Sustainability Studies for ILC and CLIC
Benno List, Thomas Schérner-Sadenius,
Steffen Doebert, Shin Michizono, Takayuki Saeki, Steinar Stapnes, Maxim Titov

ICHEP 2024, Prague
July 19, 2024



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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Three aspects:

* environmental
* economical

* social
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R.Y. Surampalli et al. (eds), Sustainability. Wiley 2020.


https://sdgs.un.org/
https://sdgs.un.org/

https://berkeleyearth.org/global-temperature-report-for-2023/

Nature 599(2021)208.

... and Why It Matters
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Climate is Warming

Faster than ever, leading to the highest
temperatures in the last 125000 years
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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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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
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o worldweatherattribution.org/
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Years before present .
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https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM.pdf
https://berkeleyearth.org/global-temperature-report-for-2023/
https://www.nature.com/articles/d41586-021-03011-6
https://www.nature.com/articles/d41586-021-03011-6
https://www.worldweatherattribution.org/extreme-heat-killing-more-than-100-people-in-mexico-hotter-and-much-more-likely-due-to-climate-change/
https://www.worldweatherattribution.org/extreme-heat-killing-more-than-100-people-in-mexico-hotter-and-much-more-likely-due-to-climate-change/
https://doi.org/10.1038/s41893-023-01132-6
https://doi.org/10.1038/s41893-023-01132-6

ILC and CLIC
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Two e+e- linear collider designs, starting as a nggs factory

o T
C.M. Energy 250 GeV
Length 20km
Luminosity 1.35 x10™ cmZs!
Repetition 5Hz
Beam Pulse Period 0.73 ms
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

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
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@ Approaches to Improve Sustainability :Ip
[P

 Accelerators for High Energy Physics are at the leading edge of technology: e
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

Forecastand data management

5 7/18/2024 Benno List
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eb Overall System Design

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

Construction cost Energy umlnosnty Opeéaiitgl cost

High Gradient g /

High Efficiency n Small Beamspot 0,0,
L Main Linac Technology

o*=+/pB*e

. . 2 s
Losses in cavity walls =t ﬂ Nanobeam Technology

* Damping ring (€)
* Final focus (B")
.yv‘,:’,‘s'j,’!‘ /:4,..

Low resistivity  Smal d%cycle: High frequency &
Pulsed operation  Ultra-short pulses
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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
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https://indico.cern.ch/event/981823/contributions/4328846/

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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https://indico.slac.stanford.edu/event/7467/contributions/6131/
https://indico.slac.stanford.edu/event/7467/contributions/6131/
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Lifecycle Thinking and Lifecycle Assessment (LCA) :Ip
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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
8 7118/2024 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

9 7/18/2024 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

eb LCA of Accelerator

» LCA of accelerator and detectors much more demanding

than civil infrastructure:
« Many different components
« Many materials, also unusual materials

e ILC and CLIC started LCA effort with ARUP

« Study still ongoing,

looking on detail on Main Linac building blocks:

* ILC Cryomodule
¢ CLIC two beam module

« Main Linac components add several tons of CO2 per
meter compared to Main Linac tunnels at 6-7 tons/m

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/turning, welding,
extruding, casting) -> input to scrap estimate

+ From material, estimate LCA quantities

Cryomodule Production Steps

Preliminary findings for the CLIC machine

Steel and Copper Mass

Post Collision line and Dumps

Cooling and ventilation (tunnel)

Main Linac Magnets

Accelerating modules

Comparison of CLIC Main Linac
for 2-beam and klystron options

10

7/18/2024

Benno List

Al
1

et deveopmen eam

S. Doebert, LCWS 2024



https://agenda.linearcollider.org/event/10134/contributions/54762

»-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 . v IN
= C\] Clearing is key to erase consumption peaks 8
o &
(Q\] @
- % 4
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
g :
3|
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/
https://agenda.linearcollider.org/event/10134/contributions/55138/
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.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022
https://indico.esrf.fr/event/2/contributions/94/
https://indico.esrf.fr/event/2/contributions/94/

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

&

kton CO2 equv.

5
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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
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Some brief 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

13 29.11.23
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