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Introductions

Life Cycle Assessment for Future Linear Colliders

‘Compact Linear Collider (CLIC)
W 380 GeV - 12.1 km (CLIC380)
B 1.5 teV - 29.6 km (CLIC1500) b

* Comprehensive LCAs for CLIC and ILC
» C(Cases study: Approaches and Findings

 [essons Learnt and Reflections

* Sustainability and LCA for Big Science
Projects

ARUP: Suzanne Evans, Claudia Di Noi, Fragkoulis Kanavaris,
Celia Puertas, Yung Loo, Heleni Pantelidou
CERN: Steinar Stapnes, Steffen Doebert, Liam Bromiley,

Edward Fraser Mactavish, John Osborne CLIC Drive beam, 5.6m dia. CLIC Klystron, 10m dia. ILC, 9.5m span

DESY: Benno List Geneva Geneva Tohoku Region, Japan
: nergies: eV, 1.5TeV, 3TeV. nergies: e nergies: e

KEK: Nobuhiro Terunuma E 380GeV, 1.5TeV, 3TeV. E 380GeV E 250GeV
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Life Cycle Assessment for Future Linear Colliders

Emergence of sustainability for Big Science design development

New sustainability led drivers

Parallel consideration of Science-
Economics-Environment

* Big Science projects demonstrating

vision and leadership to sustainability

New motivations

» Societal expectations around climate
responsibility and resource
conservation

* Increasingly formal governance
requirements
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Construction GWP possible reduction opporiunities (tCO.e)
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New Focuses for consideration

Enables holistic considerations and

early identification of priorities

* Enables focussed studies, with

awareness of the broader picture, not
just on technologies and siting/civil
design
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Life Cycle Assessment for Future Linear Colliders

Relevance to ET

[ Need

>Optioneering> Design > Delivery > Operation >Revisitneed>

CLIC & ILC
Construction Life Cycle Assessment

Early design decisions

PAS2080:2023 Guidance Document (Adapted)

» Early design decisions determine the
majority of the lifetime
environmental impact

380GeV

Construction GWP is equivalent to
1.7 decades of running accelerator

1.5TeV

Construction GWP is equivalent to
0.8 decades of running accelerator

32%

185ktCO,e 315ktCO4e 46%

54%
68%

Il A1-A5 Construction (tunnel: 11.47km)
Il Operation over 8 years

I A1-A5 Construction (tunnel: 17.56km)
I Operation over 7 years

Construction vs Operations

*  Civil engineering dominates
embodied carbon - early decisions
crucial

Steel; 8%
Cement; 6%
Aluminium; 2%

Electricity
Auviation
Shipping
& ..
Buildings
Oil and Gas
Ammonia

Other industries  giher transport

WEF (2023) — Net Zero Industry Tracker

Construction Decarbonisation

*  High carbon, hard-to-abate

construction materials
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Life Cycle Assessment for Future Linear Colliders
Why LCA

[_Jcivil engineering and tunnel services LCA
Proposed EIB shadow cost of carban

[ IMachine co mponemr LCA
BS EN 17472:2022 (Adapted) ?
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Whole life cycle assessment Benchmarking Supportsinto other carbon metrics
*  Complete, whole life cycle *  Quantifies design alternatives to *  Alignment with policy requirements

environmental assessment guide optimisation and carbon reporting standards
*  Highlights hotspots and avoids * Provides a benchmark for big science *  Application of derived metrics, such

burden shifting and major infrastructure projects as shadow cost of carbon and carbon
pricing



CLIC and ILC case study
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Linear collider options

Compact Linear Collider (CLIC) International Linear Collider (ILC)
a) Drive Beam b) Klystron
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Linear collider options

CLIC Drive Beam CLIC Klystron ILC

5.6m internal dia. Geneva. 10m internal dia. Geneva. Arched 9.5m span. Tohoku region, Japan.
(380GeV, 1.5TeV, 3TeV) (380GeV) (250GeV)

Extraction ducts ‘ Extraction ducts
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Reference: CLIC Drive Beam tunnel cross section, 2018 Reference: CLIC Kilystron tunnel cross section, 2018 Reference: Tohoku ILC Civil Engineering Plan, 2020
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Boundaries of the study

Life Cycle Assessment

CLIC Drive Beam

A

Reference: CLIC Drive Beam tunnel cross section, 2018

Civil engineering

(tunnels, shafts and caverns)

:%3 Tunnel services

Machine
componentry

?

Surface buildings

CLIC Klystron

=T . y'
A e P
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m

Reference: CLIC Klystron tunnel cross section, 2018

Civil engineering

(tunnels, shafts and caverns)

:%3 Tunnel services

Machine
componentry

?

Surface buildings

ARUP

9.5

Reference: Tohoku ILC Civil Engineering Plan, 2020

Civil engineering

(tunnels, shafts and caverns)

;%3 Tunnel services

Machine
componentry



Design information

CLIC Drive Beam 380GeV

e ~]12km accelerator tunnel with
machines

12km shallow tunnels

135 surface buildings

e 4 shafts

30 caverns

CLIC 1.5TeV

Civil Engineering max slope: 0.18 %

1.5 TeV (29.6 km)

380 GeV (12.1 km)

Construction: 2030

Valley of Allondon river

- @ & = &
o 888888388 &3

Operation: 2040 for 8 years

The CLIC project - O. Brunner et al, 2022 ; CLIC geological profile — CERN, 2025
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Impact assessment

CLIC Drive Beam 380GeV

WEICHELS Operation and
production and maintenance
construction (Machine only)
500,000m? concrete 0.7TWh/yr +
90,000t steel No replacement in 8 years

400t aluminium

5,500t copper France electricity mix
projection 2040

120t titanium

110t tungsten
40%
Nuclear

60%
Renewables
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End of life

(Machine only)

80% reused
20% recycled
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Impact assessment

CLIC Drive Beam 380GeV

Whole life carbon impact (tCO.e)

Material production 530,000

Transport to site

Construction -

Maintenance
Operation 95,000
End of life I Note: Operation, maintenance,

and end of life is machine only
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tCO,e/km

Accelerator hotspots - tunnels
CLIC Drive Beam 380GeV

Material production carbon impact (tCO.e)

3,500t
I Lining
M |nvert
3,000t
2,500t
2,000t
1,500t
1,000t
- I I
. m B
Permanent Invert Rebar Permanent Grout Insitu Concrete Precast
Lining Steel Lining Rebar Invert Concrete
Fibres Permanent
Lining
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BI, Survey &
Vacum

Compressed air
DN150

2x@300m Chilled water
Access Dump
bridge
Spreader (120mm)

2x@400mm
Demineralized water

ARUP

Low Power &
Signal

DN150

Main beam Safe passage (700mm)
Pre-alignment zone

Demineralized water DN40

Electronic racks + Shielding 2x@500mm
Demineralized water

Drainage for other equipment

Transport train

Separation joint
10mm compressible filler

CLIC Drive beam accelerator tunnel cross section - CERN
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Accelerator hotspots - surface buildings

CLIC Drive Beam 380GeV

Material production carbon impact (tCO.e)

60,000t
B Construction waste
50,000t
B Construction activities
40,000t .
B Transport to site
O
§30,000t B Materials production
20,000t
10,000t I
Experimental Common  Drive beam Experimental Main beam @ Surface Surface
area surface  transfer injectors  area surface injectors buildings buildings
buildings tunnel J.P.to complex buildings complex
layout S.P. layout
Office Warehouse Office ~ Warehouse

Injectors complex Shafts

ARUP
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Accelerator hotspots - machine

CLIC Drive Beam 380GeV

Material production carbon impact by machine
components (tCO.e)

140,000t
120,000t
100,000t
o 80,000t
N
O
O
60,000t
40,000t
20,000t I
- B =
Beam Detector Drive beam Main beam Main linac Transfer to
delivery and injector injector main linac,
post complex complex RTML, main
collision and transfer and drive
lines to ML tunnel beam
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CLIC accelerator module at test facility - CERN
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Accelerator hotspots - machine

CLIC Drive Beam 380GeV

Material distribution by mass and carbon impact

7 e j—

90% = Mineral Oil
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70%
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40% m | ead
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20% -
m Copper CLIC accelerator module at test facility - CERN
10% m Concrete
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Mass Carbon impact
(Production)
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Accelerator hotspots - machine
ILC 250GeV

Material distribution by mass and carbon impact

100%
; - ® Aluminium
90%
Tungsten
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¢ m Titanium
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70% m Steel
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[ |
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(Production)
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Impact assessment comparison

CLIC and ILC
Whole life carbon impact (tCO.e)

1,200,000t
1,000,000t
B End of life
800,000t B Operational water
M Operational energy
()
8‘“ 600,000t B Maintenance
B Construction waste
400,000t B Construction activities
M Transport to site
200,000t B Materials production
ot
CLIC Drive Beam CLIC Klystron 380GeV ILC 250GeV, Japan ILC 250GeV —
380GeV Sensitivity for

European grid
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Reduction opportunities

Evaluate the basic need at
asset and network level

Assess alternative solutions (design,
materials, technologies)

Adopt solutions to improve the use of
resources and design life, including
following CE principles

—=>

Carbon reduction hierarchy, PAS2080:2023 Hierarchy of decision-making
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Prioritisation of reduction opportunities

Reduce alignment depth

reduction in length of drive
beam injectors complex
(already implemented)

Reduce extent of structure e.g.

Easy to

implement

Design optimisation e.g.

ARUP

Capital
Operational

Reduce thickness of precast
concrete segmental lining

Repurpose/reuse steel
sections at end of life

Alternatives to Portland
cement

Heat recovery from
cooling systems

Maximise the recycling of
responsibly sourced steel, iron,
and copper during maintenance

and at the end of life

>

Big carbon reduction impact

EAF steel
manufacturers using
green hydrogen

Increase renewable
energy supply for
construction and
operation

Replace shielding wall with

concrete casing and
earthworks fill

Advanced cooling
systems to improve
cooling efficiency

Decarbonisation of
shipping for raw
materials and products

Local renewables
generation

Difficult to
implement

Small carbon reduction impact

Carbon reduction hierarchy PAS2080:2023
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Prioritisation of reduction opportunities

CLIC Drive Beam 380GeV

900,000t

800,000t

700,000t
2 ] _ 22%
Q 600,000t — -
=
2 500,000t
<
Q
& 400,000t
©
E 300,000t
=

200,000t

100,000t

Ot
Opportunity 1: Opportunity 3: Opportunity 5: Optimised
Tunnels and shafts Underground Buildings -
- Concrete optimisation infrastructure - Low carbon steel
Decarbonisation of
Baseline Opportunity 2: electricity Opportunity 4: Opportunity 6:
Bored tunnels - for construction Buildings - Machine -
Design optimisation Concrete optimisation Increase recycled
content
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Reflections

2% Reduce system
complexity

Big science infrastructure is a
complex system with no standardised
taxonomy. It is important to define a

clear taxonomy to enable meaningful
insights to be drawn.

@ Carbon management
from the start

Integrate carbon management from
project inception. Clear governance is
essential to ensure carbon management is
integrated in design development.

:g: Imperfect data still offers
meaningful insights

Even with limited data, an early
high-level carbon assessment is
valuable because it highlights the
scale of potential carbon impacts and
helps 1dentify carbon reduction
opportunities before changes become
harder to implement.

Continual improvement
@ across project stages
Embed clear carbon objectives
and lessons learned into each
design handover, with assigned
ownership and consistent metrics

that carry forward so that insights
from earlier phases are not lost.

ARUP

#~f Cross-discipline

J]I:I[Iﬂ collaboration is key
Collaborate across sites and
disciplines to fill in data gaps, identify
specific drivers to differences across
sites, such as soil conditions,

geometry, energy source availability.

@'4)@ Share data and

8 knowledge
Life Cycle Assessments are still
relatively new in big-science projects,
and there is limited precedent to draw
from. Sharing findings openly is
essential to help future projects reduce
their carbon impact.
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Thank you and questions

Yung Loo
yvung.loo@arup.com

Claudia Di Noi
claudia.dinoi@arup.com

Suzanne Evans

suzanne.evans@arup.com
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