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ﬂb ILC and CLIC

Two e+e- linear collider designs, startlng as a nggs factory —
Length 20km
Luminosity 1.35 x10™ cmZs!
Beam Current 5.8 mA (in pulse)

Beam size (y) at FF 7.7 nm@&250GeV

SRF Cavity G. 31.5 MV/m
(35 MV/m)

Q, Qp=1x10

International Linear Collider ILC

. Superconducting Cavities, 1.3GHz, 31.5MV/m
. 250GeV CME, upgradeable to 500, 1000 GeV
. L=1.35E34 cms?

. 20km length, in Tohoku / Japan

ESPPU submission #275
https://indico.cern.ch/event/1439855/contributions/6461661/

o

Geneva

Compact Linear Collider CLIC

NC Copper Cavities, 11.4GHz, 72MV/m

Two-beam acceleration (or klystron driven initially)
380GeV CME, upgradeable to 1500, 3000 GeV
L=2.3E34 cm=s?

11.4km long, at CERN / France & Switzerland

ESPPU submission #78
https://indico.cern.ch/event/1439855/contributions/6461475/

arXiv:2503.24168
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https://indico.cern.ch/event/1439855/contributions/6461475/
https://arxiv.org/abs/2503.24168
https://indico.cern.ch/event/1439855/contributions/6461661/

A new project: Linear Collider Facility LCF at CERN

A linear collider based on ILC technology for CERN, W|th technology upgrade optlons

-/~ Linear Collider Facility (LCF)

CM Energy 250 - 550 GeV i’ B 250 GeV - 20.5 km
J I 550 GeV - 33.5 km

Length 33.5km
Luminosity 2.7-7.7x10% cm?st
Rep. rate 10Hz

Beam pulse 0.73 ms

Beam current 5.8-8.8mA
Beam size 7.7nm at 250GeV
Cavity gradient 31.5 MV/m

Cavity Q, 2x10%

Geneva

Linear Collider Facility LCF

. Superconducting Cavities, 1.3GHz, 31.5MV/m
. 250GeV CME, upgradeable to 550 GeV

. L=2.7 E34 cm st initial
. 33.5km length, at CERN %
. Upgradeable with C3 or CLIC technology

Civil Engineering max slope: 0.22 % Avg. Tunnel Depth: 100.65 m

550 GeV (33,5 km)

o Allandon river

ESPPU submission #40
https://indico.cern.ch/event/1439855/contributions/6461433/
arXiv:2503.24049

Linear Collider Vision

s O <ad

4/8/2025 Benno List


https://indico.cern.ch/event/1439855/contributions/6461433/
https://arxiv.org/abs/2503.24049

m Approaches to Improve Sustainability "lc

inerifionaldevelopment feam

 Accelerators for High Energy Physics are at the leading edge of technology:
beam energy, intensity, luminosity...

» Ressource conservation is paramount:
 Sustainability adds new cost measures: e.g. CO,, rare earth usage -> Lifecycle Assessment!

Overall System Design Subsystem and Component Operation
Optimisation
» Compact (short) accelerator -> high » Recycle energy (heat recovery)
gradient » High-efficiency cavities and klystrons « Adapt to regenerative power
* Energy efficient -> low losses « Permanent magnets availability
+ Effective -> small beam sizes + Heat-recovery in tunnel linings » Exploit energy buffering potential
ILC center futuristic view
peenl R < P

C Lifecycle assessment quantlfles Impact '
-> the first step to optlmlsatlon ~

\_
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Lifecycle Thinking and Lifecycle Assessment (LCA) :Ip
[P

et deveopmen eam

Consider the whole lifecycle and its impact %fa';',f";:m ;
e

Avoid burden shifting, i.e. moving problems elsewhere:
consider diverse impact categories

Lifecycle Assessment (LCA)
» Standardized approach to evaluate impact

» Quantifying total damage by endpoint indicators difficult "
* "Midpoint indicators” asses impact on environment in a i ) it
quantitative way & ‘J“,J
Measure in order to improve: " ——
* |dentify hot spots
+ Evaluate and choose alternatives
Jariaiog adotion Darmage to Avoid Switch Improve

Human toxicity {nan-cancer)

ndpoint area
Midpgint impact categon =y
Particulate T Increase in
) respirat
Trop. ozane formation (hum) Pl ;

Global warming

| Frashwater autrophication

Damage te
| | species
Trop. ezone (sca) Damage to
d (orrestrial Dmaglum -
Terrestrial ecotoxicity pecies soosystems
Terrestrial acidification Damage to
i PAS2080:2023 ‘hierarchy of decision-making

|
|
radie to Ga —
L radilo to Grave (&1 e Information; = =
I 1 g8 to
f Gradile to Cradle (Buiing Assessment Informaticn | ‘Mirm'al : rmﬂosmm
{ P

LifeCyCIE Stages according to EN 15978
5 4/8/2025 Benno List

\A.J. Huijbregts et al., Int. J. Life CycleAss. 22 (2017) 138,

01:10.1007/s11367-016-1246-y



https://www.nist.gov/el/systems-integration-division-73400/lifecycle-graphic
https://www.nist.gov/el/systems-integration-division-73400/lifecycle-graphic
https://browningday.com/news/lca-stages-matter-when-tracking-embodied-carbon/%20%20https:/www.buildingenclosureonline.com/blogs/14-the-be-blog/post/%20%2089547-lca-stages-matter-when-tracking-embodied-carbon
https://www.rivm.nl/en/life-cycle-assessment-lca/recipe
https://doi.org/10.1007/s11367-016-1246-y

LCA of Civil Engineering Infrastructure :p

o

Construction Global Warming Potential (tCO,e)

» LCA study of tunnels, shafts and caverns: 00,000 el etgne e
» Common study for ILC and CLIC (link) 5000001
+ Professional consultant company: ARUP 400000
* Include two design alternatives for CLIC: § oo

Two-beam acceleration or klystron driven 200,001 L
] ' 380GeV 250GeV
* Results: 100,000t 380Gev
« CLIC 2-beam design: 127 kton CO2-e " — "

CLIC Drive Beam CLIC Klystron

* CLIC Klystron: 290 kton CO2-e

* |ILC (250GeV CoM): 266 kton CO2-e __ Consiruction G possil e apporitis (O
+ LCA helps to compare design alternatives - " En

i -41%

» LCA identifies reduction potential: o

« 20% from using low carbon cement (CEM III/A) L. . .

. - Reduction Potential: 41%
* 12% from thinner lining
« (9% from future electricity mix -> not a project decision) L _

CLIC 5.6m 380GeV | Relative contribution of each component
to total environmental impact

Further
Impact
categories

6 4/8/2025 Benno List

Full study: https://edms.cern.ch/document/2917948/1

CLIC Drive beam, 5.6m dia. CLIC Klystron, 10m dia. ILC, 9.5m span @



https://edms.cern.ch/document/2917948/1
https://edms.cern.ch/document/2917948/1

@ New Study: LCA of Accelerator

LCA of accelerator and detectors much more demanding than civil

infrastructure:
« Many different components

+ Many materials, also unusual materials

 ILC and CLIC performed LCA effort with ARUP

 Study almost concluded,

looking in detail on Main Linac building blocks:

* ILC Cryomodule
¢ CLIC two beam module

 Finished study will be available at
https://edms.cern.ch/document/3283864/1

Evaluating the GWP of the Accelerator:
The Two Beam Module

Attempt a bottom-up calculation of total material
budget

* Decompose system to level of individually
manufactured pieces

+ Start with CAD model and create MBOM
« Collect info on

« Material

« Mass (net and gross = net + scrap)

+ Manufacturing method (machining/tuming, welding,
extruding, casting) -> input to scrap estimate

+ From material, estimate LCA quantities

Cryomodule Production Steps ”
7 po ¥
® e W@ w %
i m = Ll
P - -
| = e
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https://edms.cern.ch/document/3283864/1

m Special Materials — Example: Niobium Material

i

Niobium Mining

+ Yearly production (2021): 75 kt [1)
+ Known reserves (2021): > 17 Mt (1]
+ ->lasting > 226y
+ Biggest Supplier: Brazil (90%)
+  CBMM, Araxé mine
+ Products: 90% NbFe, 10% Nb;O;

11]USGS 2022 Mapeiosis usos quuiperiodesiaim:s 2022 mes2022-victi

[ ey re——y

ATR Niobium Production
Click to add text
+ ATR: Aluminothermic Reaction:

Reduce Niobium Pentoxide to pure Niobium

+ LCAOf Nb205 available: =
L.Da Silva Lina et al., J. Clean. Prod. 348 (2022) -
131327, DOI10.1016/] jclepro.2022.131327

+ Auminothermic reaction:
from stochiometry:
0.484kg Al + 1.431kg No205 -> 1kg Nb

+ Raw material production:
+ Ore (~2.5% Nb,0.) to FeNb or Nb,O,

FeNo: used as alloy component for steel

“L Nb,O.: used in glas for optical lenses and starting

point for Nb metal production

Reduction of Nb,O; with aluminum to get pure
Niobium

+ Unknown: efficiency of process.
+ Assuming 16.8kg CO2-eq from Al resul
14.9 kg CO2-eq per kg ATR-Nb
qweved
R + Production of RRR300 material:
L Remelting of ATR-Niobium in electron beam oven

Click to add text

+  Typical : remelt 6 times
-> 67kWh of electric power per kg of final product,
75.2% overall efficieny (AIP CP 927(2007)165)

+ ->assuming a German electricity mix, this results in

Niobium Refinement by Remelting

*+  Pure niobium:

+ aluminothermic reduction of Nb205 -> “ATR
niobium™

+ Carbon footprint of Nb dominated by aluminium
needed here

+ My estimate: ~11 kg CO2-eq / kg Nb

i
*  Niobium is refined by remelting in vacuum electron '
beam fumnace £

+ Takes ~10kWh/kg per step

DESY. Baeo st | Coyomoass LCA

o

Problem for this work: It G i

LCA data for some materials does not exist
-> here: niobium and ultra-pure niobium

No data for high-purity (‘RRR300”) niobium available

Not even for 99% pure ATR (aluminothermic reduction) niobium
(processed from Nb205, LCA data available)

Research of niobium processing -> implementation

Dominant factor for RRR>300 niobium: electricity for electron beam
remelting -> depends on local conditions (assume: China)

Results

* Niobium RRR>300, from China: 98kg CO2-e / kg
-> 10% of total GHG for ILC250 accelerator!
-> large impact reduction potential

Material distribution by Global
‘Warming Potential (A1-A3)

Material distribution by mass

4/8/20zw
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https://edms.cern.ch/document/3283864/1

ILC Cavity and Cryomodule Production Steps: Detailed analysis .

(! | Half Cell Deep Drawing

Click to add text

*  Unknown: Value of scrap, how is scrap recycled

*  One sheet of niobium used to produce one half-cell:

mass 1.09kg
+ ->68 kg CO2-eq per half cell,

dominated by CO2 from electricity for Nb

refinement

Cavity Treatment
Click to add text
+  Cavity treatment consists of
+ Heat Treatment
+ Elactropolishing
+ HPR
+ Needs chemicals (phosphorous acid),
electricity
+  Currently not taken into account!

Cold Coupler Assembly in ¢

Click to add text

+ First step:
Cold coupler part mounted on cavity

+ Done in “CC” (Cold Coupler) area

DESY. Bereo Lish| Crcrodhds LA

1
-

Dump Bells and End Groups

Click to add text

Analysis includes

+ 2 half cells plus stiffening ring welded to form a

“dump bell”

+ End groups: half cells plus tube and other stuff

*  Unknown:

Energy of Electron Beam Welding

+  Unknown: Material efficiency for the other parts

a + Prelim. Result: 1641kg CO2-eq per cavity

v

Cavity Production

Click to add text

+  Unknown: Electron Beam Welding

>
/!
i al

Walcemar Singer, SRF 2013, 3
lipcrsloon web cem CVSRF 2013k kot

— & —
e
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o e
S
T
i
MOAOA;
kg czaloont webcem GSRE20130alksio0a0d._talk o

Details about true material consumption and scrap, e.g. material for :

deep drawing of half cells from niobium sheets
Additional material and waste for treatment of cavities acids for: =

buffered chemical polishing (BCP),

electro polishing (EP)

+ String assembly done in cleanroom area

DESY. Berno List| Cryomodide LCA

4/8/2025

Integration with vacuum vessel, warm coupler mounting Er
Click to add text I

« Combine aligned cold mass and string with vacuum
vessel in cantilever area

* Mount warm couplers in checkout area

+ Final inspection in shipping area

* Vacuum vessel: 3500kg steel

yﬁ"’
-
e § - ==
DESY. Benno List | Cryomodule LCA Pagn 19
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Magnets :p

Resistive Electromagnets are a big
contributor to LCA, because of large mass

Many different types: dipoles, quadrupoles,
sextupoles ...
2 Parts:

* Yoke: Iron / magnetic steel,
often made from stamped laminations

» Coil: Copper conductor, extruded,

insulation: epoxy resin
Not to be forgotten: Stands! Here, data is
often scarce...

-~

Magnets in an accelerator

10 4/8/2025 Benno List



Input for magnets and stands :Ip
[P

enafona developmen feam

Start from a catalogue of magnets \
+ CLIC: dimensions known for all magnet types \"‘“

* ILC: Main design parameters known (aperture,
strength colil cross section), use parametric
model to determine size

Main Components considered: A
* Yoke: from iron — consider scrap! ) =
» Copper, extruded: 8.5 kg kg CO2-e / kg -
Yoke materials
» Softiron: ~3.8 kg CO2-e / kg
* For high field magnets: assume Vacoflux
- 49% Fe, 49% Co, 2% V -> 22.3 kg CO2-e / kg ¥
Conclusion: _
* Yoke material dominates over copper from coils NG
+ High field magnets with cobalt rich material
have a much larger impact
Stands: assume reinforced concrete pillars
steel frames, or girders on racks (ILC
damping rings)

N
4

2N

a: Full aperture

p: pole width

t: Yoke thickness

H: Coil (cutout) height
W: Coil (cutout) width
c: Coil (cutout) chamfer

11 4/8/2025 Benno List



@ Detectors

 Detectors were modelled in a simplified way:
Use net weight of most heavy components
* Yoke: Iron / Steel
» Calorimeters: Steel, Tungsten
* Reinforced concrete for support platforms

* Impact is by far dominated by the huge amount
of iron in return yokes:

ILD 13400t, SiD 6810t
-> huge reduction opportunities

(e.g. H1 used steel from ship scrap from Russia)

* Important assumption (requirement):
No significant direct GHG emissions during

operation:
» Avoid usage of CFC coolants
« And/or build gas tight system

128 m

ILD Detector. Source: ILC TDR, volume 4

N Solenoidal Magnet

| Fine-grained
| Calorimeters

B { Main Tracking
Detector

| Forward
TReglon

™ Return Yoke

b N\
¥ Vertex Detector

Detector. Source: CERN (2018)The Compact

Linear e+ e- Collider (CLIC): Accelerator and
Detector

Al
L

et deveopmen eam

SiD Detector. Source: ILC TDR, volume 4

12 4/8/2025
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https://arxiv.org/pdf/1812.07987
https://arxiv.org/abs/1306.6329
https://arxiv.org/abs/1306.6329

ILC 250GeV, Global Warming Potential, A1-A3
.l‘

& Main Results for ILC

« Accelerator & detector GWP hotspots: e
* Main linac: dominated by stainless steel, niobium,
aluminium in cryo modules I I
« Damping rings: I sa St = R" I
dominated by iron for magnet yokes L
« Detectors ILC & SiD: Mass GWP

Dominated by steel for magnet yokes

* Iron and steel is the by far dominant source of GHG
emissions! Huge impact reduction opportunity
* Note: “magnet iron” for some high field magnets assumed
to be 49% Fe, 49% Co, 2% V
-> GHG is 23 kg CO2-e / kg,
10 times higher than mild steel (1.9 kg CO2-e / kg)

» Dominated by iron in magnet yokes, especially detectors

° Other |mportant materlals :I‘ImR“M(‘Um‘E;\]':!-,.J\I;J“mmIlmmm ) “mIWﬂl"?-nf-l\:'x‘:.‘lhn(.illlm\‘;‘)“m““
* Niobium ~11%
* Copper: ~10%
* Aluminium ~ 6% "
* -> have a high dependency on electricity in country of origin | _
-> procurement policy important I I

13 4/8/L ' Regular product Renewsbiy producsd ' Regular product Renewably producsd Benno L|St


https://edms.cern.ch/document/3283864/1

CLIC: Surface Buildings

* Phase | Lifecycle Assessment:
Underground construction — tunnels,
caverns, shafts

* Phase IlI: Include also surface buildings and
shallow (cut & cover) tunnels

 Particularly relevant for CLIC with large
injector complex above ground

» Surface buildings: Office and “warehouse”
buildings — described with 8 arche types

» “Warehouse” = accelerator buildings by far
dominant, impact quite significant w.r.t.
underground structures
-> especially injector complex buildings

tCO2e

Global Warming Potential of surface building:

DB

s, Al-AS

Kly

CLIC 380GeV Klystron

14 4/8/2025
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https://edms.cern.ch/document/3283864/1

@ CLIC: 2-Beam Module :Ip

uv
Ingncl eegnet i

e CLIC 2-beam module: The fundamental
building block of the CLIC main linac

 Collect material data on existing CAD
model

» Special material: OFC (oxygen free) copper
9.7 kg CO2-e / kg

15 4/8/2025 Benno List




CLIC Accelerator: GHG Main Results

* Main Linac dominates GHG emissions in
construction

« Dominant materials
+ Steel: ~70%
» Copper: ~25%
» -> Explore reduction opportunities for copper

Average GHG Emission Intensity of Refined Copper (0 ¢/t Cu

1990 a9 200 20

W scopet W S scope
Reference: Copper — The Pathway to N'et Zero Summary, B
ICA, March 2023 ‘ -

CLIC and ILC copper reduction opportunities

* Design optimisation of machine componentry to
reduce quantity of copper material required.

= Partner with copper suppliers that are committed to
The Copper Mark, to increase the quantity of

responsibly sourced, produced and recycled copper
across the value chain.

+ Recycle as much copper in maintenance and end of
life as possible to contribute to the International
Copper Association aim of increasing the end-of-life
collection rates of copper-containing products.

The ICA identify abatement opportunities which include
decarbonised electricity, alternative fuels, equipment ] 828

electrification and energy efficiency in the copper
Z .
W scoe 26 "

production process.
Reference: Forecasted Evolution of carbon intensity of Copper 39
Cathode (McKinsey Asset Decarbonization tool; Team Analysis)

CLIC & ILC machine componentry utilise a significant
amount of copper and therefore have a large control and
influence over the scope 3 emissions of copper
production. This requires partnership between the value
chain to maximise potential abatements.

Al
1

o]

CLIC 380GeV, Global Warming Potential, A1-A3

160,000

140,000

120,000

: DB
~ 100,000

80,000

60,000

40,000

. om | |

Beam  Drive beam Ma

beam Main linac Tra
delivery  injector  injector

Kly

am Main linac  Detector  Tr

o
m

il dsegment ez

andpost  complex  complex complex RTML,
collision and transfer collision main beam
lines oML lines
wnnel
CLIC Drive Beam 380GeV CLIC Klystron 380GV
Material distribution by mass Material distribution by Global
Warming Potential (A1-A3)
100% 100%
905 90%
B Mineral Oil

80%
70%
60%

50%

0%
20%
10%

0%
CLIC Drive Beam

CLIC Klystron
380GV 380GV

B0%

70%

60%

50%

407

30%

200

10%

CLIC Drive Beam CLIC Klystron

380Ge

 Aluminium

W Tungsten

W Concrete

https://edms.cern.ch/document/3283864/1
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https://edms.cern.ch/document/3283864/1

@

Whole lifecycle results for all ReCiPe 2016 indicators

i

Example: CLIC (drive beam option)

All 16 ReCiPe 2016 mid point indicators were
evaluated

Which lifecycle phase dominates the impact? —
A: production and construction
- result depends on emission factor for electricity!

Which material dominates the impact?
» Steel and copper

» Operation (i.e. electricity) prominent for some categories

Results vary significantly between impact categories

—which categories are the most important?

17

0%

60%

50%

30%

10%
o \\-‘

CLIC Drive Beam 380GeV

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

mCLIC Drive Beam

mModule A - Production and Construction

u Module B - Use mModule C - End of Life

CLIC Drive Beam 380GeV, whole life cycle

380GeV - Aluminium

mCLIC Drive Beam 380GeV - Concrete 8 CLIC Drive Beam 380GeV - Copper

Co
mCLIC Drive Be 380GeV - Copper OFC mCLIC Drive Be mCLIC Drive Be: / - Lead
380G ral 0il ®CLIC Dn ®CLIC Driv V - Staink 1
380G ®CLIC Drive Beam 380GeV - Titaniui B CLIC Drive Beam 380GeV - Tungsten 178

4/8/2025
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&m Weighting Impact Categories - Normalisation :Ip
o

Particulate matter Increase in .
v oroe formton Y el e e

lonizing radiation

 One approach: endpoint categories e
-> consider damage to e —

Human toxicity (non-cancer}

Increase in Damage to
various types of hurman

eeeee health

Global warming [icTsasalin]

malnutrition

» Human health

Damage to

freshwater
| species |
Damage to
4 Damage to
terrestrial
e scosystems
Damage to

* Eco systems st rophcaon_

Trop. ozone (eco)

* Resource availability — /
 Alternative approach: e
weight with global impact (per person) ——
-> approach Chosen here CLIC Drive Beam 380GeV, normalised ILC 250GeV, normalised top 10
top 10 environmental categories environmental categories
* Use ReCiPe World (2010) normalisation set | comon S
50,000,000 7{1::::110:[1:)(3
40,000,000 60,000,000
« Human carcicogenic toxicity sticks out, i 0008
followed by marine ecotoxicity and freshwater - -
ecotoxicity . 102000 i s
-> where does that come from? . I | ORI
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https://www.rivm.nl/en/life-cycle-assessment-lca/recipe

CC-BY-3.0

Hotspot analysis: Toxicity :Ip

"
CLIC Drive Beam 380GeV, normalised ILC 250 GeV, normalised top 3
top 3 environmental categories environmental categories iR

60,000,000 90,000,000

Toxicity dominated by steel (incl. stainless steel),
followed by operation (i.e., electricity) o

Toxicity impact of steel dominated by
electric arc furnace slag, which is deposited as landfill

70,000,000

60,000,000
40,000,000

20,000,000 20,000,000  PlotArea
1 10,000,000
Hard to control in procurement process o == =
Freshwater Marine Human
ecotoxicity, A-C  ecotoxicity, A-C carcinogenic
h I h I . toxicity, A-C
00se suppliers with an environmental commitmen Freshwater Marine Human
ecotoxicity, A-C  ecotoxicity, A-C carcinogenic i
] y ¥ Other m Operation | FeNI36
and an environmental management strategy A W gen mNomm et
W CLIC Drive Beam 380GeV - Tungsten ® CLIC Drive Beam 380GeV - Lead clum
. . . 0 WCUIC Drive Beam 380GeV - Titanium m CLIC Drive Beam 380GeV - Helium W Titanium B Nb45Ti55 ® Cryophy
Reduction potential is 90% mCUCDveBemm Moo -Sedl ey Drkegesm 306ev-copper07¢ [l m Supor nsviotion B Magnetiron = Copper OFC
mCLIC Drive Beam 380GeV - Stainless steel @ CLIC Drive Beam 380GeV - Copper u Steel m Lead B Copper
B CLC Drive Beam 380GeV - Operation ® CLIC Drive Beam 380GeV - Concrete
) R . X . W Stainless steel | Iron W Concrete
WCLIC Drive Beam 380GeV - Mineral Ol W CLIC Drive Beam 380GeV - Aluminium
184 B Aluminium 186
g Process contribution to Human toxicity, Normalised Human toxicity, carcinogenic
g carcinogenic of steel production, electric, emissions for treatment of 1 kg of electric arc
e e chromium steel 18/8 [Europe] furnace ﬁlag |I]urnpe|
Q © 0O N
(@] - I~ 20
o 29 18
k=] 8 o
[} o< 16
£ < 14
= 0 g
; g £ 12
- 23 10 -90%
8 S M 8
> £ ™
x o 5 6
9] [
ES] : 5 4
5] = = 2
2 > O
8 -2 ]
L o © 0
() < T Human carcinogenic toxicity
5 VX
a E g ® Baseline, 96% landfilled slag W Sensitivity, 90% recovered slag
5 T ol r {RoW}| ferrochromium
[ O£
o = ent of electric arc
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http://dx.doi.org/10.3390/ma14040782

»-Operation stage very important: et
Large CO2 emissions from electricity production

* Impact assessment depends on assumptions of future
(reduction of) carbon intensity of electricity
— common numbers would be helpful

* CLIC study indicates that 6 — 17 year of electricity cause as
much CO2 as all tunnels/shafts/caverns T e " :
- even at very low carbon intensity in France relons by scenete, 20202050

* CLIC study in 2020 about running only on renewables (link): .
Energy can be provided, fluctuations require grid as buffer
— modulate operation (demand side flexibility)

@ Operation ilp
:l = & =

United States

https://www.iea.org/reports/world-energy-outlook-2022,

IEA (2022), World Energy Outlook 2022, IEA, Paris

. . . . °
— rapidly falling battery prices change the field, 3
GWh size storage will be possible in 2030 o
g P 2
CO; intensity of electricity generation varies widely foday, buf all regions see a decline in E
tufure years and many have deciared net zero emissions ambitions by around 2050

380GeV 1.5TeV 3TeV 3
Construction GWP is equivalent to Construction GWP 1s equivalent to Construction GWP 1s equivalent to Energy ~
1.7 decades of running accelerator 0.8 decades of running accelerator 0.6 decades of running accelerator < pOOl A y ]
= C\] Clearing is key to erase consumption peaks 8
o &
AN @
- % B
= - 5
oty . RS O B o sicq1r . BB 4 . B oty - B B 7SN oo T ) e — Q)
185k1CO,e 315kiCO,e 8% 43% 480ktCO,e s% b Q) £
54% | |
68% i il
& E
S g
© 5
M A1-AS Construction (tunnel: 11.47km) M A1-A5 Construction (tunnel: 17.56km) B A1-A5 Construction (tunnel: 21.08km) r 8
M Operation over 8 years M Operation over 7 years W Operation over B years N LlJ Ol
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https://edms.cern.ch/document/2065162/1
https://agenda.linearcollider.org/event/10134/contributions/55138/
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https://indico.esrf.fr/event/2/contributions/94/
https://indico.esrf.fr/event/2/contributions/94/

Results: Scope 2 Emissions from Operation

» Define operational phases:

» Shutdown — only static cryo load and HVAC, lighting
etc

* Downtime and technical stops: RF power off
+ Data taking: full power

+ Commissioning and machine development: 50% “data
taking” and 50% downtime

* Use mixture of these modes to calculate overall
energy consumption over the year
» Emission factors were updated:
16 g CO2-e / kWh for CERN in 2050
81 CO2-e / g/kWh for ILC in Japan in 2040:
* 20% nuclear
+ 70% renewables (dedicated contracts)
+ 10% LNG

Table 4: Operational phase definition, with relative power consumption for each operation phase in
relation to the nominal operating power assumed in the electricity consumption calculation.

Fraction of peak power
Operational phase days/year LCF250LP 250FP 550LP 550 FP

Annual shutdown 120 28% 18% 28% 25%
Commissioning 30 77 % 72% 75% 72%
Technical stops 10 54 % 45% 50% 44 %
Machine development 20 77% 72% 75% 72%
Downtime (faults) 46 54% 45% 50% 44%
Data taking 139 100% 100% 100% 100%

arXiv:2503.24049
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Overall result for ILC and LCF at CERN, and CLIC

* A comprehensive overview of GHG emissions
from construction and operation

 Available for ILC in Japan

» Scaled / adapted for an LCF at CERN

* Tunnels: emission factors for tunnels in Japan and
CLIC tunnel in Geneva almost identical — keep

» Scale up main linac and damping ring componentry for

longer main linac and 3@ damping ring

* Reporting in the common format proposed by the

LDG sustainability working group

ILC 250 ‘ ILC500 | LCF250LP | LCF550FP
CoM energy [GeV] 250 500 250 | 550
Luminosity/IP [10** em™s™"] 1.35/2.7 ‘ 36 27 | 77
Number of IPs 1 2
Operation time for physics/yr [107s/yr] 16 1.2
Integrated luminosity/ yr [1/fb/ yr] 215/430 \ 580 320 | 920
Host countries Japan France / Switzerland
GHG emissions from construction, stages A1-A5
Subsurface tunnels, caverns, shafts [kt CO,e] 282 402 | 305 [ 411
Accelerator (coll.) [kt COze] 151 278 166 | 313
Accelerator (inj.) [kt CO,e] 82 82 59 | 82
Detectors [kt CO,e] 94 94
Total [kt CO4e] 609 | 851 | 624 [ 900
Collider tunnel length [km] 215 [ 335 335
Collider tunnel diameter [m] 95 5.6
Collider tunnel GHG / m [t CO,e/ m] 8.6 8.5
Concrete GHG [kg CO,e/ kg] / [kg CO,e/ m®] | 0.16 /400 (C25/30) 0.16/ 400 (C25/30)
Main Linac accelerator GHG / m [t CO,e/ m] 5.3 5.3
_GHG emissions from operation S . _ _
Maximum power in operation [MW] 111/138 164 | 143 ‘ 322
Annual electricity consumption [TWh/ yr] 0.7/09 11 0.8 | 1.8
Reference year of operation 2040 2040 2050 2050
Carbon intensity of electricity [g CO,e/ kWh] 81 81 16 | 16
Average Scope 2 emissions / yr [kt CO,e] 59/74 87 13 | 28
Table 6: Data on GHG emissions for the ILC project in Japan and the Linear Collider Facility pro-
posal for CERN. These are baseline numbers, before application of possible CO, reduction
measures.

Linear Collider Vision

& <ad

19.12.24

CLIC Stage 1 Stage 2 | Reduce by 2040-50
CoM energy [GeV] 380 1500
Luminosity/IP [10™cm s ' | 4.5 37 %
Number of IPs 2 1
Operation time for physics/yr [10"s /yr] 1.2
Tuminosity/ yr [1/fb/ yr] 540 444
Host countries France and Switzerland
GHG emissi from construction, stage A1-AS
Subsurf: incl. tunnel services [kt CO2 eq.] 152 199 40-50
Surface sites and constructions [kt CO2 eq.] in progress NC 40-50
A (coll) [kt CO2eq.] 56 NA in progress
Accelerator (drivebeam and inj.) [kt CO2 eq.] 118 NC in progress
‘Two detectors [kt CO2 eq.] 90-120 NA
Total [kt CO2 eq.]
Collider tunnel length [km] 115 | 291
Collider tunnel diameter [m] 5.6
Collider tunnel GWP /mt CO2 eg/m] 8.1
Concrete GWP [kg CO2 eq./kg] 0.16
Accelerator GWP / mt CO2 eq.fm] Not estimated
GHG emissions from operation
Maximum power in operation [MW] 166 287
Average power in operation [MW]
Electrici ion / yr [TWh/ yr] 0.82 140
Years of operation 10 10
Carbon intensity of electricity [g CO2 eq./ kWh] 16 Estimate for 2050
Average Scope 2 emissions / yr [kt CO2 eq.] 13 | 2 Estimate for 2050
Table 8: Data on GWP for the CLIC project. These numbers are are based on the reports (one still in draft) mentioned
above and will be further developed. NC means No (or small) Changes. NA refers to Not Available (outside the
scope of present studies).
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Some conclusions

Accelerators are generally optimised for physics performance, costs, schedule and power
consumption

Sustainability goals suggest the lifecycle approach, addressing for example carbon footprint and
material use from construction to decommission, and integration in the local communities (water,
landscaping, traffic, waste, etc)

« Changes the optimisation and also provides new opportunities

A recipe for a sustainable facility:

* Reduce size

* Reduce power consumption, understand/selects all materials being used carefully
* Integrate within local communities

» Use low carbon and renewable power, CO2 compensate

» Use the facility for a long time and understand its life cycle

23 29.11.23
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Sustainability: What It Is...

Development that meets the needs of current
generations without compromising the
ability of future generations to meet their
needs and aspirations. (WCED, 1987)

WCED (World Commission for Environment and Development)
THE WORLD COMMISSION L
T (1987) Our Common Future, Oxford University Press, Oxford.
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DECENT WORK AND
ECONOMIC GROWTH

a

16 PEACE, JUSTICE
AND STRONG

INSTITUTIONS

1 7 PARTNERSHIPS
FOR THE GOALS

https://sdgs.un.org

Environmental

Biodiversity Pollution
Natural Resources

Bearable

Efficiency

Growth
Stability

Social

Economic

Three aspects:

* environmental
* economical

* social
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R.Y. Surampalli et al. (eds), Sustainability. Wiley 2020.
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https://berkeleyearth.org/global-temperature-report-for-2023/

Nature 599(2021)208.

... and Why It Matters

i

Climate is Warming

Faster than ever, leading to the highest
temperatures in the last 125000 years

@

Global Average Temperature 1850 - 2023 5 |

(°C)
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Global Temperature Anomaly
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Dec 2023

wiww BerkeleyEarth.org.

& Anomaly (* C)

Due to Anthropogenic
Greenhouse Gas Emissions
In particular CO, and methane

It is wunequivocal that human
influence  has  warmed  the
atmosphere, ocean and land.

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

IPCC AR6

(b) Change in global surface temperature (annual average) as observed and
simulated using human & natural and only natural factors (both 1850-2020)

€
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1.0 i human &

natural

https://www.ipcc.ch/report/ar6/wgl/downloads/report/IPCC_AR6_WGI_SPM.pdf

[
With Negative Consequences "
Making habitable regions uninhabitable,

leading to famine, heat deaths and causing
mass migration

Uninhabitable
at2.7K - warming

Nat. Sust. 6 (2023) 1237.

Temperature niche

2.7 °C warming
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! oo . E Extreme heat killing more than 100 people in Mexico hotter and
T - - 1 x much more likely due to climate change
1850 1900 1950 2000 2020 8
o worldweatherattribution.org/
20000 18,000 10000 s000 o
Years before present .
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eb Overall System Design

BL: https://indico.cern.ch/event/981823/contributions/4328846/

Construction cost Energy umlnosnty Opeéaiitgl cost
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High Efficiency n Small Beamspot 0,0,
L Main Linac Technology
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* Damping ring (€)
* Final focus (B")
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Low resistivity  Smal d%cycle: High frequency &
Pulsed operation  Ultra-short pulses
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Superconducting RF 2 beam acceleration
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Optimisation at CLIC: Parameter scan

o

. L Il dignen e
Challenge: Achieve target energy and luminosity

with least possible amount of resources
Conserve resources for construction:

» compact -> high acceleration gradient

» Conserve ressources in operation:

» Energy-efficiency (limit losses in cavity walls):
superconducting RF — ILC
high frequency & ultra-short pulses: CLIC

+ Effectiveness: maximum luminosity per charge
-> nanobeam technology

ILC and CLIC:

« different solutions to the efficiency problem
+ Final power consumption similar

Inherent tension between invest and operation
requires a quantitative approach:

Lifecycle Assessment

Benno List | Sustainability Studies
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Optimisation of Components and Subsystems :Ip
[P

Wln_WIn Trade-Off inerifionaldevelopment feam
Better performance through better technology at Difficult: lower operating cost through higher
same or lower cost invest / higher initial impact:
« High efficiency klystrons through better electron optics needs trade off studies — LCA

— pushing to 85% efficiency « Example permanent magnets:
» Cavities with higher gradient and lower losses . Save CO2 from electricity during operation

— pushing for >45MV/m (ILC baseline: 35MV/m) » Materials used in production, esp. rare earths, have high impact

+ ZEPTO (Zero Power Tuneable Optics) project is a collaboration
between CERN and STFC Daresbury Laboratory, made an
analysis:
in case considered, production CO2 is amortized in 1 year

ZEPTO: comparing carbon footprints

> * Electromagnetic quadrupole * Permanent magnet quadrupole
] * Main materials: steel, copper * Main materials:
g * Manufacture impacts steel, NdFeB, aluminium .
T ‘ b steel Umppersz,‘g * Manufacture impacts (kgCO,e) =
PPM, 50V 4 20 201kg |
: sthc o i %‘/LCWS i FeB 1097k
04 Ti‘,i.’w : Pushing toward 50 MV/m \{A gs * Operation costs NdFeB 1097kg
D Klystrons for science 4 - Applicationota C“"‘b'”a""l" of °°T"’E;‘i’§"°p°"5 ng and =step low- . - + 856W at 100% excitation (big uncertainties in NdFeB footprint;
03 < : temperature baking to single-cell cavities T N ; using recycled magnets could
@ e deslgn‘, CERMRIC Simu"a‘“:r:;) A gradients ~ 50 MV/m 1oL Another 250W for cooling . 5|gn§|ca:|ytlv reduc%a it)
o HEindustrial "'O‘O‘V”"A'_“ fshe |« Therecipeis ransferred to 9-cell cavities: average 40.4 MV/m! HE o = Assume 251 days / year operation Operation costs: negligible
0 025 03 0.7 1 125 L5 175 » AHigh-Gradient Cryomodule (HGC) is being prepared at Fermilab for testing | 1. - \ o * 6.7 MWh [ year P glig J -
micro Perveance (WA/V'S) 2-step low-temperature baking (single-cell cavities) —- * EU avg intensity 225 gCO2e/kWh * “Carbon pavback" 1 year
5 electricity 1160 keCOye / year Eallat

B. Shepherd, LCWS 2023

sion on Tuesday and on HGC in my presentation on Wednesday

4% Fermilab
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Greenhouse Gas Emissions over the Full Lifecycle
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This is for 11 km
of tunnel, scales
with length "

&

kton CO2 equv.
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Towards Carbon Accounting with LCA mmmmw!m!ngm

Work in progress — this example is closést to the CLIC drive-beam parameters,
detectors and computing (and travels) not considered

More power (here 0.7
TWh) or more carbon
(here 12g/kwh) will
increase this quickly

|II|II"I|.. Jllllllll"l""

Start comm. Operation Upgrade start Comm. Upgrade Operation

CE upgrade: tunnel lengthening if needed important, should do better than today (concrete etc)
m Decommissioning: not estimated, important for upgrades if parts are removed, and end of life
m Acc upgrade: should be able to improve for raw materials, processing and assembly
m Com&Operation: Energy use (~0.7 TWh annually) times carbon load (50% nuclear plus 50% renewables), improve with time
M Accelerator: Here equal to tunnel - to be done, materiel and design choices, responsible purchasing, in progress

m CE: From ARUP study, roughly 11-12 kton/km —

29.11.23



