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C3 is a new linac normal conducting technology

First C3 structure at SLAC

      The Cool Copper Collider

Optimize each cavity for maximum efficiency and lower surface fields
• Relatively small iris such that RF fundamental does not propagate through irises.
• RF power coupled to each cell – no on-axis coupling - required modern super-computing

• Distributed power to each cavity from a common RF manifold
• Mechanical realization by modern CNC milling

• Cryogenic temperature elevates performance in gradient
• Operation at 77 K with liquid nitrogen is simple and practical
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Electric field magnitude for equal power from RF manifold
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✦ The Cool Copper Collider (C3) is a linear e+e- collider concept with a compact 7-8 km footprint 

✦ Cavity geometry is optimized to minimize surface fields  low breakdown rates at high gradients 
• Small iris between cavities minimizes coupling, fundamental RF does not propagate along the beam line 

- Solution: power distributed to each cavity from a common RF manifold 

- C3 structures are machined in halves using modern CNC milling from slabs of copper 

✦ Operation at 77 K with LN2 reduces breakdown rate by 2 orders of magnitude w.r.t. room temp

→

2

A compact accelerator
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Comparison of Parameters

Sustainability studies for the Cool Copper Collider 3

Comparison of Parameters

Facility length and site power requirements indicate relative carbon impact
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What can we do with C3?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
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All e+e- Higgs factories 
can operate in the  
250 GeV ZH mode

Only linear colliders can 
operate at  400 GeV, 
enables 20% precision 
on Higgs self-coupling 

and direct access to ytop

≳

55
0 G

eV

25
0 G

eV

https://arxiv.org/abs/2211.11084


A sustainable strategy for the Cool Copper Collider 5

Physics reach comparison
✦ Consider absolute carbon impact and impact relative to physics output (luminosity, , & polarization) 

• 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

s

from the HL-LHC. As can be seen, the overall physics reach of all proposed Higgs factories is similar [1, 23]
for the 240-250 GeV operations, and additional measurements become accessible for the higher center-of-
mass energy runs at linear colliders. We also compare the Higgs Factory proposals is in terms of total energy
consumption and carbon emissions, for both construction activities and operations, with the latter being the
most relevant number when evaluating each project’s impact on the global climate.

TABLE II. Relative precision of Higgs coupling and total Higgs width measurements at future colliders when combined
with HL-LHC. Results are from the Snowmass Report [23]. The FCC-ee numbers assume two IPs and 5 ab�1 at 240
GeV and 1.5 ab�1 at 365 GeV. The CEPC numbers also assume two IPs, but 20 ab�1 at 240 GeV and 1 ab�1 at 360
GeV. The top Yukawa coupling can be measured with almost double the precision C3 operated at 550 GeV compared
to ILC operated at 500 GeV, due to the higher center-of-mass energy [27]. Nevertheless, in this study we assume the
same precision for C3-550 as for ILC-500. Note that since there are no beyond the Standard Model decays allowed
in this table, the width is constrained by the sum of the SM contributions. Entries with a dash (-) correspond to
couplings that are out of reach (hcc̄ at HL-LHC) or for which estimates were not yet available at the time of writing
(hhh for CEPC). The weighted average shown in the last row has been calculated as explained in the text.

HL-LHC +
Relative Precision (%) HL-LHC CLIC-380 ILC-250/C3-250 ILC-500/C3-550 FCC 240/360 CEPC-240/360

hZZ 1.5 0.34 0.22 0.17 0.17 0.072
hWW 1.7 0.62 0.98 0.20 0.41 0.41
hbb̄ 3.7 0.98 1.06 0.50 0.64 0.44

h⌧+⌧� 3.4 1.26 1.03 0.58 0.66 0.49
hgg 2.5 1.36 1.32 0.82 0.89 0.61
hcc̄ - 3.95 1.95 1.22 1.3 1.1
h�� 1.8 1.37 1.36 1.22 1.3 1.5
h�Z 9.8 10.26 10.2 10.2 10 4.17

hµ+µ� 4.3 4.36 4.14 3.9 3.9 3.2
htt̄ 3.4 3.14 3.12 2.82/1.41 3.1 3.1
hhh 0.5 0.50 0.49 0.20 0.33 -
�tot 5.3 1.44 1.8 0.63 1.1 1.1

Weighted average - 0.94 0.86 0.45 0.59 0.49

We then present an estimate of energy consumption and carbon footprint per unit of physics output. This
is achieved by taking the average of the relative precision over all Higgs couplings, weighing them by the
relative improvement in their measurement with respect to HL-LHC:
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This definition weights measurements by their relative improvement over HL-LHC when combining the HL-
LHC and future Higgs Factory (HF) results. Qualitatively, measurements that minimally improve those of
HL-LHC are assigned weights near zero, while HF measurements with high precision or large improvement
over HL-LHC are assigned larger weights. While other weighting schemes could be used, we argue that
Equation 2 is unbiased towards the type of physics measurement (e.g. Yukawa, self-coupling, vector coupling)
and it emphasises the individual strengths of each collider facility.

For the estimation of the weighted average precision, the hcc̄ coupling was excluded, since there is no
estimate for HL-LHC, whereas we assume that the hhh coupling for CEPC can be measured with the same
precision as for FCC. The weighted average precision for each collider is given in the last row of Table II.
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with

Expected precision for Higgs 
coupling strengths obtained from 
Snowmass Higgs Topical Group

Compute a weighted average of 
the relative precision of all Higgs 

coupling measurements

 highly weights most improved 
and most precise measurements, 
emphasizes individual colliders’ 

strengths!

→

PRX Energy 2, 047001

https://arxiv.org/abs/2209.07510
https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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Lifecycle assessmentsSystem boundaries
Use stage

[B1-B8]
End of life stage

[C1-C4]

B1 Use

B2 Maintenance

B3 Repair

B4 Replacement

B5 Refurbishment

B6 Operational Energy 
Use

B7 Operational Water 
Use

C1 Deconstruction/
Demolition

C2 Transport for 
Disposal

C3 Waste Processing for 
recovery

C4 Disposal

Benefits and 
Loads beyond 

the system 
boundary

[D]

Reuse
Recycling

Benefits and 
loads of 

additional 
infrastructure 

functions

Before use stage
[A0-A5]

A0 Preliminary studies

A1 Raw material supply

A2 Transport

A3 Manufacture

A4 Transport to works 
site

A5 Construction process

B8 User utilisation of 
infrastructure

Materials 

BS EN 17472:2022

Transport & 
construction 
activities

Lifecycle assessment has been evaluated for ILC and CLIC linear accelerator concepts 
 extended to include estimates for energy production emissions and other facilities→

ARUP report (Phase 1)

See also presentation  
by S. Evans

PRX Energy 2, 047001

https://edms.cern.ch/ui/file/2917948/1/Life_Cycle_Assessment_for_CLIC_and_ILC_Final_Report_July_2023.pdf
https://indico.desy.de/event/39980/#1-a-life-cycle-assessment-of-t
https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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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 
• GWP for CEPC/FCC tunnels ~6tn/m  

• Use 0.18 kg CO2e/kg concrete from CEM1 C40 
Portland cement and volume of concrete 
required to build C3

Project Main tunnel length (km) GWP (kton CO2e)
Main tunnel + Other 

tunnels
+ A4-A5

FCC 90.6 578 751 939
CEPC 100 638 829 1040

ILC 13.3 97.6 227 270
CLIC 11.5 73.4 98 125

C3 8.0 133 146

Estimating +30% concrete volume for 
shafts, klystron gallery, caverns  

+25% for A4-A5 construction processes 
for circular colliders

For C3, estimate A4-A5 for surface site 
is half that for tunnel (ILC/CLIC)

PRX Energy 2, 047001

https://indico.slac.stanford.edu/event/7467/contributions/5902/attachments/2851/7968/ARUP_CERN_LCA_LCWS_-_2023.pdf
https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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C3 power requirements

Possible options for beam power reduction with 
several different approaches 

Note: Impact on luminosity and ultimate physics  
performance not yet evaluated!

The demonstration R&D plan [11] will be able to investigate these approaches and lead to potential power
savings.

TABLE IV. Power savings with adjustment in main linac design and beam parameters. For 550 GeV the percentage
savings would be unchanged for a combined 79 MW reduction in electrical power from the nominal 125 MW for the
main linac.

Scenario RF System Cryogenics Total Reduction
(MW) (MW) (MW) (MW)

Baseline 250 GeV 40 60 100 -
RF Source E�ciency Increased 15% 31 60 91 9

RF Pulse Compression 28 42 70 30
Double Flat Top 30 45 75 25

Halve Bunch Spacing 34 45 79 21

All Scenarios Combined 13 24 37 63

The R&D needed to improve the operational e�ciency of C3 is recognized within both the RF technology
and beam physics community roadmaps for the US Department of Energy [15, 35, 36].

V. CARBON IMPACT OF CONSTRUCTION

Under the assumption that the electric grid will be successfully de-carbonized by 2040, as it is the goal of
many international climate plans, then construction, rather than operations, may well dominate the climate
impact of a new particle physics facility [5]. For FCC it is projected that the whole accelerator complex [37]
will have a carbon impact similar to that of the redevelopment of a neighbourhood of a major city [5]. This
indicates that the environmental impact of any future collider facility is going to receive the same scrutiny
as that of a major urban construction project. The bottom-up analysis in [5] derives an estimate of global
warming potential (GWP) for the main tunnel material (concrete) manufacture alone to be equivalent to the
release of 237 ktons of CO2 (CO2e). An alternative top-down analysis is instead dependent on the character
of the earth to be excavated, leading to estimates ranging from 5-10 kton CO2e/km of tunnel construction
and total emissions of 489-978 kton CO2e [38].

A life cycle assessment of the ILC and CLIC accelerator facilities is being performed by ARUP [8] to
evaluate their holistic GWP, so far providing a detailed environmental impact analysis of construction.
The components of construction are divided into classes: raw material supply, material transport, material
manufacture, material transport to work site, and construction process. These are labelled A1 through
A5, where A1-A3 are grouped as materials emissions and A4-A5 are grouped as transport and construction
process emissions. The total GWP for ILC and CLIC is 266 and 127 kton CO2e [8], respectively[39]. The
approximate construction GWP for the main tunnels are 6.38 kton CO2e/km for CLIC (5.6m diameter) and
7.34 kton CO2e/km for ILC (9.5m diameter); the FCC tunnel design is similar to that of CLIC, so 6.38
kton CO2e/km is used for the calculation of emissions for both FCC and CEPC. While a comprehensive
civil engineering report is unavailable for FCC and CEPC, we estimate the concrete required for klystron
gallery, access shafts, alcoves, and caverns to contribute an additional 30% of emissions, similar to what is
anticipated for CLIC. The analysis indicates that the A4-A5 components constitute 20% for CLIC and 15%
for ILC. In the absence of equivalent life cycle assessment analysis for FCC and CEPC, we account for the
A4-A5 contributions as an additional 25%. A summary of these parameters is given in Table V.

The C3 tunnel will be about 8 km long with a rectangular profile in each of its component systems.
Assuming a cut and cover approach, all the excavated material will be replaced to yield a small berm.
We estimate that for the whole accelerator complex only about 50 thousands cubic meters of spoil for the
experimental hall will have to be relocated. Figure 3 shows a schematic of the C3 cross section, where
the klystron gallery is situated directly above the accelerator hall with su�cient concrete shielding to allow
constant access to the klystron gallery during operation. The application of a top-down estimate of 6-7 kton
CO2e/km obtained from the ARUP report is not appropriate for the C3 surface site due the di↵ering cross
section geometries of the accelerator housing. To allow for a fair comparison among facilities, we take the

7
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 First study looked at 9.5 m inner diameter in order to match ILC costing model

Tunnel Layout for Main Linac 250/550 GeV CoM

• Must minimize diameter to reduce cost and construction time
• Surface site (cut/cover) provides interesting alternative – concerns with length of site for future upgrade

15

RF power (4
0 MW, 27%)

Cryogenics (6
0 MW, 40%)

Overall site power (50 MW, 30%)
2023 JINST 18 P07053

the measurement of the top quark Yukawa coupling, and the direct measurement of the Higgs boson
self coupling through double Higgs production. In addition, a linear collider can have polarized
beams, allowing measurement of additional observables and more powerful and efficient use of the
produced events. A linear collider can operate triggerlessly, allowing discovery of exotic, weakly
coupled signatures in Higgs decay and in direct pair-production.

The C3 technology can be a route to still higher gradients and thus to higher-energy 4+4�

colliders. But perhaps more important are its applications to nearer-term applications. The C3

approach to high gradients can be used to construct ultra-compact medical accelerators and affordable,
ultra-low emittance electron sources, and compact free-electron lasers for materials science, chemical,
and biological research [12]. The possibilities of this technology are exciting for goals of all scales
in accelerator physics. Already, it is attracting enthusiastic young scientists who are renewing the
accelerator workforce.

Table 1. Beam parameters for C3. The final focus parameters are preliminary.

CM Energy [GeV] 250 550
Luminosity [⇥1034/cm2s] 1.3 2.4

Gradient [MeV/m] 70 120
Effective Gradient [MeV/m] 63 108

Length [km] 8 8
Num. Bunches per Train 133 75

Train Rep. Rate [Hz] 120 120
Bunch Spacing [ns] 5.26 3.5
Bunch Charge [nC] 1 1

Crossing Angle [rad] 0.014 0.014
Site Power [MW] ⇠ 150 ⇠ 175

2 The C3 concept

C3 is based on a fundamental study and optimization of linac electromagnetic cavities for high
accelerating fields on axis (the gradient) and low breakdown rates [13]. Optimizing for high gradient
leads to the problem that the iris of each cavity is too small to propagate the fundamental cavity mode.
Compromising here leads to high breakdown rates and increased RF power requirements, which
have been a problem with normal-conducting linear accelerator designs. With C3, we accept the
required small irises and solve this problem by choosing a standing-wave design for the accelerator,
distributing RF to each cell separately from an external waveguide. The coupling of each cell to the
waveguide supplies each cell with RF in the proper fraction and with the proper phase. It would be
very complicated to assemble these elements by traditional methods. But today the required structure
can be constructed straightforwardly by carving one meter long copper slabs using a numerically
controlled milling machine. This innovation, which depends on modern supercomputers for the RF
design and modern machining techniques, allows us to circumvent the earlier difficulties.

– 3 –

PRX Energy 2, 047001

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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FIG. 1. Forward and reflected power for one meter of structure when operating at 70 MeV/m. RF pulse is shown in
the absence of beam. With beam the flat top power is constant at 30 MW.
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FIG. 2. Dissipated energy per pulse per meter and the time domain gradient in the structure for a 70 MeV/m flat
top for 700 ns.

design of the accelerator, and would be acceptable if the breakdown rates remain low enough. Proving that
this is possible will require high gradient testing of structures with 1400 ns and 500 ns respectively.

The beam current of C3 is relatively low thanks to the large bunch spacing and e�cient accelerating
structures. One could pursue the possibility of reducing the bunch spacing to increase the current. However,
this will require compatibility studies with the detector design. Here we consider the scenario where the
bunch spacing is reduced by a factor of two. This would keep a bunch spacing of >1 ns for both C3-250/550,
resulting in a decrease of 25% for the cryogenics power. The RF power required would only decrease by 20%
because the peak RF power required would be slightly higher during the RF pulse flat top to compensate
for the additional current.

We note that these approaches can all be combined for mutual benefit as shown in the last row of Table IV.
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FIG. 1. Forward and reflected power for one meter of structure when operating at 70 MeV/m. RF pulse is shown in
the absence of beam. With beam the flat top power is constant at 30 MW.
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FIG. 2. Dissipated energy per pulse per meter and the time domain gradient in the structure for a 70 MeV/m flat
top for 700 ns.

design of the accelerator, and would be acceptable if the breakdown rates remain low enough. Proving that
this is possible will require high gradient testing of structures with 1400 ns and 500 ns respectively.

The beam current of C3 is relatively low thanks to the large bunch spacing and e�cient accelerating
structures. One could pursue the possibility of reducing the bunch spacing to increase the current. However,
this will require compatibility studies with the detector design. Here we consider the scenario where the
bunch spacing is reduced by a factor of two. This would keep a bunch spacing of >1 ns for both C3-250/550,
resulting in a decrease of 25% for the cryogenics power. The RF power required would only decrease by 20%
because the peak RF power required would be slightly higher during the RF pulse flat top to compensate
for the additional current.

We note that these approaches can all be combined for mutual benefit as shown in the last row of Table IV.
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Optimizations

RF pulse  
compression 

=  
Minimize 

ramp up time

Caterina Vernieri ・ Cornell University・ September 1, 2023 

1 ms long bunch trains at 5 Hz
308ns spacing

Beam Format and Detector Design Requirements 

16

ILC timing structure C3 timing structure

ILC/C3 timing structure: Fraction of a percent duty cycle
● Power pulsing possible, significantly reduce heat load

○ Factor of 100 power saving for FE analog power
● Tracking detectors don’t need active cooling

○ Significantly reduction for the material budget

C3  time structure is compatible with ILC-like detector overall design and ongoing optimizations.

• Joint simulation/detector optimization 
effort with ILC groups

• Common US R&D initiative for future 
Higgs Factories 2306.13567

Double flat top (700  1400 ns) + half bunch train  
rep. rate (120  60 Hz) reduces thermal load 25%

→
→

Overall goal is to minimize RF power used 
when there is no beam loaded (occurs at 

flat top power, nominally 700 ns long) 

Reducing bunch spacing/double beam current 
allows reduced RF pulse length (but may need more damping)

Scenario Train 
rep rate

Bunch 
spacing

# bunches  
/ train

Double flat 
top 60 Hz 5.25 ns 266

Halve bunch 
spacing 120 Hz 2.65 ns 133

PRX Energy 2, 047001

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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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)
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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 CO   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 (California): 194  70 gCO2/kWh→
PJM (US Northeast): 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)

PRX Energy 2, 047001

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
https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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Operations emissions
By 2040, 8 hours of energy use for C3 at 150 

MW is < 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. 

Hour of the day

Solar and wind are established technologies, 
the question is how to store it?

Energy outlook March 16 2023

With access to renewables (e.g. dedicated solar/wind farms),  
we can leverage the grid to smooth energy load curve 

 any facility can have access to 20 gCO2e/kWh energy with their own solution (e.g. Green ILC)→

PRX Energy 2, 047001

https://www.nrel.gov/docs/fy21osti/77449.pdf
https://www.eia.gov/outlooks/aeo/narrative/
https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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Dedicated energy production

 Evaluated a mix of energy solutions, C3 could produce its own power with renewables for ~$150m→

PRX Energy 2, 047001

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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Lifetime power consumption

intensity of solar, wind, hydro, and nuclear are around 30, 15, 25 and 5 tCO2e/GWh, respectively [59].
These estimates have some regional variation due to the di↵erences in supply chains and local infrastructure.
For instance, given the lifetime of existing nuclear plants of about 30 years, replacement or construction of
entirely new facilities will be required and it might e↵ect the overall carbon intensity. While the ultimate
energy production portfolio will be di↵erent for facilities constructed in di↵erent regions, we take a common
estimate of 20 tCO2e/GWh for all collider facilities in this analysis. We find this to be a reasonable estimate
given that any facility can propose mitigation strategies to decouple their carbon impact from the regional
average. It also reflects the expectation that clean energy infrastructure supply chains will improve over the
next 20 years.

VII. ANALYSIS OF TOTAL CARBON FOOTPRINT

A straightforward calculation of total energy consumption is possible using the information summarized
in Table VI, which includes estimates of the site power P during collision mode, the annual collision time
Tcollisions and the total running time in years Trun for each center-of-mass energy

p
s considered. We take into

account the time spent with the beam operating at full RF and cooling power outside of data-taking mode,
for example for machine development, as an additional week for every 6 weeks of data-taking (i.e. +17%),
represented as Tdevelopment. We take the site power requirement for the remaining period in a calendar year
to be 30% of the site power requirement during data-taking (denoted by down). This value is a conservative
upper estimate, since without RF power and associated heat load, any accelerator can be kept cold with a
small fraction of power to the cryogenics system.

TABLE VI. 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 timeb (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 references mentioned in the table in conjunction with [19]. For CEPC the
new baseline scenario with 50 MW of SR power per beam is used. We consider both the baseline and the power
optimizations of Table IV (in brackets) for C3 power requirements.

Higgs factory CLIC [45] ILC [12] C3 [11] CEPC [60],[61] FCC [20],[62], [63]p
s [GeV] 380 250 500 250 550 91.2 160 240 360 88,91,94 157,163 240 340-350 365

P [MW] 110 111 173 150 (87) 175 (96) 283 300 340 430 222 247 273 357
Tcollisions [107 s/year] 1.20 1.60 1.60 1.30 1.08

Trun [years] 8 11 9 10 10 2 1 10 5 2 2 2 3 1 4
Linst/IP [·1034 cm�2 s�1 ] 2.3 1.35 1.8 1.3 2.4 191.7 26.6 8.3 0.83 115 230 28 8.5 0.95 1.55

Lint [ab�1 ] 1.5 2 4 2 4 100 6 20 1 50 100 10 5 0.2 1.5

Using these values, the annual energy consumed is calculated as:

Eannual = P [down · Tyear + (1� down)(Tcollisions + Tdevelopment)] (3)

and the total energy consumption summing over all run configurations
p
s runs is

Etotal =
X

r2 runs

E(r)
annual

· Trun(r) (4)

For the circular collider projects, FCC and CEPC, we consider separately the cumulative energy consump-
tion of the Higgs physics runs (i.e.

p
s > 240 GeV) for a focused comparison on the basis of Higgs physics

reach argued in Section III, but additionally include the contribution of Z-pole and WW -threshold runs
which impact the climate nevertheless.

The inclusion of those additional runs enriches the overall physics program of the colliders in a way
not reflected in the framework defined in Section III. The main purpose of the proposed colliders under
consideration here is to serve as Higgs factories, and thus we maintain the importance of assessing their
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Step 1: calculate the total energy consumed per year Step 2: sum up all the years 
in each running mode

Power during  
collision mode

Fraction of power used 
out of collision mode 

(Taken to be 30%)

Parameters for all machines taken from latest technical reports 

Time in collision mode + 17%  
for detector developement  

(i.e. 1 for every 6 weeks in collisions)

PRX Energy 2, 047001

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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Energy consumption
Total energy consumption over full run time Total energy consumption weighted by  

average coupling precision

C3 and CEPC consumption driven by long run times Linear accelerators benefit from higher precision

physics reach through the projected precision for Higgs observables. Furthermore, as we will demonstrate
later, the inclusion of those additional runs does not significantly alter the GWP of the circular machines,
which is dominated by construction.

It is worth noting that the FCC-ee tunnel is planned to be reused to host a high energy hadron collider,
while a high energy machine following C3 requires additional construction. However, such a hadron collider
requires new structures, notably a dedicated superconducting magnet system, along with the disposal of
the e

+
e
� cryomodules that will have been exposed to high levels of radiation. A full life-cycle assessment

including the carbon impact of the accelerator structures and end of life plan is required to quantify the
relative advantage of reusing the tunnel and is beyond the scope of this work.

(a) (b)

FIG. 4. Total energy consumption for all collider concepts, both (a) unweighted and (b) weighted with respect to the
average coupling precision for each collider. We note that the hashed pink component represents the additional costs
of operating C3 without power optimisations, while light blue regions account for additional run modes targeting Z
and WW production.

(a) (b)

FIG. 5. Global warming potential from (a) operations and (b) construction of all collider concepts. We note that
the hashed pink component represents the additional costs of operating C3 without power optimisations, while light
blue regions account for additional run modes targeting Z and WW production.

Figure 4a shows the energy consumption for the considered collider projects. The least energy is consumed
by CLIC, driven by the lowest planned run time at low energies and its marginally lower power consumption

11

PRX Energy 2, 047001

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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FIG. 5. Global warming potential from (a) operations and (b) construction of all collider concepts. We note that
the hashed pink component represents the additional costs of operating C3 without power optimisations, while light
blue regions account for additional run modes targeting Z and WW production.

Figure 4a shows the energy consumption for the considered collider projects. The least energy is consumed
by CLIC, driven by the lowest planned run time at low energies and its marginally lower power consumption
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Emissions from operations and construction

Same relative performance as for total energy used 
(since common GWP is used for all facility operations)

Major differentiation in impact from linear and circular 
colliders driven by overall length/circumference

Emissions from operations Emissions from construction

PRX Energy 2, 047001

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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Total carbon footprint

Impact of embodied carbon in construction materials 
is the driving factor of GWP

Considering also the physics reach, linear colliders 
are clearly superior with optimized C3 on top!

Absolute total emissions Total emissions x average coupling precision

compared to C3 and ILC, which are comparable. The energy consumption of CEPC is large compared to
FCC because CEPC plans to collect four times the integrated luminosity at 240 GeV with an associated
tripling of the total run duration.

Figure 4b shows the precision-weighted energy consumption for the considered collider projects, estimated
by multiplying the energy consumption of Figure 4a with the average relative precision in the last row of
Table II. The lowest run time for CLIC is now compensated by the reduced relative precision, in comparison
to C3 and ILC, leading to overall closer precision-weighted energy consumption. Similarly, the large proposed
run time for CEPC is now taken into account in conjunction with the improved precision reach, yielding a
total weighted energy consumption closer to FCC.

Figure 5a shows the associated GWP of the total energy required for operations, obtained by multiplying
the total energy consumption by the respective carbon intensity. The GWP of FCC operations benefits from
the de-carbonized electricity expected in France and Switzerland, despite its high total energy requirements.

(a) (b)

FIG. 6. Total global warming potential from construction and operations for all collider concepts, both (a) unweighted
and (b) weighted with respect to the average coupling precision for each collider. We note that the hashed pink
component represents the additional costs of operating C3 without power optimizations, while light blue regions
account for additional run modes targeting Z and WW production.

Figure 5b shows the GWP due to construction of accelerator facilities. The carbon footprint is very
similar among the linear and circular colliders, which is driven primarily by the total length of the accelerator.
Figure 6a shows the total GWP from construction and operations. CLIC is the most environmentally friendly
option, owing to its lead performance in operations emissions as well as its small footprint. The total GWP
of C3 and ILC are driven by operations while that of CLIC, FCC, and CEPC are almost entirely driven
by construction emissions. Possible reductions in the construction component could be achieved by using
concrete with lower cement content than CEM1 C40 considered in this analysis. Such cases would still leave
FCC GWP dominated by construction processes.

Finally, Figure 6b shows the total precision-weighted GWP from construction and operations, estimated
in the same way as the precision-weighted energy consumption in Figure 4b. Given the overall similar GWP
for CLIC and C3 and the superior precision reach of C3 at higher energies, compared to CLIC, C3 appears
to be the most environmentally friendly option, when accounting for the precision-weighted total carbon
footprint.

VIII. CONCLUSIONS

We present the first analysis of the environmental impact of the newly proposed C3 collider and a com-
parison with the other proposed facilities in terms of physics reach, energy needs and carbon footprint for
both construction and operations.
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PRX Energy 2, 047001

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.
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✦ C3 is a compelling 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, ~8x less embodied carbon for C3 than FCC 

✦ Can be built anywhere, US siting attractive due to diverse portfolio of sustainable energy sources 

✦ Ongoing work: 
• Detailed luminosity studies have been performed in the nominal beam configuration, extension to power-

saving scenarios envisioned (see talk by Dimitris tomorrow) 

• Power optimization scenarios (halved bunch spacing, double flat top) are being demonstrated and  
will become the new baseline beam configuration (see during Friday’s C3 satellite meeting)

s
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Conclusions PRX Energy 2, 047001

https://agenda.linearcollider.org/event/10134/contributions/54659/
https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001#:~:text=It%20introduces%20several%20strategies%20to,factory%20proposals%20within%20this%20framework.


A sustainable strategy for the Cool Copper Collider 19

Find publications, photos, and more  
@ web.slac.stanford.edu/c3

Thank you for your attention!

https://web.slac.stanford.edu/c3/technical/publications
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Sustainability and the future of high energy physics

✦ Climate change poses major threat to humans and Earth’s ecosystems 

✦ Cumulative emissions must stay below 800 Gt CO2 eq. to stay below 2º C global warming 

✦ HEP facilities are big - CERN consumes 1.3 TWh / year (same as all of Geneva), 27 km long tunnel 
• How can we continue to deliver major scientific discoveries while protecting the environment?

21

A sustainable path for HEP
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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 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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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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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.
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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 

Bored tunnel 
Total of 600k m3 total excavation, 225k m3 concrete 
‣ 200k m3 of excavation comes from tunnel volume, 

concretes include all site requirements 

‣ Emissions estimated using Snowmass report parameters

Releases  
~60 kton CO2 

from concrete

Double it to 
account for  

top-down vs. 
bottom-up  

(120 kton CO2)
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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

