consumed during downtime Ÿ, as compared to
the site power during active collisions and, finally, the total running time in years Trun for each
center-of-mass energy

Ô
s considered.

Using these values, the annual energy consumed is calculated as

Eannual = P · Tannual + Ÿ · P · Tannual ·
31

‘
≠ 1

4

8


