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Introduction
Particle accelerator-based facilities have the ability to allow humanity to investigate the 
fundamental building blocks of the universe, revolutionise modern medicine, under-
stand and create materials with incredible properties, fundamentally expand the bound-
aries of human knowledge, and much more. 1 Whilst large accelerator facilities have 
been shown to have a positive impact on society through their scientific output, and eco-
nomic and environmental benefits, they also negatively impact the environment in a way 
that is directly related to their size and/or resource consumption.

As the scientific reach of these facilities grows, often the environmental impact to run 
them also grows. Yet, the climate crisis calls for increasingly urgent action towards the 
reduction and mitigation of probable effects. The European Strategy Group for Particle 
Physics (2020) recommended that “a detailed plan for the minimisation of environmen-
tal impact and for the saving and re-use of energy should be part of the approval process 
for any major project” [1], implying that sustainability is intrinsic to the future of accel-
erator facilities. Therefore, it is essential that the entire environmental impact of accel-
erator facilities is understood and minimised.

The field of particle accelerator environmental sustainability, whilst a relatively young 
one, already boasts a wide range of studies, efforts and results. This living document pro-
vides high-level guidelines, targeted specifically at large accelerator facilities based on 
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these efforts, to aid in the pursuit of improved environmental sustainability. For these 
facilities to truly incorporate and contribute towards environmental sustainability, a col-
lection of resources is provided to highlight some suggested practices and case studies 
(where they exist).

This section further introduces sustainability as it pertains to large accelerator facil-
ities. Section  2 discusses the general ways in which an accelerator facility could refo-
cus towards environmental sustainability, and provides accelerator facility specific 
recommendations for areas to investigate for potential environmental impact reduction. 
Finally, Sect. 3 collates additional resources that may be beneficial in knowledge transfer, 
and in the evaluation and reduction of environmental impact at facilities.

Sustainability and Key Definitions

Definition 1  Sustainability, particularly the Brundtland definition of sustainability, is 
defined as meeting the needs of the current generation without impact on future genera-
tions [2]. It is widely considered to have three main pillars: economic, social and envi-
ronmental sustainability. This document focuses on environmental sustainability but 
encourages further consideration of the other—equally important—pillars. In particular, 
the impact of accelerator facilities on the 17 United Nations (UN) Sustainable Develop-
ment Goals (SDGs) should be considered (Fig. 1). Of these 17 UN SDGs, the most rel-
evant ones to (large) accelerator facilities are:

Fig. 1  The 17 UN SDGs [3], explicitly: 1. No Poverty; 2. Zero Hunger; 3. Good Health and Well-being; 4. Quality 
Education; 5. Gender Equality; 6. Clean Water and Sanitation; 7. Affordable and Clean Energy; 8. Decent Work 
and Economic Growth; 9. Industry, Innovation and Infrastructure; 10. Reduced Inequality; 11. Sustainable 
Cities and Communities; 12. Responsible Consumption and Production; 13. Climate Action; 14. Life Below 
Water; 15. Life on Land; 16. Peace, Justice and Strong Institutions; and 17. Partnerships to achieve the Goals. 
The content of this publication has not been approved by the United Nations and does not reflect the views 
of the United Nations or its officials or Member States. (Link to UN SDGs websi​te)

https://www.un.org/sustainabledevelopment
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•	 The high consumption of energy of large accelerator facilities (up to the order of Ter-
awatt-hours per year (TWh/yr)) factors directly into the 7th SDG of affordable and 
clean energy for all with its immediate impact on a global level.

•	 The radioactive and non-radioactive waste produced by large accelerator facilities 
must be contained with, e.g. sufficient shielding and procedures to prevent, e.g. con-
taminants and heat impacting the ecosphere. Thus the 6th, 14th, and 15th SDGs must 
be considered.

•	 The influence and direct contributions that large accelerator facilities have on inno-
vation, industry and infrastructure make them key to the 9th SDG.

•	 The (method of ) resource consumption of large accelerator facilities impacts the 12th 
SDG.

True environmental sustainability exhibits circularity, thus resource (over)consump-
tion without counteraction is, by definition, unsustainable. This suggests that many 
systems cannot be truly environmentally sustainable, including accelerator facilities. 
However, they can reduce their environmental impacts and improve their sustainabil-
ity. Actions can and should be taken to reduce and mitigate resource consumption and 
material use such that maximal sustainability and minimal environmental impact are 
achieved.

Definition 2  Systems thinking is the concept of considering a problem or subject as a 
whole, rather than trying to consider it in parts [4]. It has been gaining traction in rela-
tion to tackling the climate crisis due to the potential for system wide changes required 
to transition to a more sustainable world. As the climate crisis is a ‘wicked problem’,2 
with issues impacting and impacted by environment, society, economics, etc., a systems 
approach using a lifecycle perspective may be able to consider and address this multifac-
eted problem in a holistic manner.

Systems thinking is of particular importance to the field of accelerator physics due to 
the often complex and interdependent systems within it. In the quest for more sustain-
able research, full lifecycles should be examined to ensure unintentional and unexpected 
negative consequences are identified and avoided. This will need to be done through 
robust impact assessments, such as Life Cycle Assessments (LCA) [6, 7], performed on 
a case-by-case basis, as discussed in Sect. 2.5. In addition, systems thinking should be 
tackled through internal and external collaboration, and interdisciplinary knowledge 
sharing and training (see Sect. 2.9).

Consideration of environmental sustainability incorporates all types of environmen-
tal impacts, which can be measured through various environmental impact factors. 
These include factors such as global and regional impacts, e.g. global warming poten-
tial through increasing Greenhouse Gases (GHGs) in the atmosphere; resource use, e.g. 

2  A wicked problem, first coined by Rittel and Webber in 1973 [5], is a unique and ever-evolving problem that has no 
definitive solution, and has interdependency and value conflicts. In contrast to the wicked problem is the ‘tame’ or 
‘benign’ problem, in which a mission and whether the mission has been solved is clear. Tame problems are regularly 
encountered by scientists and engineers and could include examples such as the problem of reducing beam loss to 
<0.001%, or the problem of developing a 50 T superconducting magnet.
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energy, water and the depletion of mineral and fossil resources; and human and ecologi-
cal health, e.g. ecotoxicity and fine particulate matter formation.

When considering and evaluating environmental impact, all impact factors have 
importance, and should be taken into account. Often, however, a conscious choice is 
made to focus more on reducing the global warming potential factor, i.e. GHG or carbon 
impact, in order to tackle the high priority wicked problem.

Definition 3  Net zero is a Carbon Dioxide ( CO2 ) framework towards climate action 
and sustainability: “ CO2-induced warming halts when net anthropogenic CO2 emissions 
halt [...] with the level of warming determined by cumulative net emissions to that point” 
[8]. An organisation or country that can reach net zero emissions would be carbon neu-
tral, i.e. their overall carbon emissions are zero.

Definition 4  Embodied carbon refers to the total GHG emissions generated in the 
construction of a building or other asset. It includes the Carbon Dioxide Equivalent 
( CO2 e) emissions from material extraction to end-of-life disposal. It does not include 
operational resource consumption.

Defined by the GHG Protocol in 2001 [9], an organisation’s CO2 e emissions can be 
categorised into 3 scopes.

Definition 5  Scope 1 contains the direct CO2 e emissions of an organisation from 
sources that the organisation owns or controls, e.g. direct fuel emissions (diesel/petrol) 
and other CO2 e gases, like methane and fluorinated gases.

Definition 6  Scope 2 contains the indirect CO2 e emissions of an organisation, e.g. the 
electricity purchased to run a facility.

Definition 7  Scope 3 contains the indirect CO2 e emissions of an organisation’s value 
chain, e.g. suppliers of extracted metals. This is broken down into upstream (emissions 
related to the reporter’s suppliers) and downstream (emissions related to the reporter’s 
customers) emissions. In the case of an accelerator facility, an example of upstream 
emissions could be business travel or waste from operations, and an example of down-
stream emissions could be leased assets or use of sold products.

Carbon neutrality specification criteria, such as the ISO 14068 [10] criteria, should be 
used alongside the GHG scopes to determine compliance with organisational policies.

Reaching net zero does not equate to being environmentally friendly, just ‘carbon neu-
tral’.3 It is wise to mitigate other environmental impacts such as those on biodiversity. 
Furthermore, net zero is not the end-goal; humanity must continue removing GHGs 
from the atmosphere after reaching neutrality4 and continue to embrace environmental 
stewardship.

3  The term ‘carbon neutral’ includes CO2 e GHGs.
4  The ‘safe’ level of CO2 in the atmosphere is 350 parts per million (ppm). Preliminary measurements by NOAA in 
December 2025 measured CO2 levels to be 427.49 ppm [11].
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Organisational Environmental Sustainability Policies

Accelerator facility sustainability goals are intrinsically linked to the legislation of 
national and international institutions, such as those of intergovernmental organisations 
(such as the UN SDGs, or those of a country’s leadership (e.g. the United Kingdom’s 
Greening Government Commitments [12]). Many of these goals, policies and guidelines 
have now been accepted into—and sometimes further strengthened within—organisa-
tional legislation such as that at the Science and Technology Facilities Council (STFC) 
[13] or the United Kingdom Research & Innovation (UKRI) sustainability policies [14].

Knowledge of applicable policies is essential during the planning, construction, opera-
tional lifetime and decommissioning of large accelerator facilities. The contribution of 
the facilities to meeting respective organisational goals is paramount. It is also recom-
mended that the facility does not just strive to meet policy but goes above and beyond. 
Efforts should be made to pre-empt the need for increased sustainability. For example, it 
should be expected that environmental sustainability will need to be an intrinsic part of 
any proposal, including considering the impact of an experiment’s scientific output and 
the R&D required. This could manifest itself as environmental assessments, fossil fuel 
divestment, and emissions reduction goals and/or budgets required for funding bids.

UN Policy

The United Nations Framework Convention on Climate Change [15] was founded in 
1994. Later, the agreement termed the Paris Agreement [16] was created, in which 196 
parties committed to reduce their GHG emission levels so as to keep the global rise in 
temperature to well below 2 ◦ C above pre-industrial levels. This implies that accelerator 
facilities built and operated by members of these parties should be realised with environ-
mental responsibility.

European Strategy for Particle Physics

The European Strategy for Particle Physics, first published in 2006, has since been 
updated in 2013 and 2020. The third update—the European Strategy for Particle Physics 
Update (ESPPU)—was launched by the CERN Council in June 2024 and will be pub-
lished in 2026. The recommendations from the European Strategy Group have been 
made to the CERN Council and were published in December 2025 [17].

The first edition that explicitly included prominent mention of environmental sustain-
ability was the 2020 update, in which the continued study and minimisation of environ-
mental impact of particle physics is recommended [1]. Community submissions towards 
the European Strategy for Particle Physics updates have increasingly included various 
levels of calls for environmental sustainability consideration [18–21].

The recommendations from the European Strategy Group towards the CERN Council 
for the 2026 update includes the following on environmental sustainability [17]:

•	 “For new proposed projects, a detailed life cycle assessment should be carried out 
at each stage, from concept to design and implementation, in order to quantify and 
minimise environmental impact.”

•	 “The particle physics community should continue and intensify its efforts to develop 
and adopt sustainable solutions.”
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•	 “An effective balance between in-person and online meetings should be considered 
in order to mitigate the environmental impact of carbon-intensive travel.”

Snowmass

The Division of Particles and Fields (DPF) of the American Physical Society (APS) organ-
ised the Particle Physics Community Planning Exercise (a.k.a. “Snowmass”) in 2021. The 
report of the Topical Group on Environmental and Societal Impacts of Particle Physics 
for Snowmass [22] provides 8 recommendations relating to impacts on climate, notably 
highlighting the importance of evaluation and reporting, everyone working to reduce 
impacts, and communication. Following this, the overall DPF summary document states, 
in relation to environmental sustainability: “Finally, HEP must take greater responsibility 
for its impacts on climate change by addressing and mitigating these impacts through 
DOE project policies and individual community member actions.” [23].

The Heidelberg Agreement

The Heidelberg Agreement [24] includes 9 recommendations on environmental sus-
tainability in research funding. It highlights the importance of embedding sustaina-
bility into research funding and gives funders concrete recommendations on how to 
do so. It was published in October 2024 and endorsed by the Austrian Science Fund 
(FWF), Dutch Research Council (NWO), European Molecular Biology Organization 
(EMBL), European Molecular Biology Laboratory (EMBL), Foundation for Polish Sci-
ence (FNP), French National Research Agency (ANR), German Research Foundation 
(DFG), Green Algorithms Initiative, Green Labs Netherlands (GLN), Institute for Bio-
engineering of Catalonia (IBEC), Medical Research Council (MRC), National Centre 
for Scientific Research (CNRS), UK Research & Innovation (UKRI) and The Wellcome 
Trust.

Refocusing Large Accelerator Facilities Towards Environmental Sustainability
This section outlines key areas for investigating potential reductions in the environmen-
tal impact of a large accelerator facility. A non-exhaustive list of suggestions for improve-
ment of environmental sustainability is provided, with reference to resources where 
available.

As previously stated, this is a living document. Constructive feedback and suggestions 
are welcomed by the authors. For each suggestion, due diligence and consideration are 
necessary, on a case-by-case basis, to ensure that any actions taken would indeed reduce 
the accelerator facility’s environmental impact.

There is substantial overlap between the following subsections that should be acknowl-
edged. Efforts have been made to explicitly point out less obvious overlap where appli-
cable, but in the quest for a succinct document, some more obvious links are not stated. 
One key takeaway, discussed in Sect. 2.3, is that future operational and decommission-
ing environmental reductions need to be enabled within the planning, design and con-
struction stage of the facility.
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Recommendation 1  Sustainability efforts be ranked in preference and impact by 
the 7 R’s: Rethink, Refuse, Reduce, Reuse, Repair, Repurpose, and Recycle. Priority 
should be given to preventing impacts.

Culture Change

The action with the greatest potential for impact on environmental sustainability is 
culture change [25, 26], yet it is one of the hardest to implement and most difficult for 
which to measure success. Culture change in relation to sustainability allows for the 
improvement of awareness, attitude and actions towards reducing the workplace impact 
on the environment. Within research facilities such as accelerator facilities, it should be 
considered as part of our role as members to incite this culture change. Every single per-
son has the responsibility and the agency to incite culture change.

Recommendation 2  Enable and facilitate culture change from the top-down. Those 
with authority should create policies, provide access to knowledge transfer and training, 
budget the time and funding for efforts and R&D towards lower environmental impact, 
and lead by example in the workplace. Culture change can be progressed by educating 
and raising awareness, setting clear goals and objectives, involving stakeholders, creating 
incentives and rewards, and providing resources and support.

Recommendation 3  Track, monitor and celebrate progress and achievements.

Recommendation 4  Encourage procurement of, or work towards, more sustainable 
designs. This applies to those with any form of influence, such as those working with 
accelerator components and ancillaries.

Recommendation 5  Encourage each and every person to take more sustainable 
day-to-day and long-term actions in the workplace and contribute to community 
engagement.

Optimisation for Sustainability Alongside Scientific Output

Large accelerator facilities have historically been built with scientific output, not sustain-
ability, as a priority, but the ecosystem can no longer support this methodology. A com-
mon question at the centre of sustainable research discussion is: “At what point could 
or should environmental sustainability outweigh scientific output?” Answers to this 
question are dependent on many factors, including: 1) who one asks, 2) which research 
one discusses, 3) which timescale one considers, 4) whether financial costs are fixed or 
impacted positively or negatively, 5) what other impacts to the world and humanity it 
has, and 6) what the level of impact on sustainability compared to research is.
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The climate crisis is a wicked problem, with complex social, political and environmen-
tal implications. It can be argued that scientific research has wicked solutions,5 with 
complex social, political and environmental implications. Scientific research does not 
solely have wicked solutions to the climate crisis. It has a multitude of solutions to many 
problems, wicked or not. With this logic, it can be imagined that no scientific research 
would ever prioritise environmental sustainability over the scientific output it produces, 
as scientific research has other goals (note in the case of research on environmental 
sustainability this is a little paradoxical). On the contrary, the answer to the question 
of whether environmental sustainability should ever outweigh scientific output should 
sometimes be “yes”. This question should be asked regularly and considered in every 
scenario. When under consideration, include the three pillars of sustainability, supple-
mented with the concept of sufficiency,6 to keep the discussion open and ever-evolving. 
An example case could be when considering some form of an accelerator upgrade. When 
the increase in impact on the environment is multitudes higher than the gains achieved 
in scientific output, the answer to the proposed question may be “yes”. When the time 
saved in operations to meet a scientific goal would reduce the environmental impact, 
even after full embodied carbon costs are taken into account, the answer may be “no”.

Ultimately, nowadays, consideration of environmental impacts should be of high prior-
ity. Efforts should be taken to investigate whether a different, more sustainable, approach 
can achieve the necessary science output. In the field of accelerator science, this could 
potentially manifest itself as an alternative accelerator-based solution or a radically dif-
ferent scientific technique. Reference [28] discusses potential energy-efficient accelera-
tor concepts.

Recommendation 6  Consider where environmental sustainability may outweigh 
scientific output in your project, following the above paragraphs.

Recommendation 7  Evaluate the possibility of performing the same science with a 
more compact accelerator, e.g. with higher gradient and larger magnetic fields. This 
could include either existing accelerator concepts with updated technologies, or newer 
accelerator concepts [28]. Reference [29] specifically refers to the potential of compact-
ness of wakefield accelerators.

In addition, efforts that are made to increase the productivity or efficiency of an accel-
erator facility should result in the facility consuming less resources, e.g. consuming less 
electricity or needing less run time to achieve the same science output. It should not 
result in the facility consuming the same resources to maximise the scientific output 
beyond the initial design and irrespective of balance. Here, to supplement sustainability, 
the concept of sufficiency could be examined.

5  Here, a play by the authors on the wicked problem [5], in which scientific research has the potential to propose partial, 
evolving solutions to a wicked problem, which are multi-dimensional, interdependent and have value conflicts them-
selves.
6  “Sufficiency policies are a set of measures and daily practices that avoid demand for energy, materials, land and water 
while delivering human well-being for all within planetary boundaries” [27]



Page 9 of 42Wakeling et al. EPJ Research Infrastructures           (2026) 10:12 	

It is also possible that the pursuit of maximal efficiency in an accelerator results in the 
‘rebound effect’,7 whilst over-optimisation may induce challenges in adaptation to chang-
ing or unforeseen circumstances. Thus adaptability is a key component of consideration 
in the quest for increased environmental sustainability, particularly in resilience in the 
face of new or evolving situations.

Recommendation 8  Explore beam parameter optimisation, e.g. frequency regime, 
beam size, etc. Answering questions like “Can an increase in luminosity optimise the sci-
ence output per Watt of energy used?”—alongside the appropriate studies—could lead to 
reduced resource consumption in the long-term. A reminder here to ensure the rebound 
effect is avoided.

Recommendation 9  Explore the potential for new/optimised technologies. Every-
thing from components to computation to materials; there is potential for technologies 
to aid in reducing overall environmental impact.

Recommendation 10  Procure high-efficiency components, e.g. klystrons, power sup-
plies, variable speed drives, etc. [28].

Prioritisation of Impact Reduction

In general, the greatest ability to influence the whole-life environmental impacts of a 
large accelerator facility occurs at the conception, optioneering and design stages [31]. 
The most beneficial actions towards reducing the environmental impact would need to 
be designed into the facility itself. At these crucial stages, environmental impact assess-
ments should be employed to highlight the areas of highest potential for environmental 
impact reductions and more sustainable designs (Sect. 2.5).

Recommendation 11  Embed sustainability into planning, design, construction and 
every other stage of the accelerator facility lifecycle. At every design stage, from con-
ception through to full technical design, decisions are made about the machine layout, 
beam energy, current, technologies and so on. Those decisions will take into account 
many different factors including scientific performance, reliability, technology readiness 
level (TRL), effects on other subsystems, cost, risk, and so on. Sustainability needs to be 
included in this list. This is essential for enabling future operational and decommission-
ing environmental impact reductions. Thoughtful planning ensures responsible sourcing 
of resources (Sect. 2.6) and optimal resource consumption reduction (Sect. 2.7), laying 
the groundwork for a facility that prioritises sustainability across its lifecycle.

7  The rebound effect (also termed the ‘Jevons paradox’ as it was brought to light by William Stanely Jevons through his 
mathematical applications to economics, and examination of the coal industry) is the phenomenon where technological 
improvements that lead to an increase in efficiency result in an absolute increase in overall resource consumption, rather 
than reducing consumption (as one might expect) [30]. In the case of a particle accelerator one can envision this effect 
through an increase in beam luminosity design leading to a complete dataset being collected earlier than planned. Here 
perhaps a lower amount of resources would be consumed compared to the original design. However, rather than the 
accelerator baseline run time being reduced to the time taken to complete the dataset, instead more data were collected 
and therefore a higher amount of resources were consumed overall.
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Here the community should standardise accounting and adhere to uniformity of 
reporting to ensure fairness and motivate the uptake of these practices [21].

It will not be possible to always make the ‘best’ decision in terms of environmental 
benefits, since there are so many other factors influencing design decisions, but the 
environmental impact of decisions made during the design process should be given an 
appropriate weight alongside other factors. To determine an appropriate weighting, 
there are multiple frameworks and analyses available including: the Multi-Criteria Deci-
sion Analysis (MCDA) in which weights are designed for conflicting criteria [32]; Envi-
ronmental, Social, Governance (ESG) in which factors are scored and aggregated [33]; 
Cost-Benefit Analyses (CBA) in which factors are converted into monetary terms [34]. 
As any form of weighting will have its own limitations, due diligence and transparency is 
absolutely necessary. Example case study: a social CBA of HL-LHC in preparation for the 
FCC [35], followed by a CBA of FCC [36].

Recommendation 12  Sustainability should be included as one of the key decision 
factors, alongside financial cost and scientific output. Sustainability should not be 
presented as an optional extra; opting for a less sustainable design should be an active 
choice by the funders and require explicit justification and recognition of the trade-offs 
of providing less budget for sustainability. When presenting a design option to funders, 
the most environmentally sustainable version should be presented, even if it incurs 
higher financial implications.

Recommendation 13  Prioritise funding for R&D that demonstrates new technolo-
gies with the potential to significantly improve facility sustainability. Such invest-
ments are crucial for driving innovation in energy efficiency, material optimisation, and 
waste reduction, enabling facilities to meet ambitious sustainability goals while mini-
mising environmental impacts. Funding bodies play a pivotal role in this process and 
must be encouraged to allocate resources for these efforts. By fostering technological 
advancements, these investments ensure that sustainability remains a central considera-
tion in facility development and maintenance.

Recommendation 14  Optimise global collaboration. On a global scale, the construc-
tion and operation of facilities with similar scientific operations could be optimised. 
Communication between facilities to coordinate their long-term operational timelines 
could reduce overall resource usage while maintaining world-leading scientific research. 
While this kind of coordination already occurs to some extent due to shared causes, 
funding, expertise, and personnel, explicit international communication and collabora-
tion on scheduling could amplify efficiency and embed environmental considerations 
within the global scientific community. By viewing facilities as part of a cohesive net-
work, rather than isolated entities, the global scientific community can achieve both 
environmental and operational excellence.
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Weather Events

Many global and local problems will appear or be exacerbated as the climate crisis inten-
sities. In relation to the scope of this document, the operation of an accelerator facility 
in an increasingly unstable environment will need consideration. One such example is 
instability of the climate itself.

Whilst everything must be done to prevent further exacerbation of the climate crisis, 
there is already evidence that weather events are increasingly more intense at a higher 
rate than records indicate [37, 38]. Thus it is acknowledged that, whilst climate crisis 
mitigation efforts must be prioritised, adaptation efforts should be also considered 
within the lens of sustainable construction and operation. Adaptation can improve sus-
tainability through damage prevention and resource consumption reduction.

Recommendation 15  Design the facility to adapt to the expected prevailing weather 
conditions such as extreme weather events due to the climate crisis, weather effects of 
newly averaging higher/lower temperatures, rapidly changing temperatures, unpredict-
able temperature patterns and anomalous extreme temperatures during operation and 
throughout the lifetime of the facility.

Recommendation 16  Plan for extreme weather events that halt operation of the 
facility due to its impact on the safety of employees.

Recommendation 17  Plan for droughts that reduce allowed water allocation during 
operation.

Recommendation 18  Consider the potential of flooding that could reduce water 
quality/cleanliness during operation and directly impact and damage the accelera-
tor facility. Consider mitigation options, e.g. flood water removal pumps and drainage 
options, sustainable paving (preventing run-off), a raised accelerator, etc.

Recommendation 19  Plan for power availability reduction or cessation due to 
extreme weather events.

Consideration of All Environmental Impacts

Often the phrase “environmental sustainability” is interpreted as “GHG impact” or “car-
bon impact” however, other environmental impacts must not be ignored. For exam-
ple, in the planning of land use, the impacts of the facility on biodiversity of local fauna 
and flora should be evaluated to identify problem areas, then efforts should be taken 
to mitigate or reduce those impacts. Waste—hazardous or not—is another example, 
where waste impacts are not limited to global warming impacts, and must be consid-
ered (See Sect. 2.5.2). Ultimately, there are many environmental aspects that should be 
taken into account when relevant, including but not limited to: biodiversity, waste, tox-
icity, noise pollution, air pollution, light pollution, water use, acidification and ionising 
radiation. There are a wide range of positive actions that members of facilities can take 
towards mitigation of environmental impacts when considering the broader aspects of 
sustainability.
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Recommendation 20  Consider all appropriate environmental impact factors within 
each evaluation. Assessments to measure environmental footprint such as environ-
mental impact assessments or LCAs [6, 7] for a large accelerator facility’s construction, 
operation and end-of-life could be used to evaluate the wide range of environmental 
impact factors broader than just CO2 e emissions and identify areas and opportunities 
for improvement.

Evaluation of Environmental Impacts and Efforts

The pursuit of the reduction of environmental impacts of a large accelerator facility 
requires a large amount of data to inform and develop strategies. Thus environmental 
impact evaluations at each stage of the design of the facility should be performed. In the 
early stages, these assessments will not have anything like the detail needed for a full 
LCA; they should be used primarily to find areas of highest potential for impact reduc-
tion, to give approximate figures for competing options, and to highlight critical gaps 
in knowledge. Example case studies: Multiple proposed facilities are undertaking early 
studies as parts of more comprehensive LCAs to benchmark and develop strategies to 
reduce environmental impacts  [36, 39–43]. Versions of environmental impact assess-
ments such as simplified LCAs could be used to perform hotspot analyses to identify 
key impact areas to focus on, and later used again to evaluate the effectiveness of impact 
reduction efforts. Section 3.6 lists more exemplary LCAs and other impact reports per-
formed for research facilities.

Transparency

Transparency and public reporting of emissions are essential for a facility’s ethical envi-
ronmental practices. They provide accountability, leadership, and further knowledge of 
areas that need improvement. Examples of such reports and strategies are those from 
CERN [44, 45], DESY [46], ESRF [47], and STFC [48].

The environmental impact has the potential to be reported as a function of expected 
scientific output (e.g. CO2 e per amount of beam power, precision, luminosity, beam 
time, etc.), such as the CO2 e emissions per Higgs boson produced [42, 49]. The report-
ing facility should be aware of the potential of greenwashing and sciencewashing, and 
should therefore report on absolute impacts alongside any other reported impacts.

Definition 8  Greenwashing is “the intersection of two firm behaviours: poor environ-
mental performance and positive communication about environmental performance” 
[50] and should be avoided at all costs. Due to the nature of the public funding of large 
accelerator facilities, transparency, accountability and honesty in environmental sustain-
ability are essential. In addition, the full lifetime environmental, economical, social and 
scientific impact should be weighed against each other and all decisions should be well 
motivated and communicated transparently.

Definition 9  Sciencewashing is defined as the “deliberate action to simulate scientific 
practices or quality assurance to deceive others” [51]. Though this does not often apply 
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to large accelerator facilities, sciencewashing also encourages misconceptions of the 
potentials and limits of science and must be avoided.

Recommendation 21  Communicate directly and openly about all impacts of a sci-
ence facility. This would include economic impacts (growth, high value jobs, etc.), 
societal impacts (improved technologies, medical treatments, etc.), and environmental 
impacts (carbon emissions, scientific progress in carbon capture, etc.).

Recommendation 22  Report environmental impact reductions due to scientific 
output separately from a facility’s negative environmental impacts. This includes 
their potential for long-term impact reductions.

Recommendation 23  LCA functional units should represent the accelerator beam 
delivered as a result of a facility design, expressed as a defined quantity of beam 
energy delivered under specified operating conditions, with the assumed opera-
tional lifetime explicitly stated. In the ‘Sustainability Assessment of Future Accelera-
tors’ document published by the Laboratory Directors Group Sustainability Working 
Group as a submission to the ESPPU (2025) it is recommended that—for accelerators—
the functional unit should specify:

•	 “which accelerator systems are considered and how to treat pre-existing systems, e.g. 
only the main accelerator or injection systems and pre-accelerators”,

•	 “which programme phases are included, e.g. only considering the first run phase, or 
subsequent upgrades (which may or may not be part of a baseline project proposal)”,

•	 “which supporting infrastructure is considered, e.g. surface buildings, cryogenic 
plants, computing centres, power stations, water treatment plants, or roads” [21].

The apparent detail required to be represented in the functional unit here can be 
expanded upon within the scoping stage of the LCA; the essence would be included in 
the functional unit.

Recommendation 24  Accelerator facility LCAs should use the cradle-to-grave sys-
tem boundary.

Recommendation 25  Evaluate power consumption. Collect (granular) data of power 
consumption of the various areas/sectors, and request data from service providers. Eval-
uate resource use, e.g. for computing, utilise the Green Algorithms project [52].

Recommendation 26  Implement sub-metering with sufficient granularity that future 
modifications at system level can be evaluated.

Recommendation 27  Understand the predicted sources of energy available to the 
facility at the time of construction and throughout the lifetime of the facility. Over 
time, varying energy sources may affect the environmental impact of the facility and, if 
negative, indicate the need for reconsideration. For example, the World Energy Outlook 
Report 2025 indicates a level of uncertainty for future energy scenarios [53]. Example 
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case study: The Green ILC project considered the phasing out of grid power in favour of 
sustainable power plants for a 200–300 MW facility [54].

Recommendation 28  Compare different design options with an environmental 
lens, e.g. detail relevant environmental considerations when comparing (e.g. tonnage of 
concrete used, embedded Co2 , estimated water usage rate, etc.).

Recommendation 29  Develop precise modelling of anticipated beam loss points, 
radiation levels and worst case scenarios to reduce required shielding thickness as a 
function of location within the machine. Consider enabling lower amounts of shielding 
by permitting higher radiation levels by removing (relatively fast) worker access to areas 
that could be managed with slower access, robotic access/repair, etc.

Recommendation 30  Develop internal structures that inform end users of their 
environmental (and financial) costs, for example of their simulations to educate and to 
prevent unnecessary and/or endless simulations.

Recommendation 31  Implement documentation and tracking methods. Documen-
tation and publication of disused materials and components will increase likelihood of 
reuse.

Waste

Recommendation 32  Reduce material waste in the machining stage. Consider opti-
mising machining to reduce scrap and reduce amount of machining.

Recommendation 33  Efficiently and adaptively design test stands, prototypes and 
final components.

Recommendation 34  Minimise radioactive and toxic waste through optimised design 
and ease of segregation of materials.

Recommendation 35  Utilise waste products where possible. E.g. implement thermal 
waste recovery within district heating. At a minimum, build district heating functional-
ity into facility design for future implementation.

Location

Recommendation 36  Reuse existing support and scientific infrastructure where 
possible.

Recommendation 37  Choose site location considering lowering long-term envi-
ronmental impact, e.g. siting near abundant renewable energy sources, near a railway 
station to enable user access, or near a town or city with district heating that utilises 
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waste heat. Example case study: The SESAME synchrotron light facility was the world’s 
first large accelerator facility to be fully powered by renewable energy.

Recommendation 38  Investigate the benefits of various landscaping techniques and 
initiatives. Implementation of various location dependent building colour or albedo 
consideration, green wall and roofing techniques, and material considerations can 
reduce the urban heat island effect, increase biodiversity, and reduce environmental and 
visual impacts. Implementation of location dependent water redirection or management 
techniques can improve biodiversity and reduce increasingly occurring climate-related 
issues. For example, permeable pavement can lead to reduction of run-off and therefore 
reduction of flood risk and related issues. In addition, permeable pavements also help 
mitigate the urban heat island.

Recommendation 39  Investigate biodiversity initiatives, such as implementing green 
walls, green roofs, green landscaping, beehives and housing,8 bug hotels, bird and bat 
houses in and around experimental halls and offices. Example case studies: OpenSkyLab 
at CERN held a volunteering day helping build insect hotels and cleaning fields from inva-
sive plants. Many UKRI sites have installed bird houses, ponds, and insect hotels. Some 
biodiversity initiatives can be interpreted as net-negative emissions, depending on the 
evaluation method. In this case, extra care must be taken in transparency of reporting.

Recommendation 40  Communicate with local community and businesses, e.g. to 
foster environmental collaboration, engage local knowledge and reduce impacts through 
local and sustainable businesses. Example case study: The Green ILC project considers 
utilisation of local, sustainable building resources [54].

Responsible Procurement of Resources

The procurement of resources for construction and operation of a facility should be 
streamlined, optimised and transparent. Every material used (e.g. steel, helium, niobium, 
etc.) has an associated impact on the environment. Not only do they have environmental 
impacts from raw material extraction to physical manipulation, they can also have social 
impacts including unsafe mining conditions and unfair trade. This should not be ignored 
during a facility’s design and procurement stages; (environmental) impact assessments 
could be used to highlight potential areas for more sustainable choices.

Examination of the environmental impact of material procurement pathways can 
cover as much as the journey of raw materials from extraction to the use at a facility, 
or as little as just the machining of materials on-site. Here due diligence should be con-
ducted to understand and document where a material is sourced, and members of the 
facility should strive towards procuring from the least environmentally impactful loca-
tion. In addition, as a facility is reliant on the compliance of those providing materials, 
components and services, etc., clear communication with suppliers about the facility’s 
environmental requirements throughout the procurement process is important.

8  There are many types of endangered bees (i.e. not the honey-bee) that are not aided through supplying beehives.
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Where reuse and recycling of materials and components from other facilities (such 
as magnets or shielding) is found to be a less environmentally impactful option, reuse 
and recycling should be implemented where possible. If they are not possible, the facility 
should use the least environmentally impactful material possible.

In addition, procurement of other resources such as electricity is highly influential in 
the total lifetime impact of a facility.

Recommendation 41  Integrate sustainability criteria into tender processes and 
purchasing decisions. Investigate responsible, local and ethical procurement (of 
resources, components and parts). Every financial decision should have sustainability as 
a consideration. Communicate the need for sustainable procurement with suppliers. In 
particular, consider critical materials such as Rare Earth Elements (REE) and high envi-
ronmental impact materials. Be aware of and follow regulation on conflict materials9, 
such as tin, tantalum, tungsten and gold (3TG). Reference [55] suggests that in an ideal 
scenario, their production paths should be certified. This can have the added benefit of 
making manufactures and vendors more incentivised to be clearer about the impact or 
embedded carbon of their products.

Recommendation 42  Understand the status of relevant critical materials. Criti-
cal material extraction can have large environmental impacts depending on the mate-
rial and the location of where it is sourced. Defined critical materials vary by country 
based on geological endowments, with a lot of overlap. For accelerator facilities, some 
of the major critical materials are: cobalt, helium, niobium, silicon, tantalum, tungsten 
and some REEs, e.g. samarium and neodymium. Critical materials are highly dependent 
on geopolitics and distribution or concentration. Supply is often geographically concen-
trated, and diversification is needed to mitigate supply risks. Even in light of diversifica-
tion, the demand growth may continue dependence on more volatile sources of materi-
als. At the time of writing, Russia is subject to metal sanctions that could complicate 
some legacy routes, production and supply of many critical materials are dominated by 
China, and US tariffs are impacting trade routes and could cause interruption or delay 
in supply. Environmental impacts are affected by the method and location of sourcing. 
Long-term planning like reducing reliance on critical materials (or even stockpiling 
volatile critical materials to guarantee that the environmental impact does not increase) 
could aid in the reduction of impacts of a material used over the lifetime of an accelera-
tor facility.

Recommendation 43  Examine the potential for the adoption of local low-carbon 
energy generation (photovoltaics (PV), wind, hydro and nuclear small modular reactors 
(SMR) etc.). Besides relying on regional energy sources, facilities may be able to reduce 
their environmental impacts here, depending on embedded emissions. All opportuni-
ties in this space should be evaluated on a case-by-case basis with communication and 
consultation with local authorities. Example case studies: “CERN signs long-term solar 

9  Materials from conflict zones that are sold to finance armed conflict and human rights abuses.
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power agreements” [56] and “Utilization of renewable energies for sustainable accelerator 
operation at KIT”  [57].

Recommendation 44  Evaluate the potential of local power storage. Consider the 
potential for the implementation of on-site batteries to store power from the electricity 
grid (and local sources) when it has a lower emission factor. Redistribute for use at the 
facility when the electrical grid has a higher carbon intensity. Consider the full lifecycle 
of the batteries, especially in relation to raw material sourcing and later disposal.

Resource Consumption Reduction

Accelerators are fundamentally resource consumptive. Some examples are: consumption 
of fossil fuels in the removal of tonnes of tunnelling material; using concrete as shielding 
which results in the emission of large amounts of CO2 e from its production process [41]; 
R&D towards new components often requiring multiple test stages and the machin-
ing of parts resulting in waste; the loss of increasingly scarce resources, such as helium 
[58] through deteriorating systems [59]; and the consumption of electricity, particularly 
through cooling, cryogenics and the powering of magnets and radio-frequency systems. 
Currently, some of the world’s largest accelerator facilities consume hundreds of MW of 
wall-plug power, leading to annual energy consumption on the order of Terawatt-hours 
per year. For example, the European Spallation Source (ESS) has a maximum energy 
consumption estimation of 270 GWh/yr [60], whilst the CERN laboratory consumes up 
to 1.3 TWh/yr depending on its operating regime [61].

The generation of electricity, whether renewable, nuclear or fossil fuel generation, has 
an inherent environmental impact. No current form of electricity generation has a net 
zero or net-negative environmental impact, and extrapolations indicate that they will 
not meet net zero by 2050 without help from other forms of carbon offsetting.10 In addi-
tion, the required shift to renewable energies and the current rate of uptake will result 
in an ‘energy gap’, where supply will not be able to meet global growing energy demands 
[64], thus global energy demands must be reduced. Furthermore, when ‘green’ energy 
is purchased, it often simply shifts the consumption of fossil fuel energy to another end 
user—the environmental impact of energy consumption therefore must be calculated 
from the total impact of a grid supplier. Purchase of green energy would influence the 
market and indicate demand for more green energy, but this is not enough. Future and 
current large accelerator facilities must therefore consume as little energy as possible.

Each facet of accelerator design has the potential for improvement in efficiency and 
reduction in resource consumption. This will only be achieved if efforts are taken in that 
direction. This is intrinsically linked to culture change (Sect. 2.1), and prioritisation and 
planning (Sect. 2.3). To aid in the reduction of resource consumption, large accelerator 

10  For example, the UK government Green Book toolkit for GHG emissions for appraisal provides analysts electricity 
emission factors with an optimistic plateau at 0.002 kgCO2e/kWh by 2050 (data table 1 of Reference [62]). Other esti-
mates for the UK, for example calculated from Reference [63] (“Annex A: Net Zero Strategy categories: Greenhouse gas 
emissions by source” and Figure 4.1 data from “EEP web figures: 2023–2050”), indicate factors upwards of 0.03 kgCO2e/
kWh up to 2050.
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facilities should perform environmental impact assessments to identify areas of poten-
tial reduction in the design stages.

The Accelerator Facility

Recommendation 45  Design the facility with waste reduction efforts implemented 
from the start, e.g. waste thermal energy used for district heating, gas recovery systems, 
etc. Example case studies: ESS implemented waste heat recovery with Alfa Laval and with 
SSAB Zero TM steel heat exchangers [65, 66]. The LHC has implemented a waste heat 
recovery system validated with a digital twin [67, 68], estimated to save 25–30 GWh/yr 
from 2027. Brookhaven National Lab (BNL) presented potential for 43 ktCO2e of avoided 
emissions through heat recovery and disuse of the BNL steam plant [69].

Recommendation 46  Reduce gross material and resource use through efficient and 
optimised design and machining techniques. Innovations in high- and ultra-precision 
machining could improve sustainability [70]. See also Recommendation 32.

Recommendation 47  Implement resource recovery schemes such as helium, helium 
3, GHGs, etc. Example case study: Helium Recovery at ISIS [71].

Recommendation 48  Reduce water waste. Example case studies: CERN has committed 
to keeping its water consumption up to the end of Run 3 within 5% above their baseline 
year of 2018, (3,651 megalitres) despite the growing demand for water cooling at upgraded 
facilities through improving water infrastructure such as the North Area cooling tower 
recycling plant, the Antiproton Decelerator cooling infrastructure, and the demineralised 
water production units. Automated systems for monitoring and management were also 
implemented [45].

Recommendation 49  Reduce power consumption. Decarbonisation of national grids 
and local power supplies will only partially reduce the operational power impact of facil-
ities, thus efforts towards higher efficiency and lower power consumption are still vital. 
Example case studies are provided in the following subsections.

Recommendation 50  Increase efficiency of wall-plug to beam output. Consider 
power efficiency at each step of power conversion continuously.

Recommendation 51  Identify optimal accelerator operation regimes and imple-
ment demand shifting (for each accelerator area), e.g. operational modes, β-function 
regimes, etc. Consider greener power generation (e.g. seasonal and daily fluctuations, 
operation for optimal PV, boosting reliability with battery power, etc.). Include R&D into 
new technologies that could optimise these regimes. Example case study: “CLIC Energy 
Load and Cost Analysis” [72].

Recommendation 52  Plan longevity and reliability, e.g. to prevent leakage and loss 
for lifetime of operation, e.g. in cooling processes.
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Recommendation 53  Consider widespread utilisation of intelligent systems, artifi-
cial intelligence, machine learning and other methods, e.g. for real-time updates of 
loss and leakage to enable fast rectification, for real-time beam optimisation, for real-
time power consumption optimisation, for real-time accelerator mode switching, etc. 
It is explicitly noted that these methods can consume a high amount of resources and 
therefore increase environmental impacts where they were intended to reduce them. 
Extra care should be taken to evaluate their lifetime environmental impacts before they 
are implemented.

Recommendation 54  Investigate the effects of localising vs. globalising/centralis-
ing systems, e.g. water cooling, cryogenic systems, thermal energy recovery.

Buildings

Recommendation 55  Optimise building construction methods. Utilise sustainability 
certified construction companies. Choose building materials optimal for their lifetime 
use case and plan for reuse, etc. Consider bio-materials for construction (e.g. bamboo 
[73, 74] has been shown to have potential in construction applications and could reduce 
environmental impacts). Investigate and minimise the carbon impact of materials used 
through, e.g. 1) the amount of materials, 2) the type of materials, 3) the transport of 
materials, and 4) the material manufacture and construction methods.

Recommendation 56  Consider implementing shorter-term construction phases to 
reduce site disturbance, lower energy consumption, reduce material wastage and mini-
mise noise and air pollution. Lower construction costs should be balanced against func-
tional longevity, reliability and resilience.

Recommendation 57  Reuse and recycle existing buildings (where environmentally 
optimal) with priority on reuse, as larger carbon savings are generally made here [75]. 
The whole lifecycle should be considered, e.g. the refitting of a building and operational 
impacts should be compared to the construction and operation of newer, more efficient 
buildings.

Recommendation 58  Reduce or replace rare metals and high Global Warming 
Impact (GWI) materials such as beryllium in relevant areas of the facility, e.g. RFQs, 
targets, etc.

Recommendation 59  Remove the use of high GWI gases such as F-gases. Where not 
possible, minimise their use.

Recommendation 60  Remove consumption of environmentally impactful chemi-
cals, e.g. PFAS and ‘forever chemicals’, plastics, etc.

Recommendation 61  Maximise building efficiency, e.g. insulation, heating and cool-
ing (HVAC), district heating, etc.
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Recommendation 62  Explore operational cooling options such as less environmen-
tally impactful operational cooling by: 

•	 optimising the absolute temperature of the accelerator tunnel, cooling water and user 
area.

•	 changing the accepted ranges of temperature stability. Example case study: The 
RUEDI facility found that a significant fraction of operational footprint is from man-
agement of heat loads. Further investigation on footprint reductions without perfor-
mance is underway [40].

•	 implementing other cooling methods, e.g. free cooling.

Recommendation 63  Implement eco-building standards (BREEAM [76], etc.) to 
optimise energy consumption and reduce environmental impacts. Specifically, build 
experimental halls with environmental consideration. Example case study: ESS con-
structed BREEAM ‘Outstanding’ rated office buildings [77].

Recommendation 64  Develop a waste handling programme that encompasses waste 
reduction, waste recovery and waste redefinition to enable donation programmes, e.g. 
accelerator components, scrap materials, computer waste, etc.

Recommendation 65  Investigate prevention and reduction of radioactive waste.

Tunnelling

Recommendation 66  Optimise the physical size of the accelerator and tunnel, 
e.g. minimising the tunnel size or optimising the tunnel shape [78] could reduce 
overall environmental impact. The length of a machine is approximately propor-
tional to the construction cost, including the tunnelling CO2 emissions. In addi-
tion, cross-section of the machine and therefore tunnel also has an impact. Example 
case studies: Life cycle assessment of CLIC & ILC. Opportunities for carbon reduc-
tion techniques were identified including reducing thickness of precast concrete seg-
mental lining, and replacing shielding walls with concrete casing and earthworks fill 
obtained from tunnel excavation [41]. 

Recommendation 67  Investigate tunnel excavation alternatives (cut-and-cover, etc.).

Recommendation 68  Utilise low(er) carbon construction materials such as

•	 alternative materials (e.g. to bulk materials like concrete and steel or high impact 
materials like some REE).
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•	 low-carbon concrete (either ‘green’ concrete or alternate grades). Example case 
study: Arup published a potential 40% embodied carbon reduction for CLIC and ILC 
through low-carbon concrete use [41].11

•	 responsibly sourced materials.

Consider the durability and lifetime within any overall lifetime impact comparisons, e.g. 
some materials may have lower CO2 e per kg than others, but need replacement or repair 
sooner. Other compromises may present themselves such as financial, which should be 
weighed accordingly (Sect. 2.3).

Shielding

Recommendation 69  Explore re-use of materials for shielding from internal or exter-
nal sources, e.g. re-use excavated tunnel material (potentially to be mixed within the 
planned concrete).

Recommendation 70  Investigate substitution of materials within shielding 

•	 Gabion construction.12

•	 Recycled materials, e.g. iron shot.
•	 Non-toxic materials, e.g. tungsten, bismuth, iron compounds, and polymer-based 

composites.

Consider the compromises that carbon reduction techniques may introduce (see 
Recommendation 68).

Recommendation 71  Investigate the use of other, more sustainable materials (that 
may require more R&D), e.g. liquid-based shielding systems (e.g. water, molten salt), 
biological radiation absorption (e.g. for low radiation levels, fungal shields, plant-based 
shields, and biofilm layers), hybrid materials with nanotechnology (e.g. graphene-based 
materials and nano-structured lead alternatives), polymers with regenerative prop-
erties, and other radiation-resistant composites such as wood-cement composites 
[80]. Consider the compromises that carbon reduction techniques may introduce (see 
Recommendation 68).

Recommendation 72  Construct modular shielding to optimise the potential for re-
use or recycling in the future.

General Component Design

The authors would like to develop this section with the growing expertise and case stud-
ies in particular in relation to accelerator areas such as RF, magnets, etc.

11  Innovate UK recently invested £3.2 million into concrete decarbonisation [79].
12  A gabion is a volume filling cage or container of sorts, filled with various materials, e.g. rocks or sand.
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Recommendation 73  Optimise/minimise the number of spare parts through design-
ing modular equipment with the same spare parts, through accurate simulation of use 
and lifetime and through designing for longevity.

Recommendation 74  Improve reliability and reduce failure likelihoods. Ensure to 
account for replacement and repair of components.

Recommendation 75  Design so as to ease repair, reuse, refurbishment and disposal. 
Implement modularity of components or materials for later re-use or recycling. Material 
separation, i.e. materials that can easily be separated at end of life will enable, simplify 
and encourage more environmentally friendly processing [55]. Consider coating types 
and methods, and removal potential.

In particular, plan for deconstruction and the storage of radioactively hot components 
with tracking and processing of materials that are safe to recycle in shorter timescales. 
This should be performed with evaluation and discussion with the relevant legislative 
authorities considering the uniqueness and/or specificities of the facility.

Radio Frequency (RF)

RF technology is required to accelerate beams to high energies. There are many types 
of RF technology used within particle accelerators, including (but certainly not limited 
to) technologies for: RF acceleration such as RF cavities; RF bunching such as RF Quad-
rupoles; RF sources such as modulators and klystrons; RF loss prevention such as Fast 
Reactive Tuners (FRT). For consideration of efficient RF sources, the reader is directed 
to the I.FAST Sustainable Accelerators Report [55]. It is recommended that new accel-
erator projects in particular should focus on using efficient RF sources. Example case 
studies: I.FAST produced a working prototype of a klystron with a beam-to-RF power 
of 70% efficiency [81]. ESS improved financial and environmental costs through efforts 
on stacked-multi-level modulators, multi-beam IOTs, and klystrons [66]. The HL-LHC 
implemented an upgrade to high-efficiency TH2176 klystrons [82]. However, it is noted 
that these higher efficiency klystrons require about the same power as those pre-upgrade 
at the LHC, exhibiting an example of the Jevons Paradox.

Recommendation 76  Procure or design RF technology to reduce impacts compared 
to current technology, e.g. thin film cavities, topology optimisation, solid state ampli-
fiers, tuners, etc. Example case studies: Recent RF developments include the iSAS and 
SEALab team demonstrating the viability of a superconducting RF (SRF) photocathode 
[83], and multiple teams working on thin-film SRF cavities [84, 85].

FRTs are a newer technology that reduce losses in RF cavities by enabling controlled 
changes in the cavity frequency through electronic control. Low-beam current Super-
conducting (SC) machines could benefit from FRTs, including low-Beta accelerators or 
high current ERLs [86]. Example case study: the ferroelectric FRT (FE-FRT) is expected 
to be able to reduce peak forward RF power by about an order of magnitude, reducing the 
wall-plug power consumption  [87].
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Magnets

The environmental impact of magnets is a widely discussed topic, with nuances in mag-
net type (e.g. permanent magnet versus electromagnet [88], and warm (normal conduct-
ing (NC)) versus SC versus high-temperature superconducting (HTS) magnets [55, 89]). 
This version of this living document will not aim to provide definitive recommendations 
on which type of magnet is the least environmentally impactful, as currently there are 
many different use cases. Instead, conclusions of existing studies will be shared. For SC 
magnets and HTS magnets, the I.FAST summary report from 2025 [55] provides a com-
prehensive overview.

Recommendation 77  Investigate different magnet technologies for each type of 
application (e.g. permanent magnets versus electromagnets). Example case studies: The 
capital expenditure (CapEx) and CO2e emissions of PMs is, in general, significantly higher 
than EMs, however the operational expenditure (OpEx) and CO2e emissions are negligi-
ble due to requiring no power (unless tuning is required) or cooling. For PMs—that have 
a lifetime of 10 years or more—the financial break-even point is under 5 years, and the 
environmental break-even point is after just 1 year of operation [90]. Variable Permanent 
Hybrid Magnets were proposed for BESSY III as an alternative to a completely fixed lat-
tice or to requiring EMs, with power consumption of the storage ring having the potential 
to be reduced by over 0.5 MW [91]. The I.FAST project designed the Hybrid Electromag-
net-Permanent magnet Tuneable Optics (HEPTO) prototype for Diamond-II [92]. An 
Energy SAving Beam Line Magnets (ESABLIM) study showed that MgB2 superconducting 
coils are effective for efficient beam line superferric cryogen-free magnets and could save 
energy by up to a factor of 40 compared to NC designs [93]. There are other environmen-
tal impacts to be considered here, which may outweigh the CO2 e savings, as discussed 
at the I.FAST workshop ‘Critical Materials and Life Cycle Management: The Example 
of Rare Earths - curse or blessing?’ in 2023 (https://​indico.​desy.​de/​event/​35655/). Here 
responsible sourcing,13 clean extraction, certified supply chains and methods of recy-
cling should all be considered.

Computing

Data handling and processing, and the hardware required to provide these services, is a 
highly consumptive area that is necessary for accelerator facilities to function. In addi-
tion, there is a complex relationship between the resources required for hardware and 
operation that make the evaluation and reduction of environmental impacts complex 
themselves. In relation to the rebound effect, efficiency savings at the data-centre may 
not lead to reduced consumption as the demand for computing workload demands is 
often not reduced in tandem, which can lead to fewer resources being used for a longer 
time to complete work pledges. In addition, as electricity generation tends towards 
decarbonisation, the embedded carbon impacts of hardware become a larger fraction of 
overall computing carbon impact.

13  whilst not ignoring the intersection with land-connected peoples [94]

https://indico.desy.de/event/35655/
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Due to economies of scale, it is usually more cost effective (both in terms of carbon 
and price) to aggregate the necessary resources in a central location close to the accel-
erator complex, and thus requiring an on-site data-centre. It is possible that computing 
would be considered out of scope if the facility uses off-site services, depending on the 
environmental impact study, but if so it should still be acknowledged (and evaluated in 
comparison to the consumption of the facility). Outwith running more efficient work 
at data-centres, there are a number of things data-centres can do themselves to reduce 
their impact.

For example, the Worldwide LHC Computing grid’s (WLCG) sustainability strategy is 
to “reduce the cost, energy consumption, and carbon footprint of computing by being 
able to use a wide range of resources including Grid, public or private clouds, HPCs, and 
by expanding the architecture.”.14 They are working to agree on metrics and provide a 
framework to collect information related to energy efficiency. They will facilitate the use 
of more energy-efficient hardware where possible, and they will develop and promote a 
sustainability plan.

There are many comprehensive sustainable computing references that the author may 
find useful (e.g. Reference [95]). This document aims to share recommendations directly 
relevant to accelerator facilities. The computing recommendations will be split into 
three sections, the first denoting best practices in purchasing and operating hardware, 
the second for best practices for running or designing software (to be run at comput-
ing centres and beyond), and the third suggesting the utilisation of compute power to 
improve sustainability.

Sustainable hardware practices 

Recommendation 78  ‘Breathable’ computing centres. As computer centres have a 
power consumption that can be sculpted, it is possible that computing centres are able to 
scale power usage on demand somewhat. Related to demand shifting energy consump-
tion, ‘supply shift’ provision of computing resources by clocking down/up computing 
nodes or in rare cases powering off/on nodes. Data centres that are situated on grids with 
less clean energy portfolios have the potential to mitigate their carbon footprint by pref-
erentially utilising greener energy sources for computational tasks; however, it should be 
noted that this measure does not intrinsically decrease total electricity usage.

Recommendation 79  Evaluate and optimise hardware where possible. Example case 
study: Through operation impact evaluation, GPU implementation at the CBM experi-
ment was shown to improve energy efficiency compared to CPUs and therefore associated 
CO2e emissions during data processing [96].

Recommendation 80  Right-size servers and devices. Order what you need when you 
need it. Talk to large user-groups to establish their needs in advance and order equip-
ment to those specifications, to avoid hardware not being utilised for long periods 
of time. Notably, this could increase CapEx costs which would need to be taken into 
account in decision-making.
14  See https://​agenda.​infn.​it/​event/​44943/​contr​ibuti​ons/​266400/​attac​hments/​137342/​206352/​Softw​are_​ESPPU_​Skidm​
ore.​pdf

https://agenda.infn.it/event/44943/contributions/266400/attachments/137342/206352/Software_ESPPU_Skidmore.pdf
https://agenda.infn.it/event/44943/contributions/266400/attachments/137342/206352/Software_ESPPU_Skidmore.pdf
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Recommendation 81  Make resources more widely available. Practise open science 
with data preservation and data sharing [97]. Enable and encourage the use of Fair 
Share Scheduling (FSS) where resource allocation is done by user group.

Ask if it is possible for external groups to make use of resources (allocated or other-
wise) that are under-utilised?

Allow work from places with electrical grids with higher emissions factors to run on 
spare local resources. Example case study: the Sustainable Federated Compute Infra-
structures (SUSFECIT) Research Network project, planned in Germany seeks to adapt the 
amount of calculations and energy consumption to renewable energy supply.15

Recommendation 82  Advertise hardware capabilities. Communicate to users what 
machines are available, when and their capabilities to allow users to optimise their code 
for specific machines. Utilise online portals. Develop and facilitate training workshops.

Recommendation 83  Standardise software and hardware for the full lifetime of the 
facility. Mitigate likelihood of (planned) obsolescence or vendor lock-in.

Perform a cost–benefit analysis of the use of similar machines. Replacement parts, like 
memory (which is the second most costly in terms of embedded carbon after the CPU) 
could be cheaper to obtain and possible to be recycled from older machines. However, 
compatibility issues and overall efficiency could outweigh these benefits, as many mod-
ern compute elements have fixed (soldered or in package) memories, which are faster 
and more power efficient.

Recommendation 84  Develop sustainability requirements for equipment procure-
ment. For commercial tender processes, add requirements (and budget allowances) that 
help favour companies that provide evaluations such as life cycle assessments, e.g. infor-
mation about the embedded carbon and other manufacture resource use (land, water, 
etc.).

Recommendation 85  Consider utilising highly efficient (super)computers. When 
evaluating providers of (super)computers, consideration should be made towards their 
power efficiency (e.g. co-efficient of performance (COP)) and their carbon impacts. 
More environmentally friendly providers should be prioritised, where possible.

Recommendation 86  Apply for sustainability accreditation and utilise existing 
schemes such as digital sustainability certification, e.g. Green DiSC [98]. Use the accred-
itation as a public exercise to obtain the political leverage to inspire and create longer-
lasting changes to computing operations.

15  See: https://​indico.​desy.​de/​event/​48572/​contr​ibuti​ons/​193591/​attac​hments/​99720/​138103/​susfe​cit-​atlas-​f2f-​6oct2​025.​
pdf

https://indico.desy.de/event/48572/contributions/193591/attachments/99720/138103/susfecit-atlas-f2f-6oct2025.pdf
https://indico.desy.de/event/48572/contributions/193591/attachments/99720/138103/susfecit-atlas-f2f-6oct2025.pdf
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Recommendation 87  Develop or utilise existing ‘research obsolete computing 
hardware’ donation programmes.

Recommendation 88  Write, and regularly review a data management plan. There are 
significant environmental impacts from data storage and transfer. Example case study: 
The GRAND project propose to drastically reduce the volume of data to be archived, and 
store data in countries with low energy emission factors [99].

In addition, the GRAND project showed an excellent example of how complete re-
evaluation of the way we currently do things could lead to unexpected options to reduce 
environmental impacts. For example, it could even be the case that physically hard-cop-
ying and flying/shipping data around the world to the final cloud storage data-centres 
could be less impactful than transferring data online, depending on electricity emission 
factors. This would naturally have other impacts that would need to be taken into con-
sideration, such as direct plane emissions into the atmosphere, and labour costs.

Recommendation 89  Optimise cooling infrastructure and techniques. Comput-
ing cooling power and resource consumption is often a large proportion of compute 
impacts. The overall energy efficiency of data-centres is commonly characterised by the 
power usage efficiency (PUE), which is the ratio of the total energy used by the facility 
over the energy used by the active IT elements (compute, network, storage). Ideally this 
value would be unity. In practice modern data-centres can achieve values around or even 
better than 1.1. Limitations come from the geographical location. The most important 
overhead consumption is the cooling of the data-centres, i.e. the extraction of the waste-
heat (power-losses in transformers and cables are a factor but much smaller). The choice 
of the cooling technique is therefore essential. It must be kept in mind that some of the 
techniques have other ecological impacts usually from fresh-water or various coolants. 
Example case study: The ALICE O2 Event Processing Nodes (EPN) farm infrastructure 
uses adiabatic cooling system that is not only more energy efficient and environmentally 
friendly, but results in reduction of operational and capital financial costs [100].

In the best data-centre designs the waste-heat can be reused for something else (typi-
cally heating). Again different cooling techniques will result in the waste-heat being 
extracted into media (air, water) at different temperatures, the higher the temperature 
the more efficient and easy the re-use. Energy reuse is often very expensive or nearly 
impossible to retrofit and best included by design.

Sustainable Software Practices 

Recommendation 90  Use or create software for general use. When creating software, con-
sider the potential environmental benefits (and impacts) of open-source implementation and 
follow the Findable, Accessible, Interoperable and Reusable (FAIR) principles. The Data Pres-
ervation in High Energy Physics (DPHEP) collaboration recommends that, alongside mak-
ing HEP analyses FAIR, HEP should focus on preservation, which means keeping data alive, 
accessible and usable, across ever changing IT infrastructure and technologies [101]. Example 
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case study: The SoftWare InFrasTructure for High Energy Physics (SWIFT-HEP) project [102] 
(with SWIFT-HEP2 proposed to continue efforts in the future) is a key contender in the interna-
tional roadmap for the development of software for HEP experiments, including efforts towards 
efficient and sustainable event generation for the HL-LHC [103]. The Software Sustainability 
Institute provides a wealth of resources relating to all pillars of sustainability [104].

Recommendation 91  Consider the programming language used. Reference [105] 
suggests reconsidering standard Python (commonly used within Physics) towards either 
the use of high-performance libraries or transitioning towards a more environmentally 
friendly (compiled) alternative.

Recommendation 92  Optimise Continuous Integration and Continuous Delivery 
(CI/CD) pipelines. Reference [106] highlights the environmental impacts of implemen-
tation of CI/CD pipelines, such as GitHub Actions, and provides calls to action which 
we draw from here. Facilities and users should evaluate CI/CD providers, the regions 
where their runners are deployed, and their resource consumption reduction actions 
[107]. The provider and developers should examine their use of scheduled runs (par-
ticularly on GitHub forks), and consider disabling scheduled runs by default and after an 
optimised number of days of inactivity [106]. Developers should also reduce repository 
sizes where possible and minimise unnecessary files [106].

Recommendation 93  Inform end users of their impacts. See Recommendation 68.

Recommendation 94  Provide a common simulation data library to limit the amount 
of simulations users run. Example case study: The GRAND Project [99].16

Recommendation 95  Invest in more efficient software either through rewriting/
restructuring existing codes, or financially investing in more efficient software.

Recommendation 96  Provide access to the right tools to do analyses. Example case 
study: STFC Scientific Computing produced ‘FitBenchmarking’, an open source Python 
package that compares data fitting software to enable researchers to save both time and 
energy thorough identifying the optimal “fitting” algorithm for their analyses  [108].

Computing for sustainable practices 

Recommendation 97  Develop a virtual accelerator (digital twin) for tests of particle accel-
erators and components with a focus on optimising for sustainability. Include the ability to 
evaluate environmental impacts within digital twins. Example case study: RF2.0 project on AI-
assisted power management focusing on “optimised operations during beamtime, accelerated 
start-up and shut-down operations, digital twins for accelerator design and operations” [109].

In addition, digital twins could aid studies further than energy consumption, such as 
allowing consideration of beam optimisation with an environmental lens.

16  Other institutions have implemented similar schemes, however the GRAND Project explicitly mention this as a solu-
tion to reducing environmental impact.
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Consider the benefits and environmental impact of digital twins themselves—simula-
tion often comes with large compute requirements.

Travel

Recommendation 98  Decarbonise and improve options for local daily travel meth-
ods of staff, e.g. understand the needs and consider provision of local or subsidised tran-
sit. Communicate these needs and collaborate with the local government travel sector.

Recommendation 99  Reduce air travel. At 96% of the GHG emissions of research 
travel, air travel is the environmental impact with most potential for reduction [110]. 
Only use air travel when necessary, e.g. to provide inclusive opportunities to all staff. 
Consider implementing an air-travel miles budget. Example study: “Flight quotas out-
perform focused mitigation strategies in reducing the carbon footprint of academic travel” 
[110].

Recommendation 100  Implement remote/hybrid user access in relevant areas of the 
facility, e.g. to minimise the need for large groups of users to visit the facility to carry out 
an experiment and therefore encourage reduction in travel, and to provide additional 
(international) person-power for different types of facility shifts or projects over all time 
zones.

Recommendation 101  Optimise meetings and conferences. Enable and encourage 
remote/hybrid meetings/conferences. Consider the implementation of fully online ver-
sions of large conferences. Consider implementing local conference hubs for large inter-
national conferences. Reduce in-person meeting/conference regularity.17 Remove the 
expectation and necessity for scientists to travel to (overseas) meetings/conferences.

Remote meetings and asynchronous work settings perform well for status updates, 
routine reporting, documentation, execution planning, meetings where one speaker is 
mostly presenting, data review (that uses screen sharing), and information transfer. In-
person meetings are beneficial (but not necessary) for clarity (when the cost of misun-
derstandings can be high), creativity, networking, and collaboration initiation. Example 
study: Virtual conferencing can reduce carbon footprint by up to 94% and energy use by 
90%  [111].

As learnt from the COVID-19 pandemic, online conferences and meetings are feasible 
at the large scale. However, from 2022 to 2024 there has been a 70% reversion to in-per-
son conferences [112]. Example study: online/hybrid conference strategies reduce carbon 
footprint and increase accessibility [112].

Recommendation 102  Encourage lengthening/optimising in-person stays [99].

17  These suggestions do not need to be implemented for every edition of a conference, but could be implemented into 
rotation.
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Carbon Offsets

Carbon offsets should only be used or purchased as a last resort when other alternatives 
to prevent and reduce carbon impacts have been exhausted. The legitimacy of many 
carbon offsets is under critique [113], so carbon offset regulation should be consid-
ered effective before any implementation [8]. In addition, risk of reversal18 and durabil-
ity level19 of carbon offsetting methods can have significant impacts of its effectiveness 
[114]. However, this does not mean that measures should not be taken to aid in carbon 
sequestration, which is a necessary action to reduce existing CO2 in the atmosphere.

Recommendation 103  Implement net-negative measures. Net-negative measures 
ultimately mean more CO2 e is absorbed than emitted which can be considered as car-
bon offsetting. Implement measures to reduce the risk of reversal and increase durabil-
ity. Plant trees (in optimal positions and of optimal types) on-site. Utilise materials that 
sequester CO2 and other GHGs. Take care with transparency in reporting net-negative 
emissions.

The Environmental Impact of Science Output

The justification of scientific output as a reason for high energy consumption, carbon 
emissions and extractive processes, can be interpreted as ‘greenwashing’, and is thus a 
delicate topic. In addition, the societal benefits versus impacts are often ill-defined and 
unclear to the general population. Facility environmental impacts cannot be directly 
cancelled out by their scientific progress/outputs. This is because once CO2 e is emitted 
to the environment, it stays there for hundreds to thousands or years, or until it is cap-
tured. Even if, as a direct result of an accelerator facility’s research, highly efficient Car-
bon Capture and Storage (CCS) technology is developed that would mitigate the CO2 e 
emissions produced in the facility’s construction, operation and decommissioning, that 
CO2 e has already been emitted to the environment and must be reported and accounted 
for transparently. See Recommendation 22.

Though the impacts of a facility cannot be offset by scientific output, the scien-
tific research performed there can still contribute significantly towards research in 
sustainability.

Recommendation 104  Encourage scientific research that works towards sustain-
ability. This role is considered crucial. Accelerator facilities should pursue and promote 
knowledge exchange to both mitigate and adapt to the climate crisis. To encourage this, 
consider awarding recognition to, e.g. users at a user-based facility whose research con-
tributes towards the three pillars of sustainability. Consider the impacts of implementing 
a quota of research in sustainability projects that the facility will achieve in a given user 
run.

19  Durability of carbon offsetting methods is how long the carbon stays locked away before being re-released back into 
the atmosphere.

18  Here, reversal is where sequestered carbon is re-released back into the atmosphere.
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Skill Sets, Knowledge Transfer, and Interdisciplinary Collaboration

Various sustainability skill-sets are required for the different phases of construction, 
operation and decommissioning of a large accelerator facility; it is important to define 
these skill-sets and ensure they are embedded in the facility’s resources, through the 
upskilling of members of staff and/or through the hiring of experts. The collective shar-
ing of knowledge through the presentation and publication of efforts and results—if only 
to teach others of mistakes to avoid—is essential.

Recommendation 105  Develop education programmes and resources for relevant 
stakeholders, e.g. sustainability best practices for staff, environmental impact estima-
tion for staff, sustainability efforts of the facility for the general public, etc. Example case 
studies: sustainable computing workshops within the High Energy Physics department at 
DESY [115], and the Erforschung von Universum and Materie (ErUM) (Research on Uni-
verse and Matter) Data Group who have run a space for ErUM-Data communities, to 
interact and share information with one another [116, 117] and created an action group 
on Sustainability and Ethics in ErUM-Data. See Sect. 3.4.

Recommendation 106  Provide adequate environmental impact evaluation software 
and databases to relevant stakeholders.

Recommendation 107  Perform evaluations of programmes, resources, etc. The 
community could develop governance and define evaluative frameworks to determine 
the efficacy of implemented training, tools, resources, etc. This should be done on an 
iterative basis, with surveys and key performance indicators being taken as intermediary 
measures. Structures could be developed to aid the community in the evaluation. Exam-
ple case studies: The organisers of the inaugural sustainable computing workshops at the 
HEP department at DESY provides details on their structure, success and plans for the 
future [115]. Within astronomy, the Fast Radio Burst 2025 conference shared their experi-
ence of building an inclusive and accessible hybrid conference, including their sustainabil-
ity efforts and results [118]. The LDG Sustainability Working Group developed guidelines 
and a list of key parameters for the assessment of the sustainability of future accelerators 
in particle physics, whilst also providing a summary of sustainability best practices [21].

Recommendation 108  Communicate with policy-makers to educate on the require-
ments of a facility that is trying to reduce its environmental impact, e.g. the requirement 
of disposal rather than storage of radioactive materials could limit likelihood of reuse or 
recycling.

Recommendation 109  Build interdisciplinary collaborations to drive knowledge 
transfer and scientific cooperation [119]. Example case studies: some medical linac LCAs 
have shown that idle or ‘standby’ power is a large proportion of their carbon footprint 
(8%−19%), second only to patient travel [120, 121]. Whereas in another study, accel-
erator acquisition and maintenance was the major carbon impact at 37.8% [122]. This 
exhibits the variation of impacts and dependencies between scope and location.  In addi-
tion, medical linacs suffer similar sustainability issues compared to physics linacs, such 
as leakage of SF6 (with an average leakage rate of 0.14 kg CO2e/yr/linac) [120]. Common 
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issues could benefit from common solutions found through collaboration. In addition, 
efforts are being made to reduce energy consumption of medical linacs [123], which again 
could open opportunities for collaboration.

Include collaborations with humanities and social sciences to help answer the complex 
interdisciplinary questions raised in the quest for sustainability. This includes building 
understanding of local contexts, histories, and ultimately going beyond the traditional 
expertise of physicists, accelerator researchers, etc. [124]. Example case study: Mau-
nakea is the proposed location of the Thirty Meter Telescope. However, conflicts arose 
from a disconnect between the Native Hawaiians, Hawaii residents, and the international 
astronomy community, discussed by Native Hawaiian natural scientists and allies in Ref-
erence [125]. This includes discussion of the relation between Native Hawaiians and the 
concept ‘aloha ‘āina’—a familial love for and commitment to sustaining the land [125]. 
Interdisciplinary expertise is needed to enable listening, learning, and dialogue between 
communities to build long-term and sustainable partnerships inherently based on respect 
and trust [126].

Recommendation 110  Collaborate with industry, stakeholders, partners and sup-
pliers to promote knowledge transfer and drive new research and innovation. See also 
Recommendation 14.

Additional Resources
This section collates resources that may be beneficial towards evaluating and reducing 
the environmental impact of large accelerator facilities.

Organisations

•	 For examples of institutional, group and individual actions that could be adopted, 
the Sustainable HECAP+ reflection document “Environmental sustainability in basic 
research: a perspective from HECAP+” published in 2023 [64] provides recommen-
dations in areas of computing, energy, mobility, research infrastructure and technol-
ogy, food, resources and waste.

•	 The ICFA Panel on Sustainable Accelerators and Colliders assesses and promotes 
“developments on energy efficient and sustainable accelerator concepts, technolo-
gies, and strategies for operation, and assess and promote the use of accelerators for 
the development of Carbon-neutral energy sources.”: https://​icfa.​hep.​net/​icfa-​panel-​
on-​susta​inable-​accel​erato​rs-​and-​colli​ders/

•	 Innovate for Sustainable Accelerating Systems (iSAS) (2024–28) [127] Hori-
zon Europe project working on “establishing enhanced collaboration in the field to 
broaden, expedite and amplify the development and impact of novel energy-saving 
technologies to accelerate particles”: https://​isas.​ijclab.​in2p3.​fr/.

•	 Flexibility in RIs for global CArbon Neutrality (FlexRICAN) (2024–27): three ESFRI 
infrastructures, three academic institutions and two industrial partners from Europe 
working to demonstrate “how research infrastructures as electro-intensive actors 

https://icfa.hep.net/icfa-panel-on-sustainable-accelerators-and-colliders/
https://icfa.hep.net/icfa-panel-on-sustainable-accelerators-and-colliders/
https://isas.ijclab.in2p3.fr/
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can enhance energy flexibility for the European electrical grid and contribute to local 
heating networks through Waste Heat Recovery projects.”: https://​flexr​ican.​eu/ and 
https://​cordis.​europa.​eu/​proje​ct/​id/​10113​1516.

•	 The Europe-America-Japan Accelerator Development Exchange Programme 
(EAJADE) (2023–27) [128] has a work package for sustainable technologies for scien-
tific facilities including high-efficiency SC cavities, RF amplifiers and more [129].

•	 Research Facility 2.0 (RF2.0) (2024–26) [109]: Towards a more energy-efficient and 
sustainable path. This Horizon Europe Research and Innovation project is design-
ing a variety of products to be used at large research facilities to reduce their envi-
ronmental impact. Tunable permanent magnets and novel solid state amplifiers for 
accelerators, PMUs for real-time energy monitoring of local electrical grids, and digi-
tal twins for breathable data-centres. The project aims to build 4 demonstrator pro-
jects to showcase these products in production environments. In addition it will also 
be investigating ways accelerator complexes can transition to greener power: https://​
rf20.​eu/ and https://​zenodo.​org/​commu​nities/​rf20/​recor​ds?q=​&l=​list &p=​1 &s=​10 
&​sort=​newest.

•	 Innovation Fostering in Accelerator Science and Technology (I.FAST) (2021–25) 
[130] Horizon 2020 Research and Innovation project working on “new accelerator 
designs and concepts, advanced superconducting technologies for magnets and cavi-
ties, techniques to increase brightness of synchrotron light sources, strategies and 
technology to improve energy efficiency, and new societal applications of accelera-
tors”, amongst other areas. WP11 focused on Sustainable Concepts and Technologies 
(SCAT) [131].

•	 Accelerator Research and Innovation for European Science and Society (ARIES) 
(2017–21): https://​aries.​web.​cern.​ch/, a project focused on research, development 
and innovation, with a focus on sustainability through the development of novel 
concepts, technologies and roadmaps. WP4 was focused on Efficient Energy Man-
agement (EEM) (https://​www.​psi.​ch/​en/​aries-​eem) with tasks working on high-effi-
ciency RF power sources, increasing energy efficiency of the spallation target station, 
high-efficiency SRF power conversion and efficient operation of pulsed magnets.

•	 Enhanced European Coordination for Accelerator Research & Development 
(EuCARD-2) (2014–17) https://​eucar​d2.​web.​cern.​ch/​eucar​d2/. In particular, WP3 
“Energy Efficiency of Particle Accelerators” (EnEfficient) (https://​www.​psi.​ch/​en/​
eneff​icient) developed and promoted concepts for recovering and re-using low-grade 
waste heat from accelerator facilities. Other work was produced such as on HTS, RF 
technologies, and novel materials with high-durability and high-thermal-conductiv-
ity (which extend component lifetimes).

•	 The STFC Sustainability Principles and Advice for Design and Engineering 
(SPADE) project has contributed many documents and recommendations towards 
the UK’s Greening Government Commitments and STFC’s net zero by 2050 goal 
[14]. These include studies into sustainable design principles for items like shield-
ing and cryogenics [132]. SPADE SharePoint (available to those with a valid UKRI 
account): https://​stfc3​65.​share​point.​com/​sites/​SPADE.

•	 The ErUM Data Hub is a German-based initiative dedicated to the digitisation of 
Fundamental Research in Natural Sciences. The Hub is the central focus point for 

https://flexrican.eu/
https://cordis.europa.eu/project/id/101131516
https://rf20.eu/
https://rf20.eu/
https://zenodo.org/communities/rf20/records?q=%20&l=list%20&p=1%20&s=10%20&sort=newest
https://zenodo.org/communities/rf20/records?q=%20&l=list%20&p=1%20&s=10%20&sort=newest
https://aries.web.cern.ch/
https://www.psi.ch/en/aries-eem
https://eucard2.web.cern.ch/eucard2/
https://www.psi.ch/en/enefficient
https://www.psi.ch/en/enefficient
https://stfc365.sharepoint.com/sites/SPADE
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20,000 scientists involved in the exploration of the universe and matter (ErUM) 
across 8 ErUM communities. Its aim is to assist researchers and communities in 
data management, sustainable software practices, interdisciplinary development and 
the transfer of digital tools and competencies [117]. Since August it has launched 
an Action Group: Sustainability in Digital Transformation focussed on teaching and 
outreach: https://​erumd​atahub.​de/​en/​blog/​2025/​10/​07/​action-​group/.

Tools

•	 openLCA: https://​openl​ca.​org/
•	 One-click LCA: https://​onecl​icklca.​com/
•	 SparkHub—a new open-access platform for greening research: https://​spark​hub.​eu/
•	 GES Labos 1point5—a tool for calculating the carbon footprint of a laboratory: 

https://​apps.​labos​1poin​t5.​org/​ges-​1poin​t5
•	 Green Usage Impact Logging Tool (GUILT) for SLURM users: https://​github.​com/​

Georg​eRoe/​guilt
•	 Review of compute energy evaluation tools: https://​github.​com/​UofM-​Green-​

Compu​te/​Energy-​Evalu​ation-​Tools

–	 GreenAlgorithms [52]: https://​www.​green-​algor​ithms.​org/
–	 CodeCarbon: https://​github.​com/​mlco2/​codec​arbon
–	 Eco2AI [133]: https://​github.​com/​sb-​ai-​lab/​Eco2AI
–	 CarbonTracker [134]: https://​github.​com/​lfwa/​carbo​ntrac​ker
–	 MLCO2 [135]: https://​mlco2.​github.​io/​impac​t/#​compu​te
–	 CloudCarbonFootprint [136]: https://​github.​com/​cloud-​carbon-​footp​rint/​cloud-​car-

bon-​footp​rint
–	 Scaphandre: https://​github.​com/​hubblo-​org/​scaph​andre
–	 Kepler: https://​github.​com/​susta​inable-​compu​ting-​io/​kepler
–	 PowerJoular [137]: https://​github.​com/​joular/​power​joular
–	 JoularJX [137]: https://​github.​com/​joular/​joula​rjx

Certifications

•	 ISO 50001 [138]: https://​www.​iso.​org/​iso-​50001-​energy-​manag​ement.​html
•	 GreenDiSC [98]: https://​www.​softw​are.​ac.​uk/​Green​DiSC
•	 LEAF [139]: https://​app.​ucl.​ac.​uk/​leaf/​leaf_​exter​nal
•	 MyGreenLab [140]: https://​www.​mygre​enlab.​org/​green-​lab-​certi​ficat​ion.​html

https://erumdatahub.de/en/blog/2025/10/07/action-group/
https://openlca.org/
https://oneclicklca.com/
https://sparkhub.eu/
https://apps.labos1point5.org/ges-1point5
https://github.com/GeorgeRoe/guilt
https://github.com/GeorgeRoe/guilt
https://github.com/UofM-Green-Compute/Energy-Evaluation-Tools
https://github.com/UofM-Green-Compute/Energy-Evaluation-Tools
https://www.green-algorithms.org/
https://github.com/mlco2/codecarbon
https://github.com/sb-ai-lab/Eco2AI
https://github.com/lfwa/carbontracker
https://mlco2.github.io/impact/#compute
https://github.com/cloud-carbon-footprint/cloud-carbon-footprint
https://github.com/cloud-carbon-footprint/cloud-carbon-footprint
https://github.com/hubblo-org/scaphandre
https://github.com/sustainable-computing-io/kepler
https://github.com/joular/powerjoular
https://github.com/joular/joularjx
https://www.iso.org/iso-50001-energy-management.html
https://www.software.ac.uk/GreenDiSC
https://app.ucl.ac.uk/leaf/leaf_external
https://www.mygreenlab.org/green-lab-certification.html
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Courses

•	 CERN lifecycle assessment in design course20: https://​lms.​cern.​ch/​ekp/​servl​et/​ekp?​
PX=​N&​TEACH​REVIEW=​N &​CID=​EKP00​00445​52 &​TX=​FORMA​T1 &​LANGU​
AGE_​TAG=​en &​DECOR​ATEPA​GE=N.

•	 The Software Sustainability Institute compiles training, guides and courses relating 
to all pillars of sustainability, e.g. “Five recommendations for FAIR software”: https://​
www.​softw​are.​ac.​uk/​train​ing/​train​ing-​hub.

Lectures

•	 Sustainability of Particle Accelerators at the CERN Accelerator School (CAS) by M. 
Siedel: https://​indico.​cern.​ch/​event/​13569​88/​contr​ibuti​ons/​57132​32/​attac​hments/​
29369​12/​51590​24/​Susta​inabi​lity_​Seidel.​pdf

•	 Environmental Sustainability and Particle Accelerators in the John Adams Insti-
tute for Accelerator Science Graduate Accelerator Physics Course by H. Wakeling: 
https://​indico.​cern.​ch/​event/​16211​43/​contr​ibuti​ons/​68313​81/​attac​hments/​32299​64/​
57592​71/​2026_​03_​04_​Lectu​re_​Parti​cleAc​celer​atorS​ustai​nabil​ity.​pdf

Workshops and Conferences

•	 Energy for Sustainable Science at Research Infrastructures (ESSRI) workshop (bian-
nual) 2026, 2024, 2022, 2019 and 2017.

•	 The Sustainable High Energy Physics (Sustainable HEP) workshop (annual) 2026, 
2025, 2024, 2022 and 2021.

•	 Sustainability Conference for Responsible Research Computing (SC4RC) (first edi-
tion) 2026.

•	 International Particle Accelerator Conference (IPAC) (annual) Accelerator Technol-
ogy and Sustainability sessions in 2026, 2025, 2024 and 2023.

•	 International Conference on High Energy Physics (ICHEP) (biannual) Sustainability 
sessions in 2026 and 2024.

•	 The Worldwide LHC Computing Grid (WLCG) Sustainability Forum started in 
October 2025 and has regul​ar events.

•	 HEPiX Workshop sustainability tracks in Sprin​g 2026, Fall 2025, Sprin​g 2025, Fall 
2024, and Sprin​g 2024.

Previously Held

•	 Envir​onmen​tal Susta​inabi​lity plena​ry at the WLCG/​HSF Works​hop 2025
•	 Shapi​ng the Digit​al Futur​e of ErUM Resea​rch:​ Susta​inabi​lity &​ Ethic​s 2025 [117]

20  Available to those with a valid CERN account.

https://lms.cern.ch/ekp/servlet/ekp?PX=N%20&TEACHREVIEW=N%20&CID=EKP000044552%20&TX=FORMAT1%20&LANGUAGE_TAG=en%20&DECORATEPAGE=N
https://lms.cern.ch/ekp/servlet/ekp?PX=N%20&TEACHREVIEW=N%20&CID=EKP000044552%20&TX=FORMAT1%20&LANGUAGE_TAG=en%20&DECORATEPAGE=N
https://lms.cern.ch/ekp/servlet/ekp?PX=N%20&TEACHREVIEW=N%20&CID=EKP000044552%20&TX=FORMAT1%20&LANGUAGE_TAG=en%20&DECORATEPAGE=N
https://www.software.ac.uk/training/training-hub
https://www.software.ac.uk/training/training-hub
https://indico.cern.ch/event/1356988/contributions/5713232/attachments/2936912/5159024/Sustainability_Seidel.pdf
https://indico.cern.ch/event/1356988/contributions/5713232/attachments/2936912/5159024/Sustainability_Seidel.pdf
https://indico.cern.ch/event/1621143/contributions/6831381/attachments/3229964/5759271/2026_03_04_Lecture_ParticleAcceleratorSustainability.pdf
https://indico.cern.ch/event/1621143/contributions/6831381/attachments/3229964/5759271/2026_03_04_Lecture_ParticleAcceleratorSustainability.pdf
https://agenda.ciemat.es/event/4431/
https://agenda.ciemat.es/event/4431/
https://indico.esrf.fr/event/2/
https://indico.psi.ch/event/6754/
https://indico.eli-np.ro/event/1/
https://indico.global/e/susthep26
https://indico.global/event/4745/
https://indico.global/event/4744/
https://indico.cern.ch/event/1160140/
https://indico.cern.ch/event/1004432/
https://indico.cern.ch/event/1526482/
https://indico.jacow.org/event/95/
https://indico.jacow.org/event/81/
https://indico.jacow.org/event/63/
https://indico.jacow.org/event/41/
https://indico.cern.ch/event/1522800/program
https://indico.cern.ch/event/1291157/sessions/543528/#20240719
https://indico.cern.ch/category/20295/
https://indico.cern.ch/event/1598655/program
https://indico.cern.ch/event/1536836/sessions/629614/#20251104.detailed
https://indico.cern.ch/event/1477299/timetable/?view=standard_inline_minutes#b-605424-environmental-sustain
https://indico.cern.ch/event/1450798/sessions/572924/#20241107
https://indico.cern.ch/event/1450798/sessions/572924/#20241107
https://indico.cern.ch/event/1377701/sessions/542946/#20240416
https://indico.cern.ch/event/1484669/timetable/?view=standard#b-613148-plenary-environmental
https://indico.desy.de/event/47133/
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•	 Labos​ 1poin​t5 collo​que 2024
•	 IET PAEN Susta​inabl​e Accel​erato​rs Works​hop 2024
•	 Works​hop on effic​ient magnet-​ and RF power​ suppl​ies 2024
•	 11th Inter​natio​nal Works​hop on Thin Films​ and New Ideas​ for Pushi​ng the Limit​s of 

RF Super​condu​ctivi​ty
•	 Criti​cal Mater​ials and Life Cycle​ Manag​ement:​ The Examp​le of Rare Earth​s—curse​ 

or bless​ing?​ 2023
•	 Super​condu​ctivi​ty for Susta​inabl​e Energ​y Syste​ms and Parti​cle Accel​erato​rs 2023
•	 Works​hop on effic​ient RF sourc​es 2022

Suggested Publications

•	 “Sustainability Considerations for Accelerator and Collider Facilities” from the ICFA 
Panel for Sustainable Accelerators and Colliders [28]

•	 “Sustainability and Carbon Emissions of Future Accelerators” by K. Bloom and V. 
Boisvert (2025) [141].

•	 “Sustainability Assessment of Future Accelerators” from the Laboratory Directors 
Group Sustainability Working Group (ESPPU 2025 input) [21]

•	 “Input to European Strategy Update for Particle Physics: Sustainability” (ESPPU 2025 
input) [20]

•	 “Countering the biodiversity loss using particle physics research sites” (ESPPU 2025 
input) [142]

•	 “Ten simple rules to make your computing more environmentally sustainable” [95].
•	 “Energy efficiency trends in HPC: what high-energy and astrophysicists need to 

know” [143]
•	 “Resource-aware Research on Universe and Matter: Call-to-Action in Digital Trans-

formation” [144]
•	 “Towards Climate Sustainability of the Academic System in Europe and beyond” 

[145]

LCAs or Environmental Assessments for Research Facilities

•	 Future Circular Collider Feasibility Study Report : Volume 3 Civil Engineering, 
Implementation and Sustainability (2025) [36]: https://​cds.​cern.​ch/​record/​29281​94?​
ln=​en

•	 Whole Lifecycle Assessment of CLIC and ILC - Phase 2 (2025) [41]: https://​edms.​
cern.​ch/​docum​ent/​32838​64/1

•	 Sustainability for Particle Accelerators: RUEDI - A Case Study (2024) [40]: https://​
www.​astec.​stfc.​ac.​uk/​news/​susta​inabi​lity-​for-​parti​cle-​accel​erato​rs-​ruedi-a-​case-​
study/

•	 Sustainable astronomy: A comparative life cycle assessment of off-grid hybrid energy 
systems to supply large telescopes (2024) [146]: https://​link.​sprin​ger.​com/​artic​le/​10.​
1007/​s11367-​024-​02288-9

https://labos1point5.org/les-colloques/colloque-2024
https://tv.theiet.org/Event/Sustainable_Accelerators_Workshop/C763E5C2--6637-4D4C-A4DB-00FFEB7DA7BD
https://zenodo.org/records/13309687
https://indico.cern.ch/event/1376902/
https://indico.cern.ch/event/1376902/
https://indico.desy.de/event/35655/
https://indico.desy.de/event/35655/
https://indico.gsi.de/event/17548/
https://indico.cern.ch/event/1138197/timetable/#all.detailed
https://cds.cern.ch/record/2928194?ln=en
https://cds.cern.ch/record/2928194?ln=en
https://edms.cern.ch/document/3283864/1
https://edms.cern.ch/document/3283864/1
https://www.astec.stfc.ac.uk/news/sustainability-for-particle-accelerators-ruedi-a-case-study/
https://www.astec.stfc.ac.uk/news/sustainability-for-particle-accelerators-ruedi-a-case-study/
https://www.astec.stfc.ac.uk/news/sustainability-for-particle-accelerators-ruedi-a-case-study/
https://link.springer.com/article/10.1007/s11367-024-02288-9
https://link.springer.com/article/10.1007/s11367-024-02288-9
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•	 FCC Construction Carbon Footprint Benchmark and Optimisation Strategies (2024) 
[39]: https://​zenodo.​org/​recor​ds/​13899​160

•	 Assessment of the environmental impacts of the Cherenkov Telescope Array Mid-
Sized Telescope (2024) [147]: https://​arxiv.​org/​abs/​2406.​17589

•	 Life Cycle Assessment of the Athena X-ray Integral Field Unit (2024) [148]: https://​
arxiv.​org/​abs/​2404.​15122

•	 CLIC and ILC Life Cycle Assessment Final Report - Phase 1 (2023) [41]: https://​
edms.​cern.​ch/​docum​ent/​29179​48/1

•	 Sustainability Strategy for the Cool Copper Collider (2023) [42]: https://​journ​als.​aps.​
org/​prxen​ergy/​pdf/​10.​1103/​PRXEn​ergy.2.​047001

•	 Life cycle analysis of the GRAND experiment (2023) [149]: https://​arxiv.​org/​abs/​
2309.​12282

•	 Estimating the carbon footprint of the GRAND experiment (2021) [99]: https://​arxiv.​
org/​abs/​2101.​02049

Future Directions for this Living Document
This section briefly outlines the authors’ considerations for the next stages of this living 
document.

First, to enhance its usefulness as a resource, the authors are exploring implementa-
tion of a structured recommendation framework that communicates the anticipated 
impact of each recommendation (high/medium/low), and potentially the difficulty of 
implementation, for example by referencing Technology Readiness Level where appro-
priate. Second, the authors aim to incorporate more quantitative analyses, including 
target figures for selected recommendations based on relevant case studies that have 
implemented these measures. Third, the authors aim to highlight key gaps in tools and 
knowledge, further than already included in the document. One example is the need for 
tools to further the ease of implementation of lifecycle emissions evaluation efforts. One 
recently published example in another field is the Open-source Rocket and Constella-
tion Lifecycle Emissions (ORACLE) GitHub repository [150]. By making their code and 
data accessible, the authors of the ORACLE project wish to encourage transparency and 
to foster collaboration within space sustainability. The authors of this living document 
applaud efforts like this, and wish to encourage and promote similar efforts within fields 
applicable to accelerator facilities, and ultimately research overall. Fourth, the authors 
endeavour to continuously add and update evidence, case studies and context to the 
document as and when available. They aim to publish updates to this document when 
sufficient amendments have been made. What constitutes sufficient amendments could 
include anything from minor additions or updates, to a major amendment the authors 
deem could have significant impact on sustainability.
Acknowledgements
The work of lead/corresponding author Hannah Wakeling was supported by the STFC via the John Adams Institute for 
Accelerator Science (JAI), University of Oxford [Grant No. ST/V001655/1].
The authors would like to acknowledge and thank those that worked on the case studies and resources referenced 
within this document. Without these fantastic and ongoing efforts, this document would not be the same.
In addition, the authors would like to thank the individuals who provided feedback on the previous version of this living 
document. Your insight helped shape this version to its current form.

https://zenodo.org/records/13899160
https://arxiv.org/abs/2406.17589
https://arxiv.org/abs/2404.15122
https://arxiv.org/abs/2404.15122
https://edms.cern.ch/document/2917948/1
https://edms.cern.ch/document/2917948/1
https://journals.aps.org/prxenergy/pdf/10.1103/PRXEnergy.2.047001
https://journals.aps.org/prxenergy/pdf/10.1103/PRXEnergy.2.047001
https://arxiv.org/abs/2309.12282
https://arxiv.org/abs/2309.12282
https://arxiv.org/abs/2101.02049
https://arxiv.org/abs/2101.02049


Page 37 of 42Wakeling et al. EPJ Research Infrastructures           (2026) 10:12 	

Author Contributions
H.W. wrote the main manuscript text and contributed to the conception of the work. P.B., J.T. contributed to the concep-
tion of the work, the manuscript text and editing. B.S., D.S. J.Colwell, J.Clarke, and N.N. contributed to the manuscript text 
and editing. All authors reviewed the manuscript.

Data Availability
No datasets were generated or analysed during the current study.

Declarations

Competing Interests
Author Ben Shepherd has worked with ZEPTO and is co-author of the “Sustainability for Particle Accelerators: RUEDI - A 
Case Study” and the “Sustainability Assessment of Future Accelerators” from the Laboratory Directors Group Sustain- abil-
ity Working Group.
 Author Niko Neufeld is co-author of the “Sustainability Assessment of Future Accelerators” from the Laboratory Directors 
Group Sustainability Working Group.
 Author Dwayne Spiteri is funded by the RF2.0 project that has received funding from the European Union’s Horizon 
Europe research and innovation programme under grant agreement No. 101131850 and from the Swiss State Secretariat 
for Education Research and Innovation (SERI). DS is a member of the ErUM data-hub sustainability action group and an 
author on the paper “Shaping the Digital Future of ErUM Research: Sustainability & Ethics”, a research co-ordinator for the 
SUSFECIT project, and a session chair for environmental sustainability, business continuity and facility improvement for 
HEPiX 2026.
 Author Jim Clarke is a member of lab directors group and the European strategy group for the current ESPPU.
 Author John Thomason is project sponsor and Senior Responsible Owner for the ISIS-II Project.
 Author Hannah Wakeling is Sustainability Lead for the ISIS-II Project and author of the cited “Updated results of a life 
cycle assessment of the ISIS-II neutron and muon source”. HW is also co-organiser of the Sustainable HEP conference 
2024, 2025 and 2026. HW is co-author of mentioned publications: “Input to European Strategy Update for Particle 
Physics: Sustainability”, and the “Sustainability Assessment of Future Accelerators” from the Laboratory Directors Group 
Sustainability Working Group. HW is author of the mentioned “Environmental Sustainability and Particle Accelerators 
lecture” in the John Adams Institute for Accelerator Science Graduate Accelerator Physics Course.

Received: 11 February 2026   Accepted: 3 April 2026

References
	 1.	 European Strategy Group: 2020 Update of the European Strategy for Particle Physics. Technical report, Geneva 

(2020) https://​doi.​org/​10.​17181/​ESU20​20. https://​cds.​cern.​ch/​record/​27201​29
	 2.	 Brundtland GH (1987) Our Common Future: Report of the World Commission on Environment and Development. 

http://​www.​un-​docum​ents.​net/​ocf-​ov.​htm
	 3.	 United Nations: Sustainable Development Goals. https://​www.​un.​org/​susta​inabl​edeve​lopme​nt/
	 4.	 Voulvoulis N, Giakoumis T, Hunt C, Kioupi V, Petrou N, Souliotis I, Vaghela C, binti Wan Rosely W (2022) Systems 

thinking as a paradigm shift for sustainability transformation. Glob Environ Change 75:102544. https://​doi.​org/​10.​
1016/j.​gloen​vcha.​2022.​102544

	 5.	 Rittel HWJ, Webber MM (1973) Dilemmas in a general theory of planning. Policy Sci 4(2):155–169. https://​doi.​org/​
10.​1007/​BF014​05730

	 6.	 International Organization for Standardization: 14040: 2006. 2006 Environmental management-life cycle 
assesment-principles and framework. ISO Geneva, Switzerland (2006)

	 7.	 International Organization for Standardization: Environmental management: life cycle assessment; requirements 
and guidelines. ISO Geneva, Switzerland 14044 (2006)

	 8.	 Fankhauser S, Smith SM, Allen M, Axelsson K, Hale T et al (2022) The meaning of net zero and how to get it right. 
Nat Clim Chang 12(1):15–21. https://​doi.​org/​10.​1038/​s41558-​021-​01245-w

	 9.	 The Greenhouse Gas Protocol Initiative: The Greenhouse Gas Protocol. https://​ghgpr​otocol.​org/​sites/​defau​lt/​files/​
stand​ards/​ghg-​proto​col-​revis​ed.​pdf

	 10.	 International Organization for Standardization (2023) 14068: 2023. Carbon Neutral Greenhouse Gas Emissions 
Standard. ISO Geneva, Switzerland

	 11.	 X. Lan (NOAA/GML), R. Keeling (Scripps Institution of Oceanography): Global Monitoring Laboratory: Trends in 
CO2, CH4, N2O, SF6. https://​gml.​noaa.​gov/​ccgg/​trends/

	 12.	 Department for Environment, Food & Rural Affairs Cabinet Office: Greening Government Commitments: Overview 
of reporting requirements 2016-2020. https://​assets.​publi​shing.​servi​ce.​gov.​uk/​gover​nment/​uploa​ds/​system/​uploa​
ds/​attac​hment_​data/​file/​585344/​green​ing-​gover​nment-​commi​tments-​overv​iew-​repor​ting-​requi​remen​ts-​2016-​
2020.​pdf

	 13.	 STFC: STFC Sustainability Action Plan. https://​ukri.​share​point.​com/​sites/​theso​urce-​stfc/​Shared%​20Doc​uments/​ES/​
STFCS​ustai​nabil​ityAc​tionP​lan.​pdf

	 14.	 UKRI: UKRI environmental sustainability strategy 2025 to 2030. https://​www.​ukri.​org/​publi​catio​ns/​ukri-​envir​
onmen​tal-​susta​inabi​lity-​strat​egy/​ukri-​envir​onmen​tal-​susta​inabi​lity-​strat​egy-​2025-​to-​2030/

	 15.	 United Nations Framework Convention on Climate Change: What is the United Nations Framework Convention 
on Climate Change? https://​unfccc.​int/​proce​ss-​and-​meeti​ngs/​what-​is-​the-​united-​natio​ns-​frame​work-​conve​ntion-​
on-​clima​te-​change

https://doi.org/10.17181/ESU2020
https://cds.cern.ch/record/2720129
http://www.un-documents.net/ocf-ov.htm
https://www.un.org/sustainabledevelopment/
https://doi.org/10.1016/j.gloenvcha.2022.102544
https://doi.org/10.1016/j.gloenvcha.2022.102544
https://doi.org/10.1007/BF01405730
https://doi.org/10.1007/BF01405730
https://doi.org/10.1038/s41558-021-01245-w
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://gml.noaa.gov/ccgg/trends/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/585344/greening-government-commitments-overview-reporting-requirements-2016-2020.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/585344/greening-government-commitments-overview-reporting-requirements-2016-2020.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/585344/greening-government-commitments-overview-reporting-requirements-2016-2020.pdf
https://ukri.sharepoint.com/sites/thesource-stfc/Shared%20Documents/ES/STFCSustainabilityActionPlan.pdf
https://ukri.sharepoint.com/sites/thesource-stfc/Shared%20Documents/ES/STFCSustainabilityActionPlan.pdf
https://www.ukri.org/publications/ukri-environmental-sustainability-strategy/ukri-environmental-sustainability-strategy-2025-to-2030/
https://www.ukri.org/publications/ukri-environmental-sustainability-strategy/ukri-environmental-sustainability-strategy-2025-to-2030/
https://unfccc.int/process-and-meetings/what-is-the-united-nations-framework-convention-on-climate-change
https://unfccc.int/process-and-meetings/what-is-the-united-nations-framework-convention-on-climate-change


Page 38 of 42Wakeling et al. EPJ Research Infrastructures           (2026) 10:12 

	 16.	 United Nations Framework Convention on Climate Change: The Paris Agreement. https://​unfccc.​int/​proce​ss-​and-​
meeti​ngs/​the-​paris-​agree​ment

	 17.	 The European Strategy Group (ESG): The European Strategy for Particle Physics: 2026 Update - Recommendations 
by the European Strategy Group. Technical report, Monte Verità/Ascona, Switzerland (2025). https://​doi.​org/​10.​
17181/​CERN.​423R.​S20Z. https://​cds.​cern.​ch/​record/​29506​71

	 18.	 Andari N, Apolinário L, Augsten K, Bakos E, Bellafont I, et al (2020) Report on the ECFA Early-Career Researchers 
Debate on the 2020 European Strategy Update for Particle Physics. arXiv:​abs/​2002.​02837

	 19.	 Arling J-H, Burgman A, Dimitriadi C, Einhaus U, Gallén A, et al (2025) Early Career Researcher Input to the European 
Strategy for Particle Physics Update: White Paper. arXiv:​abs/​2503.​19862

	 20.	 Boisvert V, Britzger D, Calvet S, Coadou Y, Doglioni C, et al (2025) Input to European Strategy Update for Particle 
Physics: Sustainability. arXiv:​abs/​2504.​03012

	 21.	 Bloise C, Cennini E, Gutleber J, Kaabi W, Klumpp A, et al (2025) Sustainability assessment of future accelerators. 
arXiv:​abs/​2509.​11705

	 22.	 Bloom K, Boisvert V, Headley M (2022) Report of the topical group on environmental and societal impacts of 
particle physics for snowmass 2021. arXiv:​abs/​2209.​07684

	 23.	 Butler JN, Chivukula RS, Gouvêa A, Han T, Kim Y-K, et al (2023) Report of the 2021 U.S. community study on the 
future of particle physics (Snowmass 2021) summary chapter. arXiv:​abs/​2301.​06581

	 24.	 Weber PM, Bendiscioli S, Wallon G, Ahsen U, Beaufort AM et al (2024) The Heidelberg agreement on environmen-
tal sustainability in research funding. Zenodo. https://​doi.​org/​10.​5281/​zenodo.​13938​809

	 25.	 United Nations Educational, Scientific and Cultural Organization: Culture: the ultimate renewable resource to 
tackle climate change. https://​www.​unesco.​org/​en/​clima​te-​change/​cultu​re

	 26.	 Strengers Y (2004) Environmental culture change in local government: a practised perspective from the interna-
tional council for local environmental initiatives—Australia/New Zealand. Local Environ 9(6):621–628. https://​doi.​
org/​10.​1080/​13549​83042​00028​8102

	 27.	 Shukla PR, Skea J, Reisinger A, Slade R, Fradera R, Pathak M, Khourdajie AA, Belkacemi M, Diemen R, Hasija A, Lisboa 
G, Luz S, Malley J, McCollum D, Some S, Vyas P (2022) IPCC, 2022: Summary for Policymakers. Cambridge University 
Press, Cambridge. https://​doi.​org/​10.​1017/​97810​09157​926.​001

	 28.	 Roser T (2022) Sustainability Considerations for Accelerator and Collider Facilities. arXiv:​pdf/​2203.​07423​pdf
	 29.	 CERN Yellow Reports: Monographs: CERN Yellow Reports: Monographs, Vol. 11 (2025): Comparative evaluation of 

future collider options: Future Colliders Comparative Evaluation Working Group. CERN Yellow Reports: Mono-
graphs (2025). https://​doi.​org/​10.​23731/​CYRM-​2025-​0011.

	 30.	 Herring H (2013) The rebound effect of energy conservation. In: Reference Module in Earth Systems and Environ-
mental Sciences. Elsevier, Amsterdam, Netherlands. https://​doi.​org/​10.​1016/​B978-0-​12-​409548-​9.​01161-1

	 31.	 Instituion of Civil Engineers: Guidance Document for PAS 2080 Practical actions and examples to accelerate the 
decarbonisation of buildings and infrastructure. https://​www.​ice.​org.​uk/​media/​vm0nw​ehp/​2023-​03-​29-​pas_​
2080_​guida​nce_​docum​ent_​april_​2023.​pdf

	 32.	 Belton V, Stewart T (2002) Multiple criteria decision analysis an integrated approach. https://​doi.​org/​10.​1007/​
978-1-​4615-​1495-4

	 33.	 Institute of Sustainability Studies: ESG meaning: Understanding Environmental, Social, and Governance. https://​
insti​tuteo​fsust​ainab​ility​studi​es.​com/​insig​hts/​lexic​on/​esg-​meani​ng-​under​stand​ing-​envir​onmen​tal-​social-​and-​
gover​nance/

	 34.	 You S (2022) 9 - system design: cost–benefit analysis. In: You S (ed) Waste-to-Resource System Design for Low-
Carbon Circular Economy. Elsevier, Amsterdam, Netherlands, pp 161–187. https://​doi.​org/​10.​1016/​B978-0-​12-​
822681-​0.​00011-6

	 35.	 Bastianin A, Florio M (2018) Social Cost Benefit Analysis of HL-LHC. Technical report, CERN, Geneva. https://​cds.​
cern.​ch/​record/​23193​00

	 36.	 Benedikt M, Zimmermann F, Auchmann B, Bartmann W, Burnet JP, et al (2025) Future Circular Collider Feasibility 
Study Report. Technical Report 17, CERN, Geneva. https://​doi.​org/​10.​17181/​CERN.​I26X.​V4VF. Please address any 
comment or request to fcc.secretariat@cern.ch. https://​cds.​cern.​ch/​record/​29281​94

	 37.	 MET Office: MET Office. https://​www.​metof​fi ce.​gov.​uk/​resea​rch/​clima​te/​under​stand​ing-​clima​te/​attri​buting-​extre​
me-​weath​er-​to-​clima​te-​change

	 38.	 University corporation for atmospheric research: centre for science education: climate influences on severe 
storms. https://​scied.​ucar.​edu/​learn​ing-​zone/​clima​te-​change-​impac​ts/​clima​te-​severe-​storms

	 39.	 Mauree D (2024) Fcc construction carbon footprint benchmark and optimisation strategies. Zenodo. https://​doi.​
org/​10.​5281/​zenodo.​13899​160

	 40.	 Sustainable Accelerators Task Force at ASTeC, Shepherd B, Bebbington J, Cowie L, Gleeson A, Hughes G, Mathisen 
S, Morrow K, Owen H, Vick A, Wheelhouse A. Sustainability for Particle Accelerators: RUEDI - A Case Study. https://​
www.​astec.​stfc.​ac.​uk/​news/​susta​inabi​lity-​for-​parti​cle-​accel​erato​rs-​ruedi-a-​case-​study/

	 41.	 Evans S, Noi CD, Kanavaris F, Puertas C, Loo Y, Pantelidou H, Stapnes S, Doebert S, Bromiley L, Mactavish EF, 
Osborne J, List B, Terunuma N. Whole Life Cycle Assessment of CLIC and ILC: Comparative environmental footprint 
for future linear colliders CLIC and ILC. https://​edms.​cern.​ch/​docum​ent/​32838​64/1

	 42.	 Breidenbach M, Bullard B, Nanni EA, Ntounis D, Vernieri C (2023) Sustainability strategy for the Cool Copper Col-
lider. PRX Energy 2:047001. https://​doi.​org/​10.​1103/​PRXEn​ergy.2.​047001

	 43.	 Wakeling H (2024) Updated results of a life cycle assessment of the ISIS-II Neutron and Muon Source. PoS 
ICHEP2024, 1236 https://​doi.​org/​10.​22323/1.​476.​1236

	 44.	 CERN: Vol. 3 (2023): CERN Environment Report—Rapport sur l’environnement 2021–2022. https://​doi.​org/​10.​
25325/​CERN-​Envir​onment-​2023-​003

	 45.	 CERN: Vol. 4 (2025): CERN Environment Report—Rapport sur l’environnement 2023–2024. https://​doi.​org/​10.​
25325/​CERN-​Envir​onment-​2025-​004

	 46.	 Sustainable DESY: DESY Sustainability Report 2019-2021. https://​nachh​altig​keit.​desy.​de/​sites/​sites_​desyg​roups/​
sites_​extern/​site_​nachh​altig​keit/​conte​nt/​e1876​33/​e1876​43/​DESY-​Susta​inabi​lityR​eport​2019-​2021_​eng.​pdf

https://unfccc.int/process-and-meetings/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement
https://doi.org/10.17181/CERN.423R.S20Z
https://doi.org/10.17181/CERN.423R.S20Z
https://cds.cern.ch/record/2950671
http://arxiv.org/2002.02837
http://arxiv.org/2503.19862
http://arxiv.org/2504.03012
http://arxiv.org/2509.11705
http://arxiv.org/2209.07684
http://arxiv.org/2301.06581
https://doi.org/10.5281/zenodo.13938809
https://www.unesco.org/en/climate-change/culture
https://doi.org/10.1080/1354983042000288102
https://doi.org/10.1080/1354983042000288102
https://doi.org/10.1017/9781009157926.001
http://arxiv.org/2203.07423pdf
https://doi.org/10.23731/CYRM-2025-0011
https://doi.org/10.1016/B978-0-12-409548-9.01161-1
https://www.ice.org.uk/media/vm0nwehp/2023-03-29-pas_2080_guidance_document_april_2023.pdf
https://www.ice.org.uk/media/vm0nwehp/2023-03-29-pas_2080_guidance_document_april_2023.pdf
https://doi.org/10.1007/978-1-4615-1495-4
https://doi.org/10.1007/978-1-4615-1495-4
https://instituteofsustainabilitystudies.com/insights/lexicon/esg-meaning-understanding-environmental-social-and-governance/
https://instituteofsustainabilitystudies.com/insights/lexicon/esg-meaning-understanding-environmental-social-and-governance/
https://instituteofsustainabilitystudies.com/insights/lexicon/esg-meaning-understanding-environmental-social-and-governance/
https://doi.org/10.1016/B978-0-12-822681-0.00011-6
https://doi.org/10.1016/B978-0-12-822681-0.00011-6
https://cds.cern.ch/record/2319300
https://cds.cern.ch/record/2319300
https://doi.org/10.17181/CERN.I26X.V4VF
https://cds.cern.ch/record/2928194
https://www.metoffice.gov.uk/research/climate/understanding-climate/attributing-extreme-weather-to-climate-change
https://www.metoffice.gov.uk/research/climate/understanding-climate/attributing-extreme-weather-to-climate-change
https://scied.ucar.edu/learning-zone/climate-change-impacts/climate-severe-storms
https://doi.org/10.5281/zenodo.13899160
https://doi.org/10.5281/zenodo.13899160
https://www.astec.stfc.ac.uk/news/sustainability-for-particle-accelerators-ruedi-a-case-study/
https://www.astec.stfc.ac.uk/news/sustainability-for-particle-accelerators-ruedi-a-case-study/
https://edms.cern.ch/document/3283864/1
https://doi.org/10.1103/PRXEnergy.2.047001
https://doi.org/10.22323/1.476.1236
https://doi.org/10.25325/CERN-Environment-2023-003
https://doi.org/10.25325/CERN-Environment-2023-003
https://doi.org/10.25325/CERN-Environment-2025-004
https://doi.org/10.25325/CERN-Environment-2025-004
https://nachhaltigkeit.desy.de/sites/sites_desygroups/sites_extern/site_nachhaltigkeit/content/e187633/e187643/DESY-SustainabilityReport2019-2021_eng.pdf
https://nachhaltigkeit.desy.de/sites/sites_desygroups/sites_extern/site_nachhaltigkeit/content/e187633/e187643/DESY-SustainabilityReport2019-2021_eng.pdf


Page 39 of 42Wakeling et al. EPJ Research Infrastructures           (2026) 10:12 	

	 47.	 ESRF: ESRF Environmental Strategy 2025-2030. https://​www.​esrf.​fr/​files/​live/​sites/​www/​files/​Common/​about-​us/​
Envir​onmen​tal%​20rep​ort.​pdf

	 48.	 STFC: Sustainability and Carbon Management. https://​www.​she.​stfc.​ac.​uk/​Pages/​Susta​inabi​lity-​and-​Carbon-​
Manag​ement.​aspx

	 49.	 Gibney E. What’s the carbon footprint of a Higgs boson? It varies — a lot. https://​www.​nature.​com/​artic​les/​
d41586-​022-​03551-5

	 50.	 Elkington J (1994) Towards the sustainable corporation: win-win-win business strategies for sustainable develop-
ment. Calif Manage Rev 36(2):90–100. https://​doi.​org/​10.​2307/​41165​746

	 51.	 Siegel ST, Terdenge J. The Fine Art of Detecting Sciencewashing: Definition, Consequences, Forms & Prevention. 
https://​www.​wisse​nscha​ftsko​mmuni​kation.​de/​the-​fine-​art-​of-​detec​ting-​scien​cewas​hing-​defin​ition-​conse​quenc​
es-​forms-​preve​ntion-​65003/

	 52.	 Lannelongue L, Grealey J, Inouye M (2021) Green algorithms: quantifying the carbon footprint of computation. 
Adv Sci. https://​doi.​org/​10.​1002/​advs.​20210​0707

	 53.	 International Energy Agency (2025) Electricity generation in the Current Policies Scenario and Stated Policies 
Scenario, 2015-2035. IEA, Paris

	 54.	 2014 AAA Green-ILC Working Group: Green-ILC AAA-2014 Report. https://​green-​ilc.​in2p3.​fr/​mater​ials/​Green​ILC-​
Report-​E-​2014-​feb-9.​pdf

	 55.	 members IFW (2025) Sustainable Accelerators Report. Zenodo. https://​doi.​org/​10.​5281/​zenodo.​15322​681
	 56.	 Kahle K. CERN: CERN signs long-term solar power agreements. https://​home.​cern/​news/​news/​engin​eering/​cern-​

signs-​long-​term-​solar-​power-​agree​ments
	 57.	 Gethmann J, et al (2025) Utilization of renewable energies for sustainable accelerator operation at KIT. In: Proc. 

IPAC’25. IPAC’25 - 16th International Particle Accelerator Conference, pp. 2670–2672. JACoW Publishing, Geneva, 
Switzerland. https://​doi.​org/​10.​18429/​JACoW-​IPAC2​025-​THPB0​96

	 58.	 Royal Society of Chemistry: Helium. https://​www.​rsc.​org/​perio​dic-​table/​eleme​nt/2/​helium
	 59.	 McGill Chemistry Characterization Facility: Helium recovery system. https://​www.​mcgill.​ca/​mc2/​helium-​recov​

ery-​system
	 60.	 European Spallation Source: Site, Architecture & Sustainability. https://​europ​eansp​allat​ionso​urce.​se/​build​ing-​proje​

ct/​site-​archi​tectu​re-​energy
	 61.	 CERN: Powering CERN. https://​home.​cern/​scien​ce/​engin​eering/​power​ing-​cern
	 62.	 UK Government: Green Book supplementary guidance: valuation of energy use and greenhouse gas emissions 

for appraisal. https://​www.​gov.​uk/​gover​nment/​publi​catio​ns/​valua​tion-​of-​energy-​use-​and-​green​house-​gas-​emiss​
ions-​for-​appra​isal

	 63.	 UK Government Energy Security: Energy and emissions projections: 2023 to 2050. https://​www.​gov.​uk/​gover​
nment/​publi​catio​ns/​energy-​and-​emiss​ions-​proje​ctions-​2023-​to-​2050

	 64.	 Banerjee S, Chen TY, David C, Düren M, Erbin H, et al (2023) Environmental sustainability in basic research: a per-
spective from HECAP+. arXiv:​abs/​2306.​02837

	 65.	 Jurns JM, Bäck H, Gierow M (2014) Waste heat recovery from the European spallation source cryogenic helium 
plants–implications for system design. AIP Conf Proc 1573(1):647–654. https://​doi.​org/​10.​1063/1.​48607​63

	 66.	 Sunesson A, Mats L, Mohammad E, Kent H, Marko K (2024) Green Accelerators? Lessons learned from ESS. In: 
Proceedings of The European Physical Society Conference on High Energy Physics – PoS(EPS-HEP2023), vol. 449, p. 
621. https://​doi.​org/​10.​22323/1.​449.​0621

	 67.	 Schofield B, Viñuela EB, Booth W, Peljo MO (2020) Waste Heat Recovery for the LHC Coooling Towers: Control 
System Validation Using Digital Twins. In: Proc. ICALEPCS’19. International Conference on Accelerator and Large 
Experimental Physics Control Systems, pp. 520–524. JACoW Publishing, Geneva, Switzerland. https://​doi.​org/​10.​
18429/​JACoW-​ICALE​PCS20​19-​MOPHA​131

	 68.	 Kahle K, Cook (CERN) A. Heating homes with the world’s largest particle accelerator. https://​home.​cern/​news/​
news/​cern/​heati​ng-​homes-​worlds-​large​st-​parti​cle-​accel​erator

	 69.	 Energy for Sustainable Science at Research Infrastructures: 7th Workshop for Energy for Sustainable Science at 
Research Infrastructures (ESSRI) 2024. https://​agenda.​ciemat.​es/​event/​4431/

	 70.	 Uhlmann E, Polte M, Hocke T, Tschöpel J (2026) Innovations in High- and Ultra-precision Machining. arXiv:​abs/​
2601.​13120

	 71.	 Down RBE, Jones AT, Lawson CR, Kirichek O. Carbon footprint of the Helium Recovery System at the ISIS Facility. 
https://​epubs.​stfc.​ac.​uk/​work/​53761​171

	 72.	 Öchsner R, Lange C, Nuß A, Steinberger M, Erge T, et al. Compact Linear Collider Energy Load and Cost Analysis 
Final Report Version 1.0 29.11.2018. https://​edms.​cern.​ch/​ui/​file/​20651​62/1/​CLIC-​energy-​Fraun​hofer.​pdf

	 73.	 Xu P, Tam VWY, Li H, Zhu J, Xu X (2025) A critical review of bamboo construction materials for sustainability. Renew 
Sustain Energy Rev 210:115230. https://​doi.​org/​10.​1016/j.​rser.​2024.​115230

	 74.	 Sewar Y, Amran M, Avudaiappan S, Gamil Y, Rashid RSM (2024) Bonding strength performance of bamboo-based 
composite materials: an in-depth insight for sustainable construction applications. Heliyon 10(13):32155. https://​
doi.​org/​10.​1016/j.​heliy​on.​2024.​e32155

	 75.	 Zheng B, Yang Y, Chan A-C, Jiang H, Bao Z (2025) A meta-analysis of environmental impacts of building reuse and 
recycling. J Clean Prod 520:146149. https://​doi.​org/​10.​1016/j.​jclep​ro.​2025.​146149

	 76.	 BREEAM: BREEAM. https://​breeam.​com/
	 77.	 European Spallation Source: ESS Rated Outstanding for High Sustainability Standards. https://​ess.​eu/​artic​le/​2021/​

07/​08/​ess-​rated-​outst​anding-​high-​susta​inabi​lity-​stand​ards
	 78.	 Spyridis P, Bergmeister K (2024) Sustainable tunnel design: concepts and examples of reducing greenhouse gas 

emissions through basic engineering assumptions. Tunn Undergr Space Technol 152:105886. https://​doi.​org/​10.​
1016/j.​tust.​2024.​105886

	 79.	 UKRI: Innovate UK invests £3.2 million in concrete decarbonisation. https://​www.​ukri.​org/​news/​innov​ate-​uk-​inves​
ts-3-​2-​milli​on-​in-​concr​ete-​decar​bonis​ation/

https://www.esrf.fr/files/live/sites/www/files/Common/about-us/Environmental%20report.pdf
https://www.esrf.fr/files/live/sites/www/files/Common/about-us/Environmental%20report.pdf
https://www.she.stfc.ac.uk/Pages/Sustainability-and-Carbon-Management.aspx
https://www.she.stfc.ac.uk/Pages/Sustainability-and-Carbon-Management.aspx
https://www.nature.com/articles/d41586-022-03551-5
https://www.nature.com/articles/d41586-022-03551-5
https://doi.org/10.2307/41165746
https://www.wissenschaftskommunikation.de/the-fine-art-of-detecting-sciencewashing-definition-consequences-forms-prevention-65003/
https://www.wissenschaftskommunikation.de/the-fine-art-of-detecting-sciencewashing-definition-consequences-forms-prevention-65003/
https://doi.org/10.1002/advs.202100707
https://green-ilc.in2p3.fr/materials/GreenILC-Report-E-2014-feb-9.pdf
https://green-ilc.in2p3.fr/materials/GreenILC-Report-E-2014-feb-9.pdf
https://doi.org/10.5281/zenodo.15322681
https://home.cern/news/news/engineering/cern-signs-long-term-solar-power-agreements
https://home.cern/news/news/engineering/cern-signs-long-term-solar-power-agreements
https://doi.org/10.18429/JACoW-IPAC2025-THPB096
https://www.rsc.org/periodic-table/element/2/helium
https://www.mcgill.ca/mc2/helium-recovery-system
https://www.mcgill.ca/mc2/helium-recovery-system
https://europeanspallationsource.se/building-project/site-architecture-energy
https://europeanspallationsource.se/building-project/site-architecture-energy
https://home.cern/science/engineering/powering-cern
https://www.gov.uk/government/publications/valuation-of-energy-use-and-greenhouse-gas-emissions-for-appraisal
https://www.gov.uk/government/publications/valuation-of-energy-use-and-greenhouse-gas-emissions-for-appraisal
https://www.gov.uk/government/publications/energy-and-emissions-projections-2023-to-2050
https://www.gov.uk/government/publications/energy-and-emissions-projections-2023-to-2050
http://arxiv.org/2306.02837
https://doi.org/10.1063/1.4860763
https://doi.org/10.22323/1.449.0621
https://doi.org/10.18429/JACoW-ICALEPCS2019-MOPHA131
https://doi.org/10.18429/JACoW-ICALEPCS2019-MOPHA131
https://home.cern/news/news/cern/heating-homes-worlds-largest-particle-accelerator
https://home.cern/news/news/cern/heating-homes-worlds-largest-particle-accelerator
https://agenda.ciemat.es/event/4431/
http://arxiv.org/2601.13120
http://arxiv.org/2601.13120
https://epubs.stfc.ac.uk/work/53761171
https://edms.cern.ch/ui/file/2065162/1/CLIC-energy-Fraunhofer.pdf
https://doi.org/10.1016/j.rser.2024.115230
https://doi.org/10.1016/j.heliyon.2024.e32155
https://doi.org/10.1016/j.heliyon.2024.e32155
https://doi.org/10.1016/j.jclepro.2025.146149
https://breeam.com/
https://ess.eu/article/2021/07/08/ess-rated-outstanding-high-sustainability-standards
https://ess.eu/article/2021/07/08/ess-rated-outstanding-high-sustainability-standards
https://doi.org/10.1016/j.tust.2024.105886
https://doi.org/10.1016/j.tust.2024.105886
https://www.ukri.org/news/innovate-uk-invests-3-2-million-in-concrete-decarbonisation/
https://www.ukri.org/news/innovate-uk-invests-3-2-million-in-concrete-decarbonisation/


Page 40 of 42Wakeling et al. EPJ Research Infrastructures           (2026) 10:12 

	 80.	 Gigar FZ, Khennane A, Liow J-L, Tekle BH, Li Z (2026) From portland cement to alkali-activated system: advances in 
wood-cement composites for sustainable building applications. Clean Mater 19:100365. https://​doi.​org/​10.​1016/j.​
clema.​2025.​100365

	 81.	 members IFW (2025) Klystron prototype completed and validated. Zenodo. https://​doi.​org/​10.​5281/​zenodo.​15322​
729

	 82.	 Beunas A, Syratchev I, Brunner O, Cai J (2019) TOWARDS HIGH EFFICIENCY KLYSTRONS FOR LHC. Presentation 
given at Fifth International Future Circular Collider (FCC) Conference (“FCC Week”). https://​indico.​cern.​ch/​event/​
727555/​contr​ibuti​ons/​34528​23/​attac​hments/​18680​65/​30726​39/​TH216​7HE_​FCC_​week_​june_​19-​rev0-4-​3.​pdf

	 83.	 Berlin HZ. Accelerator Physics: First electron beam in SEALab. https://​www.​helmh​oltz-​berlin.​de/​pubbin/​news_​
seite?​nid=​29826​&​sprac​he=​en&​seite​nid=1

	 84.	 Fonnesu D. (2023) Thin Films on Copper for Superconducting RF Cavities within the Future Circular Collider Study. 
PhD thesis, Siegen U., 2023. https://​doi.​org/​10.​25819/​ubsi/​10600

	 85.	 Wilde S (2018) Development of superconducting thin films for use in SRF cavity applications. PhD thesis, Lough-
borough U

	 86.	 Ben-Zvi I, Shipman N. Fast Reactive Tuner R&D. https://​indico.​cern.​ch/​event/​743706/​contr​ibuti​ons/​30724​09/​attac​
hments/​16894​64/​27196​22/​Final.​pdf

	 87.	 Monroy-Villa R, Ben-Zvi I, Hug F, Stengler T (2025) Design of a Fast Reactive Tuner for 1.3 GHz TESLA cavities at 
MESA. arXiv:​abs/​2506.​20840

	 88.	 Shepherd B (2024) Using permanent magnets to reduce the impact of accelerators. Nat Rev Phys 6(1):6–7. https://​
doi.​org/​10.​1038/​s42254-​023-​00678-w

	 89.	 Rossi L (2023) Particle accelerators and cuprate superconductors. Physica C: Superconductivity and its Applica-
tions 614:1354360. https://​doi.​org/​10.​1016/j.​physc.​2023.​13543​60

	 90.	 Dreikorn JUR, Weickhmann M (2023) Permanent magnet materials for green accelerator facilities. In: Proc. 14th 
International Particle Accelerator Conference. IPAC’23 - 14th International Particle Accelerator Conference, pp. 
3886–3889. JACoW Publishing, Geneva, Switzerland. https://​doi.​org/​10.​18429/​JACoW-​IPAC2​023-​WEPM1​33

	 91.	 Völker J, Dürr V, Goslawski P, Jankowiak A, Titze M (2022) Variable Permanent Hybrid Magnets for the Bessy III Stor-
age Ring. In: Proc. 13th International Particle Accelerator Conference (IPAC’22). International Particle Accelerator 
Conference, pp. 2763–2766. JACoW Publishing, Geneva, Switzerland. https://​doi.​org/​10.​18429/​JACoW-​IPAC2​022-​
THPOT​K001

	 92.	 members IFW (2025) Prototype adjustable PM quadrupole and combined function magnets. Zenodo. https://​doi.​
org/​10.​5281/​zenodo.​17579​915

	 93.	 Rossi L, Mariotto S, Sorti S (2024) Energy saving magnets for beam lines. J Phys: Conf Ser 2687(8):082049. https://​
doi.​org/​10.​1088/​1742-​6596/​2687/8/​082049

	 94.	 Owen JR, Kemp D, Lechner AM, Harris J, Zhang R, Lèbre É (2023) Energy transition minerals and their intersection 
with land-connected peoples. Nat Sustain 6(2):203–211. https://​doi.​org/​10.​1038/​s41893-​022-​00994-6

	 95.	 Lannelongue L, Grealey J, Bateman A, M, I (2021) Ten simple rules to make your computing more environmentally 
sustainable. PLoS Comput Biol

	 96.	 Kozlov G, Kisel I (2025) Assessing carbon footprint and performance of the kalman filter track fitter in the cbm 
experiment. Frontiers in Physics Volume 13 - 2025 https://​doi.​org/​10.​3389/​fphy.​2025.​16128​29

	 97.	 Campana S, Chakaberia I, Chen G, Diaconu C, Doglioni C, et al (2025) Recommendations for Best Practices for Data 
Preservation and Open Science in HEP. arXiv:​abs/​2508.​18892

	 98.	 Software Sustainability Institute: Green DiSC: a Digital Sustainability Certification. https://​www.​softw​are.​ac.​uk/​
Green​DiSC

	 99.	 Aujoux C, Kotera K, Blanchard O (2021) Estimating the carbon footprint of the GRAND project, a multi-decade 
astrophysics experiment. Astropart Phys 131:102587. https://​doi.​org/​10.​1016/j.​astro​partp​hys.​2021.​102587

	100.	 Ronchetti F, Akishina V, Andreassen E, Bluhme N, Dange G, Cuveland J, Erba G, Gaur H, Hutter D, Kozlov G, Krcál L, 
La Pointe S, Lehrbach J, Lindenstruth V, Neškovic G, Redelbach A, Rohr D, Weiglhofer F, Wilhelmi A (2025) Efficient 
high performance computing with the alice event processing nodes gpu-based farm. Front Phys. https://​doi.​org/​
10.​3389/​fphy.​2025.​15418​54

	101.	 Arbey A, Boyd J, Britzger D, Cartaro C, Chen G, et al (2025) Data Preservation in High Energy Physics. arXiv:​abs/​
2503.​23619

	102.	 SWIFT-HEP: SWIFT-HEP. https://​swift.​hep.​ac.​uk/
	103.	 Bothmann E, Buckley A, Christidi IA, Gütschow C, Höche S, Knobbe M, Martin T, Schönherr M (2022) Accelerat-

ing lhc event generation with simplified pilot runs and fast pdfs. Eur Phys J C. https://​doi.​org/​10.​1140/​epjc/​
s10052-​022-​11087-1

	104.	 Software Sustainability Institute: Software Sustainability Institute. https://​www.​softw​are.​ac.​uk/
	105.	 Portegies Zwart S (2020) The ecological impact of high-performance computing in astrophysics. Nat Astron 

4(9):819–822. https://​doi.​org/​10.​1038/​s41550-​020-​1208-y
	106.	 Saavedra N, Mendes A, Ferreira JF (2025) Environmental Impact of CI/CD Pipelines. arXiv:​abs/​2510.​26413
	107.	 Bouzenia I, Pradel M (2024) Resource usage and optimization opportunities in workflows of github actions. In: 

2024 IEEE/ACM 46th International Conference on Software Engineering (ICSE), pp. 279–290. https://​doi.​org/​10.​
1145/​35975​03.​36233​03

	108.	 Markvardsen A, Rees T, Wathen M, Lister A, Odagiu P, Anuchitanukul A, Farmer T, Lim A, Montesino F, Snow T, 
McCluskey A (2021) FitBenchmarking‘: an open source ‘Python‘ package comparing data fitting software. J Open 
Source Softw 6(62):3127. https://​doi.​org/​10.​21105/​joss.​03127

	109.	 RF2.0: Research Facility 2.0 (RF2.0). https://​rf20.​eu/
	110.	 Ben-Ari T, Lefort G, Mariette J, Aumont O, Jeanneau L, Santerne A, Spiga A, Roche P-E (2024) Flight quotas 

outperform focused mitigation strategies in reducing the carbon footprint of academic travel. Environ Res Lett 
19(5):054008. https://​doi.​org/​10.​1088/​1748-​9326/​ad30a6

	111.	 Tao Y, Steckel D, Klemeš J, You F (2021) Trend towards virtual and hybrid conferences may be an effective climate 
change mitigation strategy. Nat Commun 12(1):7324. https://​doi.​org/​10.​1038/​s41467-​021-​27251-2

https://doi.org/10.1016/j.clema.2025.100365
https://doi.org/10.1016/j.clema.2025.100365
https://doi.org/10.5281/zenodo.15322729
https://doi.org/10.5281/zenodo.15322729
https://indico.cern.ch/event/727555/contributions/3452823/attachments/1868065/3072639/TH2167HE_FCC_week_june_19-rev0-4-3.pdf
https://indico.cern.ch/event/727555/contributions/3452823/attachments/1868065/3072639/TH2167HE_FCC_week_june_19-rev0-4-3.pdf
https://www.helmholtz-berlin.de/pubbin/news_seite?nid=29826%5bAMBERSAND%5dsprache=en%5bAMBERSAND%5dseitenid=1
https://www.helmholtz-berlin.de/pubbin/news_seite?nid=29826%5bAMBERSAND%5dsprache=en%5bAMBERSAND%5dseitenid=1
https://doi.org/10.25819/ubsi/10600
https://indico.cern.ch/event/743706/contributions/3072409/attachments/1689464/2719622/Final.pdf
https://indico.cern.ch/event/743706/contributions/3072409/attachments/1689464/2719622/Final.pdf
http://arxiv.org/2506.20840
https://doi.org/10.1038/s42254-023-00678-w
https://doi.org/10.1038/s42254-023-00678-w
https://doi.org/10.1016/j.physc.2023.1354360
https://doi.org/10.18429/JACoW-IPAC2023-WEPM133
https://doi.org/10.18429/JACoW-IPAC2022-THPOTK001
https://doi.org/10.18429/JACoW-IPAC2022-THPOTK001
https://doi.org/10.5281/zenodo.17579915
https://doi.org/10.5281/zenodo.17579915
https://doi.org/10.1088/1742-6596/2687/8/082049
https://doi.org/10.1088/1742-6596/2687/8/082049
https://doi.org/10.1038/s41893-022-00994-6
https://doi.org/10.3389/fphy.2025.1612829
http://arxiv.org/2508.18892
https://www.software.ac.uk/GreenDiSC
https://www.software.ac.uk/GreenDiSC
https://doi.org/10.1016/j.astropartphys.2021.102587
https://doi.org/10.3389/fphy.2025.1541854
https://doi.org/10.3389/fphy.2025.1541854
http://arxiv.org/2503.23619
http://arxiv.org/2503.23619
https://swift.hep.ac.uk/
https://doi.org/10.1140/epjc/s10052-022-11087-1
https://doi.org/10.1140/epjc/s10052-022-11087-1
https://www.software.ac.uk/
https://doi.org/10.1038/s41550-020-1208-y
http://arxiv.org/2510.26413
https://doi.org/10.1145/3597503.3623303
https://doi.org/10.1145/3597503.3623303
https://doi.org/10.21105/joss.03127
https://rf20.eu/
https://doi.org/10.1088/1748-9326/ad30a6
https://doi.org/10.1038/s41467-021-27251-2


Page 41 of 42Wakeling et al. EPJ Research Infrastructures           (2026) 10:12 	

	112.	 Goodale E, Colorado ZGJ, Cordeiro NJ, Ortiz-Rodríguez IA, Aguirre T, Goodale UM (2026) The reversion to in-person 
conferences in the environmental sciences post-covid: documenting patterns and recommending strategies to 
reduce carbon footprint and increase accessibility. Biol Conserv 313:111635. https://​doi.​org/​10.​1016/j.​biocon.​
2025.​111635

	113.	 Palmer B. Should You Buy Carbon Offsets? A practical and philosophical guide to neutralizing your carbon foot-
print. https://​www.​nrdc.​org/​stori​es/​should-​you-​buy-​carbon-​offse​ts

	114.	 Johnstone I, Allen M, Axelsson K, Caldecott B, Eyre N, Fankhauser S, Hale T, Hepburn C, Hickey C, Jenkins S, Khosla 
R, Lezak S, Smith A, Smith SM, Wagner A (2025) The revised Oxford principles for net zero aligned carbon offset-
ting. Environ Res Lett 20(9):091005. https://​doi.​org/​10.​1088/​1748-​9326/​adf23d

	115.	 Alimena J, Beyer C, Brüers B, Gaede F, Gillwald N, Hernandez Villanueva M, Jones E, Kemp Y, Madlener T, Schwarz K, 
Wissing C (2024) Sustainable computing workshops in high-energy physics at desy. Frontiers in Computer Science 
Volume 6 - 2024 https://​doi.​org/​10.​3389/​fcomp.​2024.​15027​84

	116.	 Group ED. Sustainability in Digital Transformation. https://​wiki.​erumd​atahub.​de/​bin/​view/​Action%​20Gro​up/​Susta​
inabi​lity%​20in%​20Dig​ital%​20Tra​nsfor​mation/

	117.	 ...Bella LD, Bürger J, Demleitner M, Enßlin T, Erdmann J, Erdmann M, Fischer B, Gasthuber M, Gramelsberger G, 
Gründinger W, Gupta P, Hartl J, Horzela M, Kartik V, Krischer S, Kröll E, Kuhr T, Kürschner K, Lakomiec I, Lang V, Loh-
wasser K, Metcalf T, Möller M, Nagel S, Pfalzner S, Redlin R, Schrader C, Schulz K, Schumacher M, Schwarz K, Sigler 
F, Spiteri D, Stahl A, Steinfeld J, Vanderbauwhede W, Walther C, Warkentin A, Wissmann P, Woods E (2026) Shaping 
the Digital Future of ErUM Research Sustainability & Ethics arXiv:​abs/​2602.​24087

	118.	 Curtin AP, Anna-Thomas R, Cook AM, Cruz-Vinaccia C, Hessels J, Main R, Marazuela IP, Rhodes L, Shah V (2026) One 
Attempt at Building an Inclusive & Accessible Hybrid Astronomy Conference: FRB 2025. arXiv:​abs/​2601.​14357

	119.	 Xing Y, Wu Y, Xiao W, D., Zhang, L.-L. (2025) Mega research infrastructure as a driver for high-quality development 
and innovation: Promoting scientific cooperation and interdisciplinarity. Project Leadership and Society 6:100150. 
https://​doi.​org/​10.​1016/j.​plas.​2024.​100150

	120.	 Chuter R, Stanford-Edwards C, Cummings J, Taylor C, Lowe G, Holden E, Razak R, Glassborow E, Herbert S, Reggian 
G, Mee T, Lichter K, Aznar M (2023) Towards estimating the carbon footprint of external beam radiotherapy. Phys 
Med 112:102652. https://​doi.​org/​10.​1016/j.​ejmp.​2023.​102652

	121.	 Shenker RF, Johnson TL, Ribeiro M, Rodrigues A, Chino J (2023) Estimating carbon dioxide emissions and direct 
power consumption of linear accelerator-based external beam radiation therapy. Adv Radiat Oncol. https://​doi.​
org/​10.​1016/j.​adro.​2022.​101170

	122.	 Dupraz C, Ducrot C, Allignet B, Delpon G, Alexis A, Lapierre A, Supiot S, Ali D, Piffoux M (2024) The carbon foot-
print of external beam radiotherapy and its impact in health technology assessment. Clin Transl Radiat Oncol 
48:100834. https://​doi.​org/​10.​1016/j.​ctro.​2024.​100834

	123.	 Reggian G, Stanford-Edwards C (2024) Software-Assisted Optimisation of LinearAccelerator Energy Consump-
tion. In: 20th International Conference on the Use of Computers in Radiation Therapy. https://​www.​iccr2​024.​org/​
papers/​522886.​pdf

	124.	 Lichter KE, Charbonneau K, Lewy JR, Bloom JR, Shenker R, Sabbagh A, Chino J, Rodrigues A, Hearn J, Grover S, Sheu 
R-D, Witztum A, Qureshi MM, Yom SS, Anand C, Thiel CL, Mohamad O (2024) Quantification of the environmental 
impact of radiotherapy and associated secondary human health effects: a multi-institutional retrospective analysis 
and simulation. Lancet Oncol 25(6):790–801. https://​doi.​org/​10.​1016/​S1470-​2045(24)​00148-7

	125.	 Kahanamoku, S.S., Alegado, R., Kamelamela, K.L., Kagawa-Viviani, A., Ayau, E.H., Davianna Pomaika’i McGregor, 
Kanahele, T.K.H., Ku‘upuamae‘ole Kiyuna, Isaki, B., Muneoka, S., Clinic, W.S.R.S.O.L.E., University Of Hawai‘i Manoa 
Native Hawaiian Place Of Learning Advancement Office, Mithi Alexa De Los Reyes, Prescod-Weinstein, C., Neilson, 
H., Walkowicz, L., Tuttle, S., Nord, B., Kamai, B (2020) A Native Hawaiian-led summary of the current impact of 
constructing the Thirty Meter Telescope on Maunakea. figshare https://​doi.​org/​10.​6084/​M9.​FIGSH​ARE.C.​48056​19

	126.	 David-Chavez DM, Gavin MC (2018) A global assessment of indigenous community engagement in climate 
research. Environ Res Lett 13(12):123005. https://​doi.​org/​10.​1088/​1748-​9326/​aaf300

	127.	 iSAS: Innovate for Sustainable Accelerating Systems. https://​isas.​ijclab.​in2p3.​fr/
	128.	 European Commission: Europe-America-Japan Accelerator Development and Exchange Programme. https://​

cordis.​europa.​eu/​proje​ct/​id/​10108​6276
	129.	 List B, Titov M. Work package 4: Sustainable Technologies for Scientific Facilities. https://​indico.​desy.​de/​event/​

36774/
	130.	 European Commission: Innovation Fostering in Accelerator Science and Technology. https://​ifast-​proje​ct.​eu/
	131.	 PSI: iFAST WP11: Sustainable Concepts and Technologies (SCAT). https://​www.​psi.​ch/​en/​scat
	132.	 SPADE: SPADE - awaiting publicly available source (2024)
	133.	 Budennyy S, Lazarev V, Zakharenko N, Korovin A, Plosskaya O, et al (2022) Eco2AI: carbon emissions tracking of 

machine learning models as the first step towards sustainable AI. arXiv:​abs/​2208.​00406
	134.	 Anthony LFW, Kanding B, Selvan R (2020) Carbontracker: Tracking and Predicting the Carbon Footprint of Training 

Deep Learning Models. arXiv:​abs/​2007.​03051
	135.	 Lacoste A, Luccioni A, Schmidt V, Dandres T (2019) Quantifying the Carbon Emissions of Machine Learning. arXiv:​

abs/​1910.​09700
	136.	 Golandaz A, Gawande A (2025) Cloud carbon footprint tracker for sustainable practices. American Scientific 

Research Journal for Engineering Technology and Sciences 101(1):286–295
	137.	 Noureddine A (2022) Powerjoular and joularjx: Multi-platform software power monitoring tools. In: 2022 18th 

International Conference on Intelligent Environments (IE), pp. 1–4. https://​doi.​org/​10.​1109/​IE549​23.​2022.​98267​60
	138.	 International Organization for Standardization (2018) ISO 50001 Energy management. ISO, Geneva, Switzerland
	139.	 University College London: LEAF - Laboratory Efficiency Assessment Framework. https://​www.​ucl.​ac.​uk/​susta​

inable/​take-​action/​staff-​action/​leaf-​labor​atory-​effic​iency-​asses​sment-​frame​work
	140.	 My Green Lab: My Green Lab Certification: A Commitment to Sustainable Science. https://​www.​mygre​enlab.​org/​

green-​lab-​certi​ficat​ion.​html

https://doi.org/10.1016/j.biocon.2025.111635
https://doi.org/10.1016/j.biocon.2025.111635
https://www.nrdc.org/stories/should-you-buy-carbon-offsets
https://doi.org/10.1088/1748-9326/adf23d
https://doi.org/10.3389/fcomp.2024.1502784
https://wiki.erumdatahub.de/bin/view/Action%20Group/Sustainability%20in%20Digital%20Transformation/
https://wiki.erumdatahub.de/bin/view/Action%20Group/Sustainability%20in%20Digital%20Transformation/
http://arxiv.org/2602.24087
http://arxiv.org/2601.14357
https://doi.org/10.1016/j.plas.2024.100150
https://doi.org/10.1016/j.ejmp.2023.102652
https://doi.org/10.1016/j.adro.2022.101170
https://doi.org/10.1016/j.adro.2022.101170
https://doi.org/10.1016/j.ctro.2024.100834
https://www.iccr2024.org/papers/522886.pdf
https://www.iccr2024.org/papers/522886.pdf
https://doi.org/10.1016/S1470-2045(24)00148-7
https://doi.org/10.6084/M9.FIGSHARE.C.4805619
https://doi.org/10.1088/1748-9326/aaf300
https://isas.ijclab.in2p3.fr/
https://cordis.europa.eu/project/id/101086276
https://cordis.europa.eu/project/id/101086276
https://indico.desy.de/event/36774/
https://indico.desy.de/event/36774/
https://ifast-project.eu/
https://www.psi.ch/en/scat
http://arxiv.org/2208.00406
http://arxiv.org/2007.03051
http://arxiv.org/1910.09700
http://arxiv.org/1910.09700
https://doi.org/10.1109/IE54923.2022.9826760
https://www.ucl.ac.uk/sustainable/take-action/staff-action/leaf-laboratory-efficiency-assessment-framework
https://www.ucl.ac.uk/sustainable/take-action/staff-action/leaf-laboratory-efficiency-assessment-framework
https://www.mygreenlab.org/green-lab-certification.html
https://www.mygreenlab.org/green-lab-certification.html


Page 42 of 42Wakeling et al. EPJ Research Infrastructures           (2026) 10:12 

	141.	 Bloom K, Boisvert V (2025) Sustainability and carbon emissions of future accelerators. Annu Rev Nucl Part Sci 
75:35–55. https://​doi.​org/​10.​1146/​annur​ev-​nucl-​121423-​100906

	142.	 Faivre J, Sobrio F, Georges J-Y. Countering the biodiversity loss using particle physics research sites. https://​indico.​
cern.​ch/​event/​14398​55/​contr​ibuti​ons/​64614​22/

	143.	 Suarez E, Amaya J, Frank M, Freyermuth O, Girone M, Kostrzewa B, Pfalzner S (2025) Energy efficiency trends in hpc: 
what high-energy and astrophysicists need to know. Front Phys. https://​doi.​org/​10.​3389/​fphy.​2025.​15424​74

	144.	 Bruers B, et al (2023) Resource-aware Research on Universe and Matter: Call-to-Action in Digital Transformation
	145.	 Eichhorn A, Breitholz M, Domcke V, Hladk, J, Hopkins D, Kreil A, Sörlin S, Torney D, Brabante C, Fejfar A, Heffron R, 

Manji A, Poškus MS, Prodanova J, Vermang B (2022) ALLEA Working Group Climate Sustainability in the Academic 
System. Berlin : ALLEA, Berlin, Germany. https://​doi.​org/​10.​26356/​clima-​te-​sust-​acad. https://​cris.​mruni.​eu/​handle/​
007/​18269

	146.	 Viole I, Shen L, Ramirez Camargo L, Zeyringer M, Sartori S (2023) Sustainable Astronomy: A comparative Life Cycle 
Assessment of Off-grid Hybrid Energy Systems to supply large Telescopes.. https://​doi.​org/​10.​21203/​rs.3.​rs-​32819​
65/​v1

	147.	 Santos Ilha G, Boix M, Knödlseder J, Garnier P, Montastruc L et al (2024) Assessment of the environmental impacts 
of the cherenkov telescope array mid-sized telescope. Nat Astron 8(11):1468–1477. https://​doi.​org/​10.​1038/​
s41550-​024-​02326-4

	148.	 Barret D, Albouys V, Knödlseder J, Loizillon X, D’Andrea M, et al (2024) Life Cycle Assessment of the Athena X-ray 
Integral Field Unit. arXiv:​abs/​2404.​15122

	149.	 Vargas-Ibáñez LT, Kotera K, Blanchard O, Zwolinski P, Cheffer A, et al (2023) Life Cycle Analysis of the GRAND Experi-
ment. arXiv:​abs/​2309.​12282

	150.	 Kukreja R, Oughton EJ, Linares R (2025) Greenhouse Gas (GHG) Emissions Poised to Rocket: Modeling the Environ-
mental Impact of LEO Satellite Constellations. arXiv:​abs/​2504.​15291

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1146/annurev-nucl-121423-100906
https://indico.cern.ch/event/1439855/contributions/6461422/
https://indico.cern.ch/event/1439855/contributions/6461422/
https://doi.org/10.3389/fphy.2025.1542474
https://doi.org/10.26356/clima-te-sust-acad
https://cris.mruni.eu/handle/007/18269
https://cris.mruni.eu/handle/007/18269
https://doi.org/10.21203/rs.3.rs-3281965/v1
https://doi.org/10.21203/rs.3.rs-3281965/v1
https://doi.org/10.1038/s41550-024-02326-4
https://doi.org/10.1038/s41550-024-02326-4
http://arxiv.org/2404.15122
http://arxiv.org/2309.12282
http://arxiv.org/2504.15291

	High-Level Environmental Sustainability Guidelines for Large Accelerator Facilities
	Abstract 
	Introduction
	Sustainability and Key Definitions
	Organisational Environmental Sustainability Policies
	UN Policy
	European Strategy for Particle Physics
	Snowmass
	The Heidelberg Agreement


	Refocusing Large Accelerator Facilities Towards Environmental Sustainability
	Culture Change
	Optimisation for Sustainability Alongside Scientific Output
	Prioritisation of Impact Reduction
	Weather Events

	Consideration of All Environmental Impacts
	Evaluation of Environmental Impacts and Efforts
	Transparency
	Waste
	Location

	Responsible Procurement of Resources
	Resource Consumption Reduction
	The Accelerator Facility
	Buildings
	Tunnelling
	Shielding
	General Component Design
	Radio Frequency (RF)
	Magnets
	Computing
	Sustainable hardware practices 
	Sustainable Software Practices 
	Computing for sustainable practices 

	Travel

	Carbon Offsets
	The Environmental Impact of Science Output

	Skill Sets, Knowledge Transfer, and Interdisciplinary Collaboration

	Additional Resources
	Organisations
	Tools
	Certifications
	Courses
	Lectures

	Workshops and Conferences
	Previously Held

	Suggested Publications
	LCAs or Environmental Assessments for Research Facilities


	Future Directions for this Living Document
	Acknowledgements
	References


