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https://cds.cern.ch/record/2800190/files/146-138-PB.pdf CERN Council has mandated the Laboratory
Directors Group (LDG) to define and maintain a

prioritized accelerator R&D roadmap towards

future large-scale facilities for particle physics.

Sustainability Working Group added to 5 LDG Expert Panels in 2024



LDG SUSTAINABILITY WG MANDATE AND COMPOSITION

Development of guidelines and a minimum set of key Indicators
for the sustainability assessment of future accelerators

Panel consisting of 15 members with technical expertise in
evaluation of accelerator sustainability and future collider project

representatives

Ensuring broad community representation:

» Sustainability Lab. Panels established at CERN, DESY,
ESS, NIKHEF, STFC

* |CFA Sustainability Panel
* EU- Horizon Programs

 Future accelerator projects: FCC, ILC, CePC,
CLIC/Muon, LHeC, C3

* Invited experts on specific topics

Walib Kaabi

Mats Lindroos
Roberto Losito

Ben Shepherd
Andrea Klumpp
Hannah Wakeling
Patrick Koppenburg

Johannes Gutleber
Yuhui Li

Benno List

Emilio Nanni
Vladimir Shiltsev
Steinar Stapnes

Caterina Bloise
Maxim Titov

PERLE, EU-ISAS

ESS (deceased May 2, 2024)
CERN Sust. Pane
STFC Sust. Task Force

DESY Sust. Panel, EU-IFAST
ISIS-1l Neutron & Muon Source
NIKHEF Sust. Panel

FCC

CePC

ILC

ICFA Sust. Panel & C3
LHeC

CLIC & Muon collider

Co-Chair
Co-Chair, EU-EAJADE

In the Editorial Board also
Enrico Cennini (CERN), Luisa Ulrici (CERN).
Beatrice Mandelli (CERN), Niko Neufeld

(CERN)

Thomas Schoerner (DESY)



WORKING GROUP
ACTIVITIES

Broad range of topics shared:

Reports from the CERN and STFC Sustainability Panels, ESS, Showmass ITF
Evaluations carried out for Future Higgs Factories (FCC, ILC, C3, CEPC)

Key LCA issues

Invited expert contributions:

- Decarbonisation for Large Rl (H.Pantelidou, ARUP),

- LCA of engineering civil works for the FCC (D. Mauree, WSP),

- EU-Horizon Project RF2.0 (G. DeCarne, KIT),

- Reduction of GHGs in particle detectors (B. Mandelli, CERN)



Foreword

WORKING GROUP REPORT e

Building Strategic Accountability
Setting the basis for sustainability
Comprehensive sustainability assessment
Socio-economic sustainability enablers
Life Cycle Assessment

Environmental Product Declarations

» Structure and content suggested by reports to the WG and follow-up " Environmental Impacts of Large Faclitis
discussions from May-November 2024 3 A

Accelerator construction
. Accelerator operation
Landscape of comprehensive sustainability analysis 4 punicle Detecoroperaion
Data Centers operation

Basis of LCA - Status and recommendations for developing analysis of 7 Dataon Fuure AcceleratorProjecs

Mitigation and Compensation Measures
acce l era tO F COm p onen tS anll d SyS te ms : Better/greener materials and procedures for civil engineering works . . .
: Responsible procurement
Energy optimization

Environmental impact of Large RIs during construction, operation, and 4 Tecemeymingy

Energy recovery in particle accelerators

de COm m i S S i On p h a S e S Investment in R&D on green technologies

» Nature-based Interventions for Carbon Removal
ags . . ; F ison: the E Uni
Mitigation and Compensation Measures S AP EREG ..
Sustainability researches for CEPC
Implementing solar panels at HEPS
. Heat recovery at HEPS
® 1 VL ; High-efficiency klystrons
Input to the European Strategy process submitted [arXiv:2504.01235] e e i ad sl

Permanent Magnets at IHEP
Infrastructure development for Helium recovery

» Sustainability assessment is complex, largely under development " Researh nfasrucureprojectapprisal

. . . . The context in Europe
* A homogeneous evaluation of all issues deserves a strategy to be pursued over time . Thecomeanpmfe
e copiezon
The context in the UK

The context in the US, Canada and Australia

Comprehensive sustainability assessment based on Cost-Benefit Analysis

Summary measures of social value
Reference Data
Data on GHG emissions of future colliders




SUSTAINABILITY ASSESSMENT

Report provides a reference framework to enable coherent flux of information
Focused on future collider projects -

much of the work is relevant for current and future Rls
Summary of current best practices, obligations, and standards

Sustainability assessment is complex
Criteria to be tuned to the maturity of the project
Separately developed for scientists, policy-makers, and society

Economists and environmental scientists contributed a range of work
used in setting guidelines, standards and legislation

EU Policies
Global Reporting Initiative
European Sustainability Reporting Standards "ESFRI Roadmap 2026 will put significant
European Union Eco-Management and Audit Scheme (EMAS) focus on the financial sustainability of the R
_ : ecosystem, while introducing the new
EC Economic Appraisal Vademecum dimension of ‘environmental considerations’ to
National Guidelines (France, Germany, Switzerland, ...) fesiel sl Susiell i

Carbon Footprint Accounting and Reporting
Shadow Carbon Cost



SOCIO-ECONOMIC SUSTAINABILITY

Comprehensive sustainablility assessment based on quantitative
Cost-Benefit Analysis:
state-of-the-art economics knowledge that integrates total costs,
negative environmental externalities, industrial, social and
environmental benefits

Reference for the integrated model FCC

Benefits and positive externalities not fully captured
Rls should “Develop internal expertise for impact assessment” and
“define relevant impact dimensions in a proactive way”

Social - Economic Benefits of HEP accelerator-based Research Infrastructures:
in relation to the UN Sustainability Development Goals (environment, economy,
society)
SDG Reference Matrix from UN (2024)
Fundamental Physics Knowledge, Accelerator and Detector R&D
Economic Growth (regional, international, developing countries)
Education, Innovation, International Cooperation, Cultural Exchange



LIFE CYCLE ASSESSMENT

LCA is the approach to quantify environmental impact
ldentify most critical elements in the design

Compare design variants
Provide evaluations of the impacts to fulfil legal requirements

Performing LCA for major components at each stage of the design is recommended

Coordinated efforts of the HEP European Labs to create a common database of LCA results strategic to obtain a reference
framework for project accountability

LCA Goal and Scopes Definition
project stages: design, construction, operation, decommissioning
functional units: accelerator, supporting infrastructures, cryogenic
systems, detector, DAQ
boundaries: Cradle-to-gate, Cradle-to-grave

LCA Methodology
Impact Categories (Midpoint vs Endpoint)

Impact of Emission on Climate Change: GWP 100
Beyond GWP : ReCiPe2016, ILCD2011, CML-IA2012

LCA Inventory Analysis
infrastructure, materials, energy, production process

LCA Assessment and Interpretation
environmental impact,
methodology, specific software, databases,
evaluation of uncertainties



LCA ON ACCELERATOR-BASED FACILITIES

Goals & Scope also depends on target audience: optimize facility (scientists), providing information to decision
process (policy makers), communicate global performance (society)

Simplified LCA at the early conception phase
with generic data and focuses on GHG emissions [kgCO2e]),
to set-up the basis for LCAs at later design stages
Construction, operation and decommissioning impacts considered
Extrapolations in time necessary
Various scenarios to be taken into account
(electricity supply, decarbonisation policies)

In the design stage, LCA
to identify environmental impact drivers and compare options
to identify areas of potential for reduction

Adoption of a common, widely-used LCIA method
with ReCiPe 2016 midpoint (H) or the ILCD method.

Conduct dedicated LCAs of components widely used in accelerator projects
SRF cavities, magnets, or vacuum chambers
Results should be published

Availability of benchmark data will enable comparison of LCA results
from different projects and components.

Many materials used in the accelerator require special production processes
Common material reference database

Lifetime of accelerator components and materials to estimate the full environmental impact

Recipe2016 Huijbregts et al. , Int.J.LCA, 22(2017)138



ENVIRONMENTAL IMPACT OF LARGE RESEARCH INFRASTRUCTURE

Green House Gas Emissions (GHG) footprint of future accelerator facilities:

evaluate & optimize CO2 impact in a staged approach at concept phase, CDR,

TDR levels

Civil engineering works: LCA for accelerator infrastructure (e.qg. tunnels, caverns)
& Civil engineering (LCA A1-A5), Excavated material

Accelerator construction: accelerator construction: early assessment of areas
with the largest emission, beam line shielding, steel girders and supporting
structures, magnets, RF cavities, power supplies, material manufacturing

- develop reference set of impact values for some commonly used
accelerator materials (high-purity niobium, permanent magnet alloys, etc...)

Synthesis of data on GHG emissions of future colliders

Project Project phase A | Project phase B | Project phase ...

CoM energy [GeV]

Luminosity/ IP [103%cm~=2s~1 |
Number of IPs

Operation time for physics/ yr [107s/yr]
Integrated luminosity/ yr [1/fb/ yr]
Host country

GHG emissions from construction, stage A1-A5
Tunnels, caverns, shafts [kt COaqe]
Surface buildings [kt CO2e|

Accelerator (coll.) [kt COze]
Accelerator (inj.) [kt CO2e]

Detectors [kt COaze]

Total [kt COze€]

Collider tunnel length [km]

Collider tunnel diameter [m)]

Collider tunnel GHG / m [t CO2e/ m]

Concrete GHG [kg CO2e/ kg|
Accelerator GHG / m [t COz2e/ m]

GHG emissions from operations

Total power in operation [MW]

Electricity cons. / yr [TWh/ yr]

Year of operation

Carbon intensity of electr. [g CO2¢/ kWh]
Scope 2 emissions / yr [kt COze]

Accelerator operation: power for operation (air conditioning and water cooling, cryogenic plants, RF and klystrons, Magnets)
- Treatment of carbon intensity of electricity related to energy source - depending on future energy mixes and regions
differences e.g. in carbon intensity between different host countries (regional vs globally averaged impacts),

shadow cost scenarios)

Particle detectors/computing operation : Impact of gases for particle detectors, Optimisation of power consumption/

environmental impact of computing

Decommissioning: radioactive waste, recycling, site reuse



MITIGATION AND COMPENSATION MEASURES

J. Gutleber, FCC Renewable Energy

Mitigation and Compensation Strategies, Decarbonisation and
Impact Reduction ntps:lizonodo.oralrecards/ 10023047

- RI design with sustainability as a goal
- Responsible procurement
- Investment in R&D on green technologies
- Heat Recovery and supply AT
- Nature-based interventions for carbon removal (e.q. environmental
studies, integration in local environment)

Annexes:

Snowmass process and PS5 Report R Comprehensive sustainability assessment based on CBA
Plans to reduce accelerator energy consumption in China  pnational legislations

Research infrastructure project appraisal Key parameters and estimated GHG emissions of future collider



WG REPORT SUMMARY: (SOME) RECOMMENDATIONS

Perform comprehensive cost-benefit analysis (becomes more & more important for policy makers):
qguidelines and evaluation models exist + are evolving

Benefits and positive externalities not fully captured —> continue to develop
sustainability enablers: fundamental physics, education, technological innovation, industrial spillover, cultural activities

Perform LCAs at each project stage (proposal, CDR, TDR) to understand the most critical elements in the design &
to provide input for technological choices reducing the environmental impact

Coordinated efforts to develop a common database for accelerator materials and components are strategic
to establish a framework for project accountability

Adoption of Responsible Procurement Procedures (ISO 20400) is one key component of sustainable Rls
balancing of initial costs with i) total lifecycle cost; ii)) environmental impact; iii) social responsibility

Implementation of Energy management plans (ISO 50001 standards)

I) development of a policy for the efficient use of energy, ii) identification of targets & objectives,
lii) implementation of procedures and systems to gather data on energy consumption, iv)
planning of review processes to enable further improvement in the energy management

Investment in R&D for sustainable accelerator technologies



SUMMARY AND OUTLOOK

Funding landscape is changing rapidly in Europe and beyond, which will require addressing sustainability
and environmental impact of future large-scale research infrastructures

Sustainability assessment for future large-scale accelerator infrastructures is quite complex:
—> assessment criteria needs to be properly tuned to the maturity of the project (stage)
—> differently developed for Scientists, Policy-makers and Society

The LDG Sustainability WG report comprises :

- socio-economic benefits of accelerators-based research infrastructures
- basis of sustainability assessment

- methodology and reporting of LCA for future HEP accelerators
- evaluation of Greenhouse gas (GHG) emissions in construction, operation, decommissioning

- mitigation and compensation strategies

Input to the European Strategy process submitted [arXiv:2504.012395]

A homogeneous evaluation of all issues deserves a strategy to be pursued over time
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