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Fig. 3.49 Field-based noise
measurements conducted to
assess ambient sound levels

Fig. 3.50 Noise
measurements taken near a
residential area to
understand the current noise
level

Table 3.15 Typical background noise measured in the vicinity of surface sites and the numbers of people potentially affected
within the distances indicated from the site

Site Background noise dB(A) Background noise dB(A) Potentially Distance to
7h-22h 22h-Th affected people site
PA 55 45 0 100 - 200 m
PB 36 36 0" (< 10%) 100 m
PD 48 44 0 100 - 200 m
PF 48 40 ~10 100 - 200 m
PG 36 - 48 37-45 0 100 - 300 m
PH 35 29 <10 100 m
PJ 39 -47 35-44 0 300 m
PL 40 30 <5 200 m

1 People exposed according to Swiss limits, DS II1
1 People exposed according to permitted noise emissions in France

frequencies, amplitudes, and directions of origins have been made to permit mixing potential noise sources at the
surface sites with the ambient noise at a later stage. The number of potential residents that could be affected
by noise has been obtained using an analysis of the data collected with the geographical information system and
statistical information (see Table 3.15).

The measurements indicate that the majority of sites are affected by significant background noise with no people
present in a perimeter of 200 to 300 m. Therefore, neither the noise from construction nor operation, that will be
kept as low as possible with noise protection measures, is expected to impact the population at sites PA (Ferney-

Voltaire), PD (Nangy), PF (Eteaux), PG (Charvonnex and Groisy), PJ (Dingy-en-Vuache and Vulbens). At the PL
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site (Challex), construction activities during the night could lead to an excess of background noise, and therefore,
the construction schedule would have to be adapted if a detailed technical design of the construction site in view of
noise protection turns out to be insufficient. At sites PB (Presinge) and PH (Cercier and Marlioz) the background
noise is particularly low with about 35 dB(A) compared to all other locations. In all cases, operation related noise
can be kept below the threshold for residents potentially affected in the vicinity, but for the construction planning,
care must be taken to respect the times during which noise exposure is more impactful (e.g., during the night,
weekends and non-working days). For site PH, 3 to 4 houses at a distance of 100 m would be affected, and at site
PB, two houses at a distance of 200 m would be affected. The construction-induced noise should, therefore, not
significantly exceed the background noise during resting times in these locations.

3.3.13 Vibrations

Vibrations are rapid oscillating movements that propagate through solid paths and can be transmitted to the
human body, especially through direct contact with the ground or the structure concerned. They are thus physical
phenomena characterised by a wave with its amplitude and frequency.

The risks associated with vibrations are mainly damage to buildings and disturbance of people. Vibrations
can occur due to seismic activities, ground movements, meteorological conditions and artificial sources such as
construction activities and machinery. The environmental analysis revealed that in the entire perimeter of the
project, seismic activities have a very weak to weak potential to create relevant vibrations, despite different
occurrence probabilities for small-scale seismic events. Concerning vibrations caused by landslides surface site
locations PA, PB, PD, PH, PJ and PL are at significant distances from risk zones and no subsurface cavities exist
within a relevant distance of surface sites. A potential landslide risk zone exists only at a distance of 500 m from
the PF site, but the likelihood of an event is very small. A cavity that is part of a defence infrastructure exists at
a distance of 250 m. It is unlikely that this cavity would collapse. Weather phenomena such as violent winds and
lightning may cause vibrations that affect trees and building structures. However, such events are infrequent in
the perimeter of the scenario. Various human-induced vibration sources over the coming ten years were identified
in the vicinity of surface sites PA, PD and PF. Road traffic is another source of ongoing vibration. It needs to be
considered for sites PA, PD, PF, PG and PJ. No other noteworthy sources of vibrations could be identified in the
vicinity of surface sites.

3.3.14 Light

Light pollution refers to the excess or poor management of artificial light in the nighttime environment. This
phenomenon is increasingly concerning, both for its effects on biodiversity and human health. There are two types
of light pollution. First, direct light pollution relates to the impact of light directly produced. Secondly, indirect
light pollution results from an accumulation of light, creating a halo that obscures the stars and degrades the
quality of the night sky. With respect to the surface sites, light pollution is a relevant environmental topic to
be assessed during the detailed design phase concerning the construction activities and the subsequent operation
phase. Therefore, at this stage, the existing light pollution in the vicinity of the candidate locations for surface
sites has been analysed and documented to serve as a baseline for the development of the detailed design.

The main source of light pollution in the areas concerned by the project is public lightning along roads in
residential areas. In addition, commercial zones are a source of artificial light, in particular when they use large-
scale public screens. Frequently, lights are not controlled. Some outdoor lights of private houses contribute to light
pollution. Finally, industrial installations for operation during nighttime and to ensure safety are a strong source
of light pollution.

For the current state, data have been purchased from various sources, and maps have been developed using
these data for the areas around the surface sites. The zone around site PA is strongly illuminated during the
night. One source is the Geneva airport and another one is the commercial zone in the immediate vicinity. Road
lighting and newly built residential houses also contribute. The Grand Geneve plan foresees that the entire area is
gradually restored to protect the ecological corridors and the fauna. However, no protection measures are currently
planned at local French urban planning level. Site PB in Switzerland is located in the countryside and only few
buildings are found in the vicinity. In the Grand Genéve plan, the perimeter is classified in order to protect the
‘night’. In particular, the zone close to the road is subject to refurbishment and the zone along the creek has a
stake. However, no protection measures are mentioned at local urban levels. Site PD is in the immediate vicinity
of major transport routes and industrial buildings on a field. No particular protection measures are planned at
local urban planning level. Site PG is in a natural environment and in the forest with only little light pollution.
Although no particular protection measures for the location exist, it can be assumed that preserving the current
situation is a priority. Also, site PH in the forest is in an area with very low light pollution.

Although no particular protection levels are indicated it can be assumed that the current situation is to be
preserved as much as possible. Site PJ in the countryside experiences small light sources in the vicinity from
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Fig. 3.51 Types of radiation (Source: IAEA [90])
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some distant urban constructions. The zone is classified to be preserved, and the ecological corridors constitute a
stake. General protection measures apply to forbid artificial light along the water courses although at local urban
planning level, no protection zones are indicated. Site PL is located in an agricultural zone and rather isolated
next to fields, forests and vineyards. In Switzerland, nature protection zones forbid artificial light. At the local
urban level, no protections apply in France.

Summing up, the site PD and its surroundings are located in an area where the night should be preserved with
priority. However, no noteworthy species are affected and therefore the stake is average. The PA site is, however,
in an area with high light pollution and there are ecological stakes in the surrounding area. Therefore, there is a
will to restore the night environment, and the stake is high. The stake is also high for the PB site in Switzerland,
since the night is intended to be preserved and light pollution should even be further reduced. Also, the stake for
site PF is high since the site is located in an area with almost no light pollution today. Similar conditions with
high stakes apply to sites PJ and PL. The wider surroundings of sites PG and PH are in a forest with low light
pollution and nearby noteworthy biodiversity reservoirs. Therefore, the stakes with respect to light pollution are
very high. These findings have to be considered and integrated in the design and planning of the construction sites
and a plan to preserve the night has to be developed for all sites concerning the operation phase.

3.3.15 Radiation

Possible risks for the population and environment emerging from non-ionising and ionising radiation exposure at
different locations on the surface were analysed based on available data in both Host States. Figure 3.51 shows
the different types of radiation, non-ionising and ionising, that exist.

The Host States notified services in charge of carrying out measurements to establish national databases will
require updated data before a particle accelerator is put into operation to establish a baseline for the ionising
radiation.

Non-ionising radiation In France, exposure limits vary depending on the frequency range used, typically between
28 V/m and 87 V/m for the electric field. The Swiss regulations distinguish between public areas in which the
persons stay only for brief intervals of time, such as roads or sports facilities, and sensitive areas, in which the
persons may stay for a certain limited period of time including houses and apartments, schools, and hospitals.
Switzerland imposes stricter installation limits for radio equipment than France, with maximum electric field
values set at 4 V/m for 900 MHz, 6 V/m for 1800 MHz, and 5 V/m for installations operating across multiple
frequencies. These Swiss regulations are designed to provide enhanced protection for sensitive locations compared to
the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines. Swiss limits with respect
to immission, which represent the cumulative exposure from all emitters, align with European recommendations
and are identical to those in France. Figure 3.52 shows the values of the electric and magnetic fields measured
under the line, as well as at 30 m and 100 m from the line, for very high voltage, high voltage and low voltage
overhead lines.

No electricity lines are emitting low-frequency radiation in the vicinity of sites PB in Switzerland, PD, PG, PH,
PJ and PL in France. A 63 kV line runs 250 m in the vicinity of the PF site in Eteaux in France, which emits a
negligible electromagnetic field onto the candidate surface site. The 66 kV underground electricity line supplying
LHC Point 8 in Ferney-Voltaire in France is just next to the PA site. It induces a very weak electromagnetic field
onto the site.

Some radio stations that are sources of radio waves are present near the surface locations, but the recorded
exposure measurements are well below the reference levels. The data collected from measurement stations near
PA, PB, PD, PG, PJ show that all exposure measurements are significantly below the reference levels. No data was
found for measurements within a 5 km radius of the PF, PH and PL locations in France. Detailed measurements
will have to be carried out before the installation is put into operation, but the risk of exceeding the limits for
ionising and non-ionising radiation specified in the regulations is considered to be very low.
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Fig. 3.52 Average values of

the electric and magnetic
fields around overhead power
transmission lines at 50 Hz

(Source: DGS [91])

Table 3.16 Level of exposure to ionising radiation at the surface site locations today

Nearest data entry

Annual exposure Surface site

Ferney-Voltaire 5.2 mSv/year PA (Ferney-Voltaire, France)
Ville-la-Grand 4.0 mSv/year PB (Presinge, Switzerland)

Nangy 4.3 mSv/year PD (Nangy, France)

Eteaux 4.4 mSv /year PF (Eteaux, France)

Groisy 4.4 mSv/year PG (Charvonnex and Groisy, France)
Charvonnex 4.9 mSv/year PG (Charvonnex and Groisy, France)
Marlioz 4.9 mSv /year PH (Cercier and Marlioz, France)
Cercier 5.0 mSv/year PH (Cercier and Marlioz, France)

Dingy-en-Vuache

Vulbens
Challex

5.0 mSv/year
5.8 mSv /year
5.5 mSv/year

PJ (Dingy-en-Vuache and Vulbens, France)
PJ (Dingy-en-Vuache and Vulbens, France)
PL (Challex, France)

Source: Autorité de slireté nucléaire et de radioprotection (ASNR)

Ionising radiation lonising radiation carries sufficient energy to ionise atoms or molecules, leading to molecu-
lar changes. High doses can cause cellular damage and mortality, whereas controlled applications are pivotal in
industries, scientific research, and medicine. The sources of exposure are of natural and artificial origins:

Natural cosmic radiation: energetic particles from space contribute to exposure, influenced by altitude and
geographic location. Terrestrial radiation: radioactive elements in the Earth’s crust (e.g., uranium, thorium)
emit radiation, varying regionally due to geological factors.

Natural radon gas: a significant contributor, radon accumulates in poorly ventilated indoor spaces. It constitutes
33% of annual exposure in France. Incorporated radionuclides: naturally occurring radionuclides in food and
water contribute 12% to annual exposure.

Artificial sources, nuclear accidents and testing: fallout from historical nuclear tests and accidents like Chernobyl
contributes marginally to current exposure.

Nuclear facilities: emissions from civilian and military installations are tightly regulated, with negligible con-
tributions (0.001-0.01 mSv/year near facilities).

Artificial sources, medical applications: diagnostic and therapeutic uses dominate artificial exposure, contribut-
ing 34% of total exposure in France.

Artificial sources, scientific research activities: the particle accelerators and colliders operated by CERN con-
tributing less than 0.01 mSv/year.

Table 3.16 gives an overview of the current ionising-radiation background conditions at the surface site locations.
Exposure to cosmic radiation, originating from high-energy particles such as protons and heavy ions from space,

poses hazards due to its ionising nature, which can damage living tissues. The intensity of exposure increases with
altitude, being roughly twice as high at 1500 metres compared to sea level and further elevated during air travel.
While the Earth’s magnetic field reduces exposure near the equator, higher doses are received near the poles. In
France, cosmic radiation accounts for about 7% of the average annual exposure to ionising radiation, with an
effective dose at the surface sites between 0.32 and 0.70 mSv/year. In Switzerland, the dose associated to cosmic
rays in the vicinity of the site is about 0.35 mSv/year.

@ Springer



Eur. Phys. J. Spec. Top.

Telluric radiation refers to ionising radiation emitted by naturally radioactive elements like uranium, thorium,
and potassium-40 found in the Earth’s crust. Exposure levels vary depending on regional geology, with areas rich
in granitic or volcanic rock typically exhibiting higher radiation levels. In France, telluric radiation contributes
approximately 14% of the average annual exposure to ionising radiation, with an effective dose of around 0.51 to
0.55 mSv/year in the areas of the surface sites in France and 0.33 mSv/year in the vicinity of the surface site in
Switzerland.

Exposure to natural radionuclides occurs through the ingestion of radioactive elements, such as polonium-210,
present in food, water, and air, which originate from terrestrial rocks, soils, or cosmic interactions. Foods like
seafood are particularly rich in these radionuclides, and tobacco inhalation can also contribute significantly. In
France, this accounts for approximately 12% of the average annual exposure to ionising radiation, with an effective
dose of about 0.55 mSv/year in France, varying between 0.4 and 3.1 mSv/year depending on dietary habits. In
Switzerland, the exposure is about 0.40 mSv/year. Tobacco consumption accounts for about 0.04 mSv/year.

Exposure to radon, a naturally radioactive gas, varies between France and Switzerland due to differences in ge-
ology and measurement methodologies. In France, radon contributes 33% of the average annual ionising radiation
exposure, with a mean dose of 1.5 mSv/year, ranging between 0.54 and 3.2 mSv/year. Specific areas concerned by
the surface sites in Ain and Haute-Savoie report slightly lower exposures, around 1.47 and 1.14 mSv/year, respec-
tively. In Switzerland, radon is the largest natural contributor to radiation, with an average dose of 3.3 mSv/year,
reflecting a higher impact. This discrepancy partly arises from different dose conversion factors used; France em-
ploys the UNSCEAR coefficient, while Switzerland uses the CIPR’s updated factors, which approximately double
the estimated risks. Consequently, radon exposure is relatively more significant in Switzerland.

Exposure to ionising radiation from artificial sources in France and Switzerland includes contributions from
nuclear accidents, medical applications, nuclear installations and scientific research facilities.

Medical applications in both France and Switzerland, are the largest contributors to artificial ionising radiation
exposure. In France, they account for approximately 1.5 mSv/year per capita, representing 34% of the total
radiation exposure. Similarly, in Switzerland, medical applications contribute about 1.49 mSv/year per capita,
highlighting the widespread use of diagnostic and therapeutic procedures involving ionising radiation in both
countries.

Radiation exposure due to past nuclear accidents and fallout, such as Chernobyl, and atmospheric nuclear tests
are now minimal in both countries. In France, the average annual dose is 0.012 mSv/year, with slightly higher doses
in areas with significant fallout. In Switzerland, this exposure is even lower, contributing only a few hundredths
of a mSv annually, reflecting the diminished impact of residual fallout over time.

Exposure from nuclear facilities is negligible in both France and Switzerland due to strict regulatory measures.
In France, people living within 10 km of nuclear installations receive an annual dose of 0.001 to 0.01 mSv under
normal operational conditions. In Switzerland, exposure near nuclear facilities and the scientific facilities of CERN,
is similarly low, with annual doses generally below 0.004 mSv, demonstrating effective safety and monitoring
measures.

Summing up, the ionising radiation context at the surface sites is significantly larger than the residual ionising
radiation that is generated by CERN'’s scientific particle accelerators.

3.3.16 Technical risks

Natural Hazards As part of this study, several types of natural hazards that can potentially lead to interactions
with the project have been identified. These will be analysed in further detail during a subsequent environmental
impact assessment. The topics concern flooding, ground movement, seismic activities, avalanches, forest fires,
cavities, radon, clay swelling and technological hazards. These natural hazards may also be caused by climate
change effects. The evolution of the climate has been taken into consideration in the study of the current state of
the environment, as well as the evolution of the environment in which the project would be embedded.

Flood and ground movement hazards that can be caused by numerous factors, such as rain, groundwater and rivers,
are considered to have low probability for all the locations. Effects due to unstable ground, such as landslides,
mudflows and erosion have also been taken into account. Overall, no significant hazards or potential effects leading
to relevant risks were identified in the concerned locations. No surface site on French territory is subject to a
ground movement. For the site PB in Presinge in Switzerland, the closest potentially unstable ground area is
located 700 m east of the site, however the landslide risk is superficial. The candidate surface site location is not
subject to the hazards linked to flooding or earth movement.

Seismic hazards vary depending on the location. France is divided into five seismic activity zones. The sites studied
are located in zones of moderate or medium seismic activity. In particular, sites PA, PL and PJ are located in zones
of moderate (level 3) activity, while sites PG, PF and PD are located in zones of medium (level 4) activity. This
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requires the application of earthquake-resistant construction principles during the surface site design development.
In addition, some of the sites studied are located near active tectonic faults. For example, site PA in Ferney-Voltiare
is located about 400 m from a fault. In Switzerland, the seismic hazard model classifies locations into five zones,
of which site PB in Presinge is located in zone Z1b (level 2), characterised by low seismic activity. Further field
studies are needed, and cooperation with scientific institutions to assess the local seismic risk in detail and develop
specific engineering models will be undertaken.

Forest fires turn out to be a very low hazard in the zones concerned by the surface sites, although two locations
are in forest zones. In France, the Forest Fire Risk Prevention Plan (PPRIF) established at the municipal or inter-
municipal level, targets areas exposed to significant risk levels and strong land pressure. In addition, the PPRIF
may also impose clearing of areas in order to isolate the buildings. It may also require that access roads be sized
to allow fire trucks to pass and for people to evacuate in the event of a fire. No French municipality affected by
the surface sites is subject to a forest fire risk prevention plan and none of the areas surrounding the surface sites
in France are subject to the legal obligation of clearing. Although the site location PH in Cercier and Marlioz is
not exposed to the natural forest fire hazard according to various regulatory and management tools, there always
remains a residual and low hazard of forest fires in this area due to the presence of timber. In Switzerland and
more specifically in the canton of Geneva, there is no law, prevention plan or specific forest fire risk management
plan. The site PB in Presinge is not in the vicinity of a woodland that would generate a forest fire hazard to the
site.

Avalanches are not considered a relevant hazard for the surface sites due to relatively flat terrain and low forest
density in the vicinity of the locations analysed.

Cavities natural or man-made voids can be considered hazards for construction activities. The analysis addressed
their presence and potential effects with respect to the implementation of the surface sites. No cavities are located
within a radius of 500 m around the French surface sites, except for the PG Charvonnex site where several cavities
linked to military works are located within a radius of more than 250 m around this site. Apart from their existence
and location, no additional information is available. Thus, the potential hazard from underground cavities in this
area requires additional data gathering.

Radon is a colourless, odourless radioactive gas that originates from the decay chains of uranium and thorium,
both naturally present in the Earth’s rocks. A key factor influencing radon concentration levels in buildings is the
geology, in particular, the uranium content in the subsurface layers. In some areas, specific underground features
(e.g., faults, mining works, hydrothermal sources) can exacerbate radon transfer to the surface, locally increasing
its potential. For new constructions, radon transfer can be limited by enhancing the building’s seal between the
ground and the structure. In France, the mapping method estimates the radon potential of geological formations
by considering factors that influence both radon production in the subsurface and its transport to the surface.
Zones are classified as having low, moderate, or high potential. All French surface sites studied are located in low
radon potential zones.

In Switzerland, the radon map shows the probability in % of exceeding 300 Bqm™ in buildings, divided into
four categories: <1%, 2 and 10%, 11 and 20%, and >20%. Unlike France, there is no national campaign that
estimates radon thresholds in buildings. The PB site in Presinge lies in a low-risk area, in the range of 2 to 10%
probability of exceeding 300 Bqm™.

Shrinking and swelling of clays is a natural hazard that has been assessed for all surface site locations. Superficial
clay soils have the ability to change consistency depending on their water content. When the water content of clay
soil increases, its volume expands, a phenomenon referred to as the swelling of clays. Conversely, a reduction in
water content causes the opposite effect, known as shrinkage of clays. Figure 3.53 explains the mechanism of the
shrink-swell phenomenon. This shrinkage or swelling can cause structural damage to buildings.

From January 1, 2024, in France enforcement of the construction regulations has been tightened, and a new
certificate for clay shrink-swell behaviour is now mandatory in zones subject to medium or high exposure. The
surface sites located in France are subject to low to medium exposure to shrink-swell risks. Site PA in Ferney-
Voltaire is mostly in a low hazard area, except for a small part of the site near the LHC site point 8 (LHCb)
where the exposure level is medium. Sites PD, PF, PG and PF are rates as low exposure. PH and PJ sites are
located in zone with medium exposure. The PL surface site in Challex is mainly located in the zone with low
exposure, except for a small fragment in the southern part of the site with medium exposure, which is not foreseen
to host constructions, but a green buffer. In Switzerland, a lithological map that provides an overview of the subsoil
classified according to lithological and petrographic criteria indicates that the site PB in Presinge is located in soils
containing clays. However, the concentration and depth of this clay element in the soil are not precisely described.
Detailed soil investigations are required during a subsequent environmental impact and surface site design phase
to clarify the conditions and, if needed, to take them into account during the design of the surface site.
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Fig. 3.53 Expansion and
shrinkage of clays. Damage
to the building is caused by
the rain induced expansion
on one side and shrinkage
caused by removal of water
by the tree on the other
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Technological hazards Technological hazards linked to industrial, environmental, and infrastructural activities
could potentially have effects on human health, safety and the surrounding environment. Risks emerging from these
hazards and effects arise from industrial installations, the transport of hazardous materials and other activities
involving dangerous substances. Therefore, their presence near candidate surface site locations has been analysed.

In France, two categories of industrial facilities are considered to generate risk. The first group concerns estab-
lishments reporting emissions and transfers of pollutants into the air, water or soil and the production of hazardous
waste. This covers establishments such as large industrial installations, large municipal sewage treatment plants
and certain livestock farms. Second, installations classified for environmental protection (called ICPE) that are
industrial or agricultural facilities subject to regulations for the prevention of environmental risks and are classi-
fied according to regimes ranging from simple declarations to authorisations, depending on the risk. In addition,
the SEVESO regulations (EU Directive 2012/18/EU) impose strict controls on facilities processing hazardous
chemicals in order to prevent serious accidents.

In Switzerland, the Ordinance on Major Accident Prevention (so called OPAM) seeks to protect people and
the environment from severe damage caused by extraordinary events in installations or during the transport
of hazardous materials. OPAM applies to businesses exceeding specific hazardous material thresholds, genetic
organisms under strict confinement, and transport infrastructures like pipelines, railways, and highways used for
dangerous goods. The planning authorities (cantons and municipalities) are responsible for integrating aspects
of major accident prevention into their plan for land use. Although Switzerland does not apply the SEVESO
directive, OPAM adopts even stricter thresholds for hazardous substances and includes transport routes, pipelines,
and dangerous microorganisms within its scope.

A gas pipeline passes through the PA annex surface site near the LHCb, extending from Switzerland and
running along the edge of the main PA surface site towards the north. This installation must be taken into account
when designing the surface infrastructure; however, there are no hazardous industrial installations located near
the PA site, and the main threats might come from the proximity of major communication arteries (airport and
departmental routes) that can transport dangerous goods.

There is a gas pipeline approximately 200 m south-west of the PB surface site which poses a potential risk of
an accident involving hazardous materials. The Route de Jussy, classified as a major transit route, runs alongside
the eastern boundary of the site. This road is subject to regulations concerning the transport of dangerous goods
under the Swiss OPAM ordinance. Apart from these, there are no other industrial installations, facilities declaring
pollutant emissions, or safety perimeters within the vicinity of Site PB.

The PD, PF and PG surface sites are located near major transport routes (highways and departmental roads)
that are used for regional and national goods transport, including hazardous materials, creating potential risks
of accidents or spillages. A railway line currently used for passenger transport passes near the PG site. Neither
the PD or PG sites have other classified industrial facilities or pollutant-emitting sources within a 500 m radius,
ensuring a relatively low environmental risk. The classified installation for environmental protection SARL Luc
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Maulet, which handles inert waste, is located 150 m from the PF surface site near the A410 but poses no risk as
its activities are related to the storage of non-recoverable inert waste.

There are no major roads or highways within a 500 m radius of PH surface site, there are just local roads and
paths, which significantly reduces transport-related risks involving hazardous materials. There are also no classified
installations, pollutant-emitting facilities, or other industrial sites in proximity. However, there is a gas pipeline
near the PH site and special attention should be paid to heavy transport that would cross the gas pipeline route.

Apart from the presence of the A40 autoroute located 50 m to the south of the PJ surface site and the associated
potential exposure to risks associated with the transport of dangerous goods, there are no classified installations
or establishments reporting releases and transfers of pollutants in the vicinity.

Also, for the PL surface site, apart from the proximity of the departmental road, no classified installations or
establishments reporting releases and transfers of pollutants were identified within a radius of 500 m, including
the Swiss territory.

The risk of the dam bursting has also been analysed. Such an event could cause water to leak from the reservoir
and flood the surrounding areas to a greater or lesser extent. None of the communes in France where the surface
sites are located are at risk of dam failure. In the canton of Geneva, there are two dams, each downstream of the
PB surface site thus, the site is not subject to the risk of dam failure.

There is no nuclear installation present near the surface sites, in France and Switzerland. Furthermore, there is
no facility subject to the ICPE nomenclature for activities related to pyrotechnic risk, within a radius of 500 m
around the sites, on French territory. In Lake Geneva, the entire geographical area of the Petit Lac is polluted
by the presence of munitions dumped between 1948 and 1979. These are munitions such as shells, rifle cartridges,
aircraft bombs and other explosive residues. The PA and PB sites are located 4 km from the shores of the lake.
Thus, these surface sites are not subject to the pyrotechnic risk associated with un-decommissioned munitions in
the lake.

In summary, some sites are located near transport routes such as autoroutes, departmental roads and railways
that carry or may carry dangerous goods. There is only a gas pipeline in close proximity to the PA, PB and
PH sites, which needs to be considered when designing the surface site to minimise the risk of an environmental
accident. However, there are no nearby nuclear facilities, polluting facilities or classified industrial facilities within
500 m of any surface site, and the risk of a dam failure or pyrotechnic hazards from munitions in Lake Geneva is
minimal. Overall, these sites pose a relatively low environmental and safety risk, with special consideration being
given to infrastructure near transport routes.

Polluted sites In France, polluted sites and soils are described as locations that, due to past waste disposal or
pollution infiltration, pose ongoing risks to people or the environment. These issues often stem from outdated
waste disposal practices, chemical leaks, or accidents. Some areas also experience pollution from atmospheric
fallout, which has accumulated over many years. It is different from diffuse pollution, like that from agricultural
practices or car emissions near major roads. Industrial or agricultural activities that could cause pollution or
risks to the local population are considered classified installations and are subject to regulations. The national
policy aims to prevent future pollution while managing existing sites and ensuring they are safe for their intended
use. Three complementary databases (BASIAS, BASOL, SIS) provide comprehensive pollution diagnostics, with
detailed inventories of polluted sites and their risk levels.

In Switzerland, polluted sites refer to locations where waste has been permanently stored, such as landfills, as well
as areas where waste has been stored or infiltrated. Contaminated sites are those that cause harmful or disruptive
effects on the environment or have the potential to do so in the future. Thanks to waste regulations established
in the 1990 s, Switzerland has prevented the creation of new contaminated sites, by prohibiting hazardous waste
landfills and untreated urban waste. It has put the infrastructure for proper waste treatment in place, ensuring
that any waste is handled responsibly.

For surface sites, PA, PD, PG, PH and PB there are sites listed in BASIAS, BASOL, SIS or Swiss database
located within a radius of 500 m, however, none of the areas of PA, PB, PD, PF, PG, PH, PJ and PL have

contaminated sites in immediate proximity.

3.3.17 Other projects

Introduction In an environment that is subject to continuous development, urbanisation and demographic devel-
opment in a cross-border context, the constraints and opportunities that can emerge from other projects must be
considered when conceiving a new research infrastructure with significant territorial development needs. There-
fore, the analysis of the initial state of the environment included the establishment of an inventory of projects that
were planned and constructed and that were potentially relevant to the FCC. Continuous monitoring needs to be
implemented to keep this inventory up to date and to act rapidly in case a new project concept is developed, in
order to understand if synergies are possible and to avoid potential conflicts emerging.
Today, the most relevant other projects to be considered are:
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Geothermal exploitation

Lake crossing

Grand Geneve development project

Grand Annecy development project

Enlargement of the departmental road D903 and integration with the A40 autoroute in France
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Geothermal exploitation The energy provisioning strategy of the canton of Geneva foresees extensive further devel-
opment of heat recovery from geothermal sources that range from about 100 m depth to several hundred metres.
The investigations carried out in the frame of the feasibility study reveal no incompatibilities between the FCC and
existing geothermal installations today. Given the depth of the FCC subsurface structures, it cannot be excluded
that further geothermal probes lead to potential conflicts. It is, therefore, of utmost importance to implement an
early warning system based on the current reference trace that permits CERN, as the project owner, to engage
with the persons who plan to create such installations. A minor displacement of the probe can frequently resolve
any incompatibility. Should a probe be built without knowledge or until the subsurface volumes are properly
protected from other projects, the conflicting geothermal probe would have to be removed, and the loss would
need to be replaced. In France, no geothermal probes are known in the vicinity of the current reference scenario
and no knowledge of a department or region-wide geothermal campaign exists. However, the need for reserving
the subsurface volumes is equally important on French territory.

Lake crossing Various subsurface lake-crossing projects have been conceived on Swiss territory during recent
decades in the sector of the FCC, but they are not in its immediate vicinity. Most recently, a metro railway tunnel
project has been proposed. Such a project can lead to potential synergies as well as to potential conflicts. Syner-
gies would exist around subsurface investigations, tunnelling technologies, and excavated materials management.
Conflicts could arise from overlapping construction schedules that could lead to increased nuisances, increased
difficulties for the management of excavated materials, availability issues for engineering companies and workers,
and organisation of construction sites and activities. The convolution of the authorisation processes of two almost
concurrent projects could eventually generate societal acceptance issues for both projects. Care must also be taken
to ensure appropriate designs for both projects in case the two tunnelling projects overlap, although the depths
differ.

Grand Genéve development project Territorial planning documents in both host countries integrate the continuous
development of a ‘Grand Genéve’ in their planning documents. In addition, it is a cross-border project that involves
substantial coordination. The project involves numerous improvements, such as road and railway mobility, urban-
ism, economic development, environmental sustainability, housing, social cohesion and cross-border governance.
The project facilitates the extension of CERN’s scientific activities in a larger zone. It also creates constraints,
since the urban development implies stricter preservation of natural and agricultural zones. This rapid evolution
needs to be considered in the further developments and authorisation processes of the research infrastructure.
The existing planning documents span a time horizon until 2030. Updates that are imminent need to include a
future particle collider project in the region. Therefore, the timeliness of deciding for an intent to advance with
a construction project or not is important. As the example of the departmental road enlargement in the Nangy
sector has shown, the improvement of mobility can be an opportunity. However, it can also rapidly jeopardise the
feasibility of the current scenario when surface site candidate locations are concerned.

Grand Annecy development project The regional development around Annecy is captured in numerous planning
documents in France with a long-term horizon of 2050. It concerns mobility, management of natural resources,
common use of infrastructures and services, preservation of nature and agricultural spaces, support for innovation
and energy transition, development of eco-responsible tourism, development of education and training offers, social
cohesion and solidarity, and the development of improved joint governance among municipalities, public and private
actors, associations, and the public. This development permits the development of synergies with the FCC that for
instance is also aiming at the development of innovation, education and training as well as high-quality tourism
in the region, in particular in the sectors Groisy and Charvonnex that would host an experiment site. Conflicts
could potentially emerge from the increased protection measures.
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Fig. 3.54 Overview of the
RD903 redevelopment
project between the A40
Findrol interchange and the
Chasseurs crossroads

RDY03 enlargement and A40 integration The project to link the A40 autoroute with the 903 departmental road
(see Fig. 3.54) and to enlarge this road significantly in the immediate vicinity of the experiment site PD in
Nangy was a potential risk for the feasibility. Timely interaction with the Host State administration permitted
the development of a suitable solution to adapt the surface site to the road project. Depending on the start date
and duration of the road construction works, very good coordination between the two projects is required.

District heat network in Switzerland The canton of Geneva has committed'? to substantially enlarge its heat
distribution networks, in particular with major heat transport axes. The integration of geothermal heat, the
GeniLac and the GeniTerre systems ensure heating and cooling capabilities in view of supporting the achievement
of climate protection goals. This project leads to concrete synergies with the future research infrastructure that
will be able to supply significant amounts of waste heat that can be injected into this network. No conflicts are
identified.

Heat networks in France Several district heat networks are starting to be conceived and developed in the perimeters
of various candidate surface site locations in France. This concerns, but is not limited to, the PA site in Ferney-
Voltaire, for example. This development does not generate conflicts, but as the case of Ferney-Voltaire shows, it
creates concrete synergy potentials. The network in Ferney-Voltaire today profits from the heat supplied by the
Large Hadron Collider. A future particle collider would not only ensure continuity, but would permit a significant

2https://www.ge.ch/installer-remplacer-chauffage /reseaux-thermiques-structurants-rts-0.
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increase in the heat supplied. Specific studies of the demand have been carried out in the frame of the feasibility
study and these have confirmed this potential synergy.

Water networks in Switzerland The regional plans for water treatment in the Geneva region are currently under
revision, but details are not available. Although conflicts with the FCC project are unlikely, it is prudent to monitor
the evolution of the regional water management plan developments. The raw water for cooling the particle collider
may have a high fraction of undissolved residuals after multiple recirculation. It is important to ensure that the
residual materials, including the total dissolved solids (TDS) in the cooling water, can and will be accepted by the
regional water treatment stations.

Water networks in France Similar to the situation in Switzerland, the knowledge of the planning and evolution of
the local water networks and water treatment facilities is not centrally available. Although conflicts with the FCC
project are unlikely, it is prudent to monitor the evolution of the regional water management plan developments.
As mentioned above, it is important to ensure that the cooling water can and will be accepted by the regional
water treatment stations.

The water treatment facility in the vicinity of site PD represents an opportunity for the project. The study
included the verification of the feasibility of extending the water treatment facility with infrastructures to accept the
residual cooling water from the particle collider. In addition, the study revealed that it is, in principle, technically
and economically feasible to treat the waste water from the treatment plant and to use it for water cooling systems.
This generates a potential to reduce raw water consumption and creates a socio-economic benefit potential for
using treated waste water when the particle collider does not need it.

Railway network development Nord Genéve The existing Léman Express is already reaching its maximum capacity
and road traffic saturation calls for further development of the railway infrastructure. The development of a north-
south railway transport axis is a priority of the Geneva canton. A conflict with the FCC is unlikely and the
additional transport may, on the other hand, lead to potential synergies for the operation period of the new
particle collider infrastructure.

Railway network developments in France The continuous increase of road traffic, accompanied by traffic saturation
and air quality impacts also calls for a development of the railway infrastructure in France in the region concerned
by the FCC. This mainly involves the Léman Express lines that pass in the vicinity of some of the FCC surface
sites. Therefore, the development of the railway system presents opportunities for the project and potentially for
the territory.

Territorial development in the Dingy-en- Vuache, Vulbens, Valleiry sector The modernisation of the A40 autoroute
in the Dingy-en-Vuache, Vulbens and Valleiry sectors is planned by the operating company ATMB for between
2023 and 2028. It is important that the construction of the FCC starts after the tunnel through the Vuache has
been refurbished to avoid limitations. If this is the case, the planned autoroute works do not lead to a conflict
with the FCC. However, timely design work must be foreseen concerning the autoroute access for site PD for the
FCC construction period. It would take about 10 years to put such access in place.

The territorial developments around local mobility (e.g., bike paths), education (e.g., high school) and emer-
gency services (e.g., fire brigade) represent attractive opportunities to develop synergies with the FCC. Timely
engagement with the local, departmental and regional stakeholders is required to leverage the FCC project, support
these territorial development projects and integrate them into the surface site activities at PJ.

Development of Groisy A school development project was validated by the department of Haute Savoie in 2023.
There is no conflict with the FCC project. However, this and related further development projects in Groisy and
Charvonnex represent attractive opportunities to generate synergies such as the supply of waste heat, high-quality
tourism and the creation of apprenticeship programmes and other cooperation in the education domain.

Development of Ferney-Voltaire and Geneva international sector The commune of Ferney-Voltaire has recently
launched a large-scale redevelopment and modernisation programme around a new commercial activity zone (ZAC)
in the vicinity of the PA surface site (see Fig. 3.55). The supply of waste heat from the existing CERN LHC point
8 (LHCD) site is also integrated in the development of a local district heating network. Developments that create
synergies with the Geneva airport are also envisaged in this sector. The plan also foresees the creation of high-tech
and innovative facilities and a significant increase in housing capacity. At the same time, on the Swiss side of the
border, significant development activities have started in Grand Saconnex. The development of the local tramway
system connecting the Geneva international sector (United Nations) with Ferney-Voltaire has been planned.
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All these local economic development activities can potentially create conflicts with the FCC construction
activities due to a local concentration of construction sites and construction-related traffic. A timely coordination
with the local actors on the planning of an FCC construction is therefore needed.

On the other hand, these developments can lead to significant cross-fertilisation in terms of waste heat supply,
mobility, education and economic developments.

3.4 Conclusion

The feasibility study phase anticipated studies and field investigations that are part of the environmental authorisa-
tion process in both countries. Those include, for example, the establishment of an initial state of the environment,
the identification and prioritisation of noteworthy environmental aspects, the identification of indirect and induced
connected enabling projects (road accesses, electricity, water and water treatment) as well as informal engagements
with the public and their representatives. The scenario development process has been documented together with
variants, and evolution of versions, the reference scenario and project invariants.

The studies permitted the identification of relevant issues and points requiring attention. The critical subsurface
zones were located and the need for a continuation of subsurface investigations in order to establish a comprehensive
and detailed 3D model was identified. The latter will serve as input to the construction process. The results of
the preliminary subsurface investigations will provide information about an improved depth and inclination of
the tunnel alignment. The initial state analysis revealed that different surface sites are subject to very different
environmental constraints and present different opportunities for the creation of synergies. The work on the
description of the project elements and the environmental aspects showed that an iterative approach is required due
to the long and iterative development of the technical designs. A detailed description of the subsurface construction
works is needed as a first step to assess the environmental impacts of the construction phase. A plan for the adequate
management of the excavated materials according to industrial best practices and suitable for presentation to
notified bodies in both Host States needs to be established as soon as the preliminary subsurface investigation
results are available. The particle accelerator requirements need to be formally documented to permit a sufficiently
detailed development of the technical infrastructure designs that are needed to assess the environmental impacts.
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An eco-design strategy and guidelines have been developed that need to be integrated in subsequent project
development by putting a project-wide, transverse systems engineering approach in place.

Although challenges and environmental sensitivities were revealed and documented, no fundamental showstop-
per with respect to technical, engineering and environmental feasibility could be identified.

The reference locations of the surface sites will require very different optimisation, reduction and integration
approaches. Where residual impacts cannot be mitigated with these approaches, compensatory measures may be
required. Such measures can differ substantially in terms of type, size and approach among the site locations. For
the loss of protected agricultural spaces, a 1-to-1 compensation by re-creating the lost area by transplanting the
topsoil to wastelands or areas with poorer quality is envisaged. Rewilding is another way of compensating for the
loss of habitats and biodiversity.

Reforestation around surface sites where forests have been removed is an option, along with new forest estab-
lishment in previously non-forested areas. Landscape integration and preservation of visibility can be achieved by
half-buried site elements, the separation of sites into different segments and by terracing.

The use of decarbonised, including renewable energies, aims at keeping Scope 2 emissions low. Incremental socio-
economic benefits can, for example, be generated by entering energy supply contracts and agreements that include
the creation of new renewable energy sources and by integrating waste heat recovery and supply from the onset.
Location-specific innovation projects can lead to further reductions of the environmental footprint and incremental
socio-economic benefits such as the use of treated waste water, the creation of soft mobility infrastructures, the
development of high-quality tourism and local services around some of the surface sites and the creation of training
and education opportunities in the project as a whole and at individual surface sites.

Chapter 4

Sustainability
4.1 Context

CERN'’s longstanding commitment to sustainability, integrating scientific, environmental, and societal goals, is
a guiding principle in the development of a future particle collider infrastructure. The results presented in this
chapter show the integration of strategies in the scenario development process that align with the Organisation’s
guiding principles and policies, ensuring that the FCC is conceived as a model of responsible large-scale scientific
infrastructure development.

From the outset, the studies and developments for the FCC integrated CERN’s existing guiding principles for
the protection of the environment. It includes topics that extend beyond the biosphere, covering several aspects of
the three sustainability dimensions. Examples include optimising resource use, limiting greenhouse gas emissions,
and prioritising sustainable excavation and material reuse. The feasibility study also considered CERN’s ongoing
biodiversity and land-use management efforts, ensuring that construction and operational activities respect local
ecosystems. It builds on the results and experience of CERN’s past and present energy efficiency and waste heat
recovery initiatives, aiming to reduce overall energy consumption, make responsible use of energy and contribute to
regional energy networks. Water conservation, noise management, and emissions mitigation are further key elements
of the study, reinforcing CERN’s goal of balancing cutting-edge scientific progress with responsible environmental
stewardship.

Achieving these objectives requires close cooperation with the authorities in both Host States, as well as mean-
ingful engagement with the public. The feasibility study provides the foundation for the dialogue with national and
regional regulatory bodies, ensuring that the FCC project aligns with environmental legislation and sustainability
goals in both France and Switzerland. Furthermore, open and continued discussions with local communities will be
essential to address concerns, share best practices, and build a collaborative approach to come to an environmen-
tal, social, and governance (ESG) framework that can ensure the long-term sustainability of such a new research
infrastructure.

By incorporating lessons from past and existing projects at CERN and by leveraging the innovations adopted by
other large-scale infrastructure projects in science and beyond, the FCC feasibility study seeks to set new standards
for sustainability in large-scale scientific projects. It builds on the principles laid out in international and national
laws and regulations, best practices and CERN’s published policies and strategies, integrating best practices in
impact avoidance, reduction and mitigation, circular economy principles, and stakeholder engagement. As such,
this chapter lays the groundwork for a potential FCC implementation project that not only advances knowledge
creation through fundamental physics research but does so with a firm commitment to long-term sustainability
that embraces scientific excellence, the environment and society.
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4.2 Introduction

4.2.1 Sustainable research infrastructures

Research infrastructures (RI) are facilities that provide resources and services for research communities to conduct
research and foster innovation [92]. An RI can be a single facility, such as, for example, the European Spallation
Source (ESS) or the European XFEL, or it can be a facility that is part of an organisation that hosts multiple
facilities, such as the Large Hadron Collider (LHC) and other particle accelerators at CERN (e.g., Antiproton
Decelerator, ELENA, PS, SPS) that offer dedicated scientific research opportunities. The Future Circular Col-
lider will be a research infrastructure that is hosted by CERN, conceived and constructed by an international
collaboration, providing open access to a worldwide community of scientists.

Sustainability refers to the ability to maintain an activity at a certain rate or level. It integrates three stakes:
Society, Economy and Environment (Fig. 4.1). A science programme or project can be considered sustainable if it
is able to successfully address and complete its scientific core mission satisfying the requirements of three stakes: it
obtains a ‘social license’ to operate [93], it maintains an ecological balance applying an avoid-reduce-compensate
sequence [94], and it is affordable in the long term with well-understood and managed risks.

An appraisal process helps understanding if a programme or project is sustainable and provides means to
identify pathways to make them more sustainable. This process integrates financial and socio-economic aspects.
The latter comprise social and environmental benefits as well as negative effects including environmental costs.
The ISO standard for monetisation of environmental impacts (ISO 14008 [95]) and the guidelines for determining
environmental costs and benefits (ISO 14007 [96]) are evidence for the importance of applying such environmental
unit costs in environmental and sustainability reporting at the organisation and project levels. Science projects can
achieve a positive socio-economic net present value. If their financial performance is too low, the funding model
needs to be revised. Projects that are financially viable but have no or little socio-economic benefits need to be
revised. Projects that are financially and socio-economically positive can be sustainable (Fig. 4.2).
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Early and accompanying socio-economic analysis that integrates all sustainability dimensions helps benchmark
variants and versions of project scenarios, permitting planning for long-term sustainability. An RI needs to peri-
odically monitor and track the social, environmental, and economic performance against the initial estimations in
order to implement a continuous improvement process.

In line with the ‘Ecodesign’ EU Directive 2009/125/EC [17], sustainable development requires proper consid-
eration of all three sustainability elements, including the identification and accounting of positive and negative
impacts throughout the entire lifecycle of a programme or project. For Rls carrying out science missions, at least
the following stakes should be considered:

o Economy
— Scientific excellence
— Total costs (capital and operation expenditures)
— Risks and residual risks after mitigation
— Direct, indirect and induced ‘value added’ and employment
— Quantified incremental economic benefit potentials
e Society
— Quantified incremental social benefit potentials
— Common good value (the value of the science mission as perceived by people)
— Territorial compatibility
— Social license
e Environment
— Quantified negative externalities
— Quantified incremental environmental benefit potentials

Sustainability also encompasses an equitable aspect (see Fig. 4.1). Equity and inclusion are increasingly recog-
nised as essential components for the long-term viability of research infrastructures. They contribute to strength-
ening the talent pipeline, enriching the diversity of perspectives, and fostering public trust in science. In line
with European Commission priorities, the FCC study has integrated equity and inclusion considerations into its
sustainability approach. Key elements include:

o Support for under-represented regions and groups: Facilitating participation from less-represented states and
disadvantaged communities through training opportunities, mobility schemes, and targeted collaborations.

o Engagement with communities as partners: Moving beyond a one-way transfer of ‘cultural goods’ by fostering
dialogue with local populations, cultural institutions, and schools, and by recognising the perspectives and
strengths that these communities bring.

o Broadening participation in physics: Embedding diversity, equity, and inclusion (DEI) principles into outreach,
recruitment, and cultural engagement strategies to address the exclusionary image of physics and to support
the long-term sustainability of the field.

o Enhancing societal value: Ensuring that the benefits of large-scale science projects are broadly shared, thereby
reinforcing public legitimacy and demonstrating relevance to society at large.

4.2.2 Approach

A new particle collider and its enabling technical infrastructure represent significant long-term investments for
participating countries and funding partners. An appraisal process is necessary to gain an understanding of the
cost drivers and benefit levers. Reducing the former and developing the latter, along with conceiving a long-term
financing model that relies on international collaboration, are required to ensure long-term sustainability from
the conceptual phase onwards. Funding agencies, science strategy bodies (e.g., ESFRI), national notified bodies in
charge of issuing authorisations and investment banks that potentially grant long-term loans for publicly funded
projects (e.g., EIB), request evidence for the project’s viability. The structured process of assessing the case for
proceeding with an implementation preparation project and validating the project’s viability is called ‘project
appraisal’.

This chapter also compiles a set of regulatory frameworks and appraisal guidelines that exist at the European
level, in France and in Switzerland to provide a landscape of the sustainability requirements that govern the
planning and implementation of new research infrastructure projects with strategic importance and territorial de-
velopment needs at CERN. In the countries that are part of the European Research Area (ERA), legal frameworks
govern compliance with sustainability aspects. Other countries such as Australia, the UK, and the USA are largely
applying panel-based project decision-taking, although the UK does carry out ex-post evaluations on a case-by-
case basis, and Australia evaluates the sustainability of research infrastructures periodically. Sustainability and
environmental criteria, such as climate considerations, are increasingly being incorporated into proposal design
and assessment. Switzerland has recently made sustainability aspects explicit for CERN’s strategically important
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projects with territorial development in the update of the law [98, 99] for the encouragement of research and in-
novation that introduces an authorisation process at the federal level. The ‘Ordonnance concernant I’approbation
des plans des constructions et installations du CERN (OCIC)’ [100], the prescription on how this plan for the
authorisation process is to be implemented, has been issued for public review in February 2025. In addition to
the commonly known environmental topics (e.g., air, water and soil) it includes the need for the assessment of the
impacts on the climate and specific measures to comply with climate protection laws.

Consideration of quantitative environmental externalities,'® both positive and negative, is still an emerging ap-
proach in the domain of research infrastructures unless it is explicitly required by national legislations and governed
by national guidelines. Such a ‘wider’ socio-economic analysis (as shown in Fig. 4.2) is, however, already com-
mon practice in the general infrastructure project appraisal in numerous European countries such as France [101],
Germany [102, 103], Italy and Switzerland and at EU level through EC funding conditions for numerous sectors,
e.g., Connecting Europe [104], transport [105], energy [106], regional investment projects [107] as well as nature
preservation and restoration [108].

Methodologies for assessing public investment and ensuring that a project contributes to the increase of public
welfare!? exist across different policy sectors and institutions [109, 110] including environmental impacts [111] are
already used for research infrastructure projects including particle accelerators like the ALBA light source [112],
the SOLEIL light source [113], the DESY/PETRA III synchrotron [114], the CNAO hadron therapy facility [115],
the LHC [116], High Luminosity LHC (HL-LHC) [117-119] and the Compact Linear Collider (CLIC) study [120].
The Future Circular Collider (FCC) [121] study has, in particular, devoted significant resources to this topic over
a time frame of almost ten years and has contributed to the advancement of the research infrastructure appraisal
process at an international scale through scientific contributions to the field and participation in collaborative
impact assessment projects at EU level. The approach is also used for other science facilities such as the Einstein
Telescope [122], the Paris Saclay heat supply facility [123], the Nantes University hospital [124], and by the Com-
monwealth Scientific and Industrial Research Organisation (CSIRO) [125] to evaluate a number of different science
programmes. Increasingly, research infrastructures, such as the Square Kilometre Array (SKA), are considering
this approach with a view to planning for sustainability [126]. Environmental factors are increasingly being inte-
grated into these assessments [97, 127-129]. As indicated in the 2026 roadmap guide (see page 25 of Ref. [130], a
comprehensive socio-economic impact assessment is needed when a new research infrastructure project proposal
requests being entered into the European Strategy Forum for Research Infrastructures (ESFRI) roadmap [131].

4.2.3 The context in Europe

Research infrastructure long-term sustainability at European Research Area (ERA L132]) level is primarily guided
by the European Strategy Forum for Research Infrastructures (ESFRI) [133, 134] !

EU regulation 2021/695 [135] defining the Horizon Europe Framework Programme for Research and Innovation
explicitly includes requirements to address global challenges, including climate change and the United Nations
Sustainable Development Goals (SDGs).

EU member states typically translate and integrate the strategies, policies, and guidelines into their national
roadmaps and plans in addition to their existing national policies.

A robust long-term vision is a prerequisite to successfully and sustainably operating a research infrastructure.
Therefore, ESFRI issued a number of recommendations and actions [136].

Scientific excellence is the condition sine qua non. However, sufficient funding and sustainable funding models,
required across the entire life cycle, are indispensable for a successful strategy for a new research infrastructure.
Together with adequate human resources, it is crucial for the operational phase. Effective governance is another
key element for ensuring long-term sustainability. Moreover, research infrastructures should contribute to their
sustainability by contributing to their carbon neutrality in order to support the carbon neutrality goals at the
national level. It must be noted that carbon neutrality accounting is being implemented at the national level and
that therefore the application of this concept to international, transnational and distributed research infrastructures
is highly challenging.

While the current recommendations place an explicit focus on scientific excellence, financial sustainability
and societal acceptance, the call for comprehensive sustainability and impact assessment implicitly includes all

13 An environmental externality is a cost or benefit that affects a third party who didn’t choose to incur that cost or benefit,
specifically in relation to the environment.

M Ppublic welfare refers to the collective well-being of society that is promoted through public services and institutions, aiming
to ensure equity, social cohesion, and access to essential goods and services for all. Paraphrased summary from Florio, M.
(2019). Public Enterprises: Resurgence and the Future of the Public Sector. Springer.

I5ESFRI (https://www.esfri.eu) was established in 2002 with the purpose of developing a European approach to Research
Infrastructure policy as a key element of the emerging European Research Area (ERA). Further Research Infrastructures
contribute to this effort in the frame of the EIROforum and the European Research Infrastructure Consortium (ERIC).
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environmental aspects. The recommendations also state that RIs should allocate sufficient resources to periodically
evaluate and communicate their socio-economic performance to various stakeholders. CERN’s pioneering activities
in this domain are explicitly mentioned by the ESFRI guide [137], encouraging national authorities to support the
approach in cooperation with experts in the field.

The ESFRI policy brief [138] details the need to tailor the impact assessment to the specific project and re-
quests the inclusion in the roadmap of project proposals that aim for implementation on a ten-year time frame,
for which the wider socio-economic impact assessment is provided. Following the OECD definition [139] these
impacts comprise “the extent to which the intervention has generated or is expected to generate positive or nega-
tive, intended or unintended, higher-level effects”. The European Commission [140] states that “The term impact
describes all the changes which are expected to happen due to the implementation and application of a given policy
option/intervention [such as investment in a Research Infrastructure and its activities]. Such impacts may occur
over different timescales, affect different actors and be relevant at different scales (local, regional, national and
EU)”. An ex-post assessment is needed to determine whether the intended objectives and the ex-ante estimations
have actually been achieved.

EU Regulation 2021/1060 of the European Parliament and of the Council of 24 June 2021 lay down common
provisions on the European Regional Development Fund, the European Social Fund Plus, the Cohesion Fund, the
Just Transition Fund and the European Maritime, Fisheries and Aquaculture Fund and financial rules for those
and for the Asylum, Migration and Integration Fund, the Internal Security Fund and the Instrument for Financial
Support for Border Management and Visa Policy. According to Article 100 of Regulation (EU) No 1303/2013
[141], a major project is an investment operation comprising “a series of works, activities or services intended
in itself to accomplish an indivisible task of a precise economic or technical nature which has clearly identified
goals and for which the total eligible cost exceeds EUR 50,000,000 [...]”. A socio-economic impact assessment of
such major projects is recommended. The European Commission Economic Appraisal Vademecum 2021-2027 [142]
captures the general principles and provides sector application examples for impact assessment, including research
and innovation in Annex I. It extends and complements the common provisions regulation that recommends cost-
benefit analysis in line with EU regulation (EU) No 207/2015 [143]. The methodology is explained in detail in the
‘European Commission Guide to Cost-Benefit Analysis of Investment Projects’ [107].

Climate change adaptation, mitigation, and disaster resilience are covered by this regulation. For instance, the
volume of greenhouse gas (GHG) externality.'¢

An analysis of sustainable development (environmental protection, resource efficiency, climate change mitiga-
tion and adaptation, biodiversity and risk prevention) should be covered. An analysis of the options, considering
technical, operational, economic, environmental, and social criteria for the location of the infrastructure, is re-
quested for a feasibility study. This also describes the project’s consistency with the applicable environmental
policy. Considerations should include resource efficiency, preservation of biodiversity and ecosystems, reduction of
GHG emissions, and resilience to climate change impacts. The process must comply with Directive 2011/92/EU,
which defines the environmental impact assessment (EIA) process, ensuring that projects likely to have a signif-
icant environmental impact are subject to an assessment prior to their authorisation. Therefore, the total costs
of the negative environmental impacts and their compensation have to be included. Environmental benefits can
also be assessed and added. They include, for instance, contributions to improve water supply and sanitation,
waste management, energy capacity and stability, transport, ports (airports, seaports, inter-modal), research and
innovation, and broadband communication.

The appraisal process aims to assess if a project will contribute to overall social welfare and economic growth,
taking into account benefits and costs to society. The EC [107] and UNIDO [144] handbooks focus on economic
and societal topics, although aspects such as assessment of the environmental externalities are typically part of
project appraisal as required by EU regulation. For instance, the shadow cost of carbon and the GHG emissions
are shown in project appraisal examples. Eventually, the requirements for appraisal are defined for each project,
specifically by the notified body for that project. For instance, to obtain funds from the European Investment Bank
(EIB), a comprehensive appraisal study is required that includes both the positive and negative environmental
externalities. The EIB published a guide [145] dedicated to this topic that includes references for the shadow cost
of carbon as well as comprehensive calculation examples and guidelines for capturing environmental externalities.

Other requirements emerge, for instance, from applying to the Connecting Europe Facility (CEF). The InvestEU
regulation introduces climate, environmental and social sustainability as elements in the decision-making process

16 An externality is a cost or benefit that is caused by one party but financially incurred or received by another. Externalities
can be negative or positive. A negative externality is the indirect imposition of a cost by one party onto another. A positive
externality, on the other hand, is when one party receives an indirect benefit as a result of actions taken by another. The external
cost of carbon is explicitly included, and alignment with the EU 2050 decarbonisation objectives is required. Regarding climate
adaptation, the costs of measures aimed at enhancing the project’s resilience to climate change impacts, as justified in feasibility
studies, should be included in the economic analysis. The benefits of these measures, e.g., measures taken to limit the emissions
of GHG or enhance the resilience to climate change, weather extremes and other natural disasters, should also be assessed
and included in the economic analysis, if possible quantified; otherwise, they should be properly described.
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« Avoid: Modify the project to suppress a negative impact.
« Reduce: Reduce as much the extent, duration and/or intensity of an impact that cannot be avoided.

« Compensate: Contribute with direct or indirect positive values to noteworthy negative effects that cannot
be avoided and sufficiently reduced.

when applying for the InvestEU Fund. The process is also a requirement in the framework of the preparatory
phase of ESFRI projects. The European Bank for Reconstruction and Development (EBRD) requires project
assessment with potentially relevant greenhouse gas (GHG) emissions of more than 25,000 tonnes of CO3(eq)
per year with respect to a baseline of 100,000 tonnes of CO3(eq) emissions per year. National requirements differ
substantially from each other, requiring assessments for investment projects with public funding as low as, for
instance, 300,000 euros in Lithuania.

4.2.4 The context in France

In France, the ‘Code de lenvironnement’ [146] guides the approach to develop a sustainable project scenario
in the frame of an environmental evaluation process that is part of the authorisation of the project. The term
‘environment’ is to be understood in its original meaning and in a wide sense: the surroundings and conditions in
which the project will be placed.

The goal of the process is to develop a feasible and sustainable project scenario following the ‘avoid-reduce-
compensate’ method (French: éviter-réduire-compenser, ERC), which is anchored in European regulations and
which is implemented in French law [147]. As a consequence, the project scenario to be authorised aims at a net
positive value (see Fig. 4.3).

This approach of iterative development of variants and versions that are continuously improved is also docu-
mented in the international standard ISO 14001 concerning environmental management. It describes the Plan-Do-
Check-Act (PDCA) model as an iterative process to ensure continuous improvement (ISO 14001, Step by Step,
Chap. 1).

Considering that programme and project evaluation in France is compulsory for public investments that exceed
20 million euros and a second assessment is required for investments that exceed 100 million euros, the national
assembly tracks and reports on such projects every year using a standard information sheet approach that in-
cludes the net present value as an overall sustainability indicator and the greenhouse gas emissions avoided. Such
information is published as an annex of the annual budget law [148]. In 2023, 13 research investments underwent
comprehensive socio-economic evaluations.

The evaluation concerns the entire project throughout all life cycle phases. It is understood that the level of
detail in descriptions for individual phases and project segments can initially differ. The process accompanies the
project throughout its entire lifetime. Consequently, the documentation needs to be regularly updated. The process
records the initial state of the environment, including nature and a variety of other topics such as urbanism, public
health, population safety and economic impacts.

The process actively identifies and assesses the relevant effects on the project environment (environmental
impact analysis) and provides input to the design process, following the steps of avoid, reduce, and compensate.
The process includes the involvement of the population via, for instance, an informal dialogue and participation
phase and a formal public consultation process (‘débat public’) and public inquiry (‘enquéte publique’). The latter
process is carried out with nationally notified bodies.

To capture sustainability performance properly, the French government requires a socio-economic evaluation
for each project funded via public investments of more than 20 million euros. The evaluation must be carried out
according to the guidelines of the ‘Secrétariat général pour U'investissement’ (SGPI) [149]. Projects with a total
public investment of more than 100 million euros are subject to a second expert assessment, on which the SGPI
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provides an assessment to the French parliament and the Prime Minister as well as to the minister under whose
responsibility the project falls.

The socio-economic evaluation comprises a detailed description of the project, its variants and alternatives, the
key characteristics, the implementation schedule, a list of relevant socio-economic indicators, a list of indicator
values showing how the project performs with respect to public policies (e.g., climate impact reduction objectives),
the financial plan, compliance with laws and regulations and a risk registry.

Until 2020, socio-economic evaluations of programmes and projects included only limited environmental aspects
such as habitats and green spaces. The ever-growing importance of more global topics led to a broadening of the
positive impacts and negative externalities covered. The 2023 impact assessment guide in France [149] explicitly
includes all environmental aspects relevant to the project, such as CO5 equivalent emissions, noise, air pollution,
water use and pollution, and soil use and pollution, and requires them to be associated with monetary values and
to quantify the positive contributions in monetary terms. For instance, the legal value of one tonne of CO4 for
the socio-economic evaluation has been set to €32 (base year 2010) in the 2023 guideline, which corresponds to
about €40 in 2024. Despite this value, the annex that indicates the guidelines of converting non-tradeable goods
and externalities into monetary terms indicates a progression of the shadow cost of carbon €250 per CO3(eq) to
2030 and €775 per tCO3(eq) in the year 2050. This progression is in line with the EIB recommendations on the
shadow cost of carbon.

The socio-economic evaluation of the FCC is based on a standard cost-benefit analysis, which reports a net
present value and a benefit-to-cost ratio based on the comparison of discounted total costs and benefits over a
defined observation period. Costs and benefits were quantified with respect to a ‘counterfactual scenario’ in which
CERN operates the LHC until its expected end of life and continues to act as a scientific research platform with the
existing particle accelerator complex. Noteworthy positive and negative direct effects and externalities, including
environmental effects, were taken into consideration for the entire life cycle of the project.

For the social discount rate (SDR), the 2023 guidelines for socio-economic impact assessment in France [150]
recommend using a value of 3.2% for projects with a lifetime up to 2070. However, for very long-term and low-risk
projects such as research infrastructures, a lower social discount rate in the range of 2.5% can be justified. For the
FCC CBA, economists selected an SDR. of 2.8%, based on the weighting of the SDRs in each individual CERN
Member State considering its annual financial contribution to CERN.

If there is a ‘déclaration d’utilité publique’ (DUP), which governs the authorisation process for public investment
projects, the socio-economic evaluation is part of the legally required ‘enquéte publique’ files to obtain project
authorisation.

The socio-economic evaluation has to be updated regularly, following the iterative approach of refining the
project scenario and comparing expected effects to the actual effects once the project is implemented (‘ex-post’
analysis).

A project can be considered sustainable if both the socio-economic and the financial net present value are
positive. In addition, the social discount rate applied should be larger than the average weighted cost of the
capital needed to finance the project. This can be verified by determining the so-called Internal Return Rate
(IRR), which is closely linked to the calculation of the net present value. It expresses at which value of the social
discount rate the net present value of the project would become zero. For instance, if the loans for the project are
granted at 3% but the net present value becomes zero at only 5%, the condition would be satisfied.

If the project does not generate revenues, i.e., in the case of a research infrastructure for fundamental scientific
research, no financial net present value can be provided, a positive socio-economic net present value and an internal
return rate higher than the cost of the capital support the sustainability condition. If the socio-economic net present
value is negative and the financial net present value is positive, the investment may be financially viable, but it is
not recommended from a societal point of view.

4.2.5 The context in Switzerland

The authorisation process in Switzerland is based on guiding principles that require the demonstration of compli-
ance of the scenario with all applicable, individual laws and regulations. All laws and regulations that would apply
to the project need to be identified and explicitly listed. It is considered best practice to follow the Avoid-Reduce-
Compensate approach as required in France and Europe with continuous involvement of notified bodies, public
administration services, and the population. It is to be accompanied by monitoring and continuous improvement
measures.

With the recent update of the law for the encouragement of research and innovation (LERI) [151] and the
development of a dedicated plan for new constructions and installations of CERN [152], guidelines with respect to
the sustainability of research infrastructures become more specific.

The consumption of land, in particular, high-quality crop-rotation arable land that is regarded as a precious
resource, needs to be avoided. Where this cannot be achieved, the residual consumption of such land that is
registered in a national inventory needs, in principle, to be compensated. Therefore, alternatives and variants of
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the project need to be documented and assessed. Compensation can, for instance, be achieved by stripping the
topsoil of the original land affected and using that soil for creating high-quality arable land within an agreed
geographical perimeter, for instance on wastelands or degraded soil. The authorities facilitate the process of
identifying suitable compensation areas and administrative processes.

The sector plan for CERN’s constructions and installations with territorial needs (PS CERN) [153] highlights
a number of topics that need to be considered when developing new projects:

o Water-bearing layers need to be protected and should not be used to provide raw water for cooling purposes.
Care must be taken not to pollute water-bearing layers or to mix the water of superimposed water-bearing
layers.

o Exclusion buffers next to watercourses protect the habitats.

o Forest clearings are generally forbidden in Switzerland. An exemption can only be granted in exceptional cases
for installations that are in the public interest.

e Measures need to be taken to manage rainwater and used water to avoid flooding and polluting the environment.
The same holds for the management of water used to extinguish fires.

e Limitations for dust and particle emissions need to be respected.

e Limitations for noise emissions need to be respected. Noise emission limits in Switzerland are absolute and
defined for different sensitivity zones as opposed to France, which considers noise limitations in excess of
existing background noise.

e Measures need to be taken to manage waste of any kind during all phases of the project.

e The national and cantonal energy and climate protection goals are to be taken into consideration during the
planning, construction and operation of future research installations. Energy consumption is to be reduced to
a minimum compatible with the capacity to fulfil the scientific research goals.

e The emission of greenhouse gases is to be minimised within the boundaries needed to meet the scientific goals
and requirements of the project.

e The design and implementation of technical systems have to integrate the optimisation of energy efficiency and
the recovery and use of waste heat. The capacities and characteristics available for internal and external use
need to be identified and documented.

e Buildings must comply with the national energy efficiency regulations.

e In general, any optimisation and minimisation effort is understood to be conditioned by the technical feasibility
and economic viability. These efforts must always be compatible with the feasibility of achieving the specified
scientific research goals.

e A mobility plan that supports the national and cantonal climate plans is to be developed. Parking spaces are
to be optimised, in line with the applicable regulations.

4.3 Methodology

The study adopted the approach and methodology to carry out a comprehensive, wider quantitative sustainability
assessment based on the well-established cost-benefit analysis methodology [154] defined by the European Com-
mission, the European Investment Bank and as described by national guidelines such as the one in France [149].
Such an assessment includes the identification and quantification of costs, benefits, and positive and negative
externalities.

The goal is to present an implementation scenario that is likely to be long-term sustainable and for which the
sustainability level can be continuously improved with respect to an initial forecast that serves as a baseline. The
approach permits the analysis of variants and sustainability boundary conditions to be established.

Following a lifecycle approach, it is a best practice to develop an initial cost-benefit assessment as early as
possible at the pre-feasibility stage and to update it regularly as long as the key project features continue to be
adjusted during the design phase and even during the implementation. This approach helps address the challenge
of exhaustive coverage of costs and benefits, and focuses on gaining a good understanding of the key sustainability
enablers and risks.

Sustainability analysis is an ingredient of informed decision-making. The project and sustainability appraisal
of the scientific research project do not, however, capture the opportunity and value of the underlying scientific
mission. The indicators must therefore not be used to compare research projects or to make an investment choice
between several projects.

To be useful during project authorisation, implementation and operation, the project must plan periodic sus-
tainability monitoring and tracking throughout its entire lifetime and implement an iterative improvement process
following the standard ‘Plan-Do-Check-Act’ principle either at the infrastructure level or for new programmes and
projects.

Life Cycle Assessment (or analysis) (LCA) [155, 156] is a methodology that is suitable for individual project
segments. It enables the assessment of a set of environmental aspects relevant to achieving sustainability. Its
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goal and scope must be well-defined, and its results must be integrated in the overall project and sustainability
appraisal. When conducting an LCA, care must be taken to be as specific as possible and to thoroughly document
the scenario variant and version assessed, including the assumptions, input parameters, data quality, and allocation
procedure (algorithms and tools) to ensure that the results have a meaningful value for appraisal. LCA is unable
to capture all relevant environmental aspects and therefore does not replace an environmental impact evaluation.
It cannot, therefore, be used to report on the overall environmental performance of a project.

For a comprehensive sustainability assessment, a quantitative Cost-Benefit Analysis (CBA) method based on
state-of-the-art economic knowledge that integrates total costs, negative externalities (including environmental
ones), industrial, social, and environmental benefits is the preferred and adopted approach. A more complete
description of the approach is provided in Sect. 4.5.

Project developers must stay up to date with national and international regulations and legal frameworks during
the subsequent design and preparatory phases. They must continuously improve their knowledge of state-of-the-
art project appraisal methods and the development of approaches to convert positive and negative impacts and
externalities into quantitative terms suitable for reporting an overall sustainability indicator, such as a project’s
net present value and benefit-cost ratio. For this reason, as long as additional knowledge and assumptions about
the project scenario and its key features are developed, the benefit-cost ratio (BCR) and the internal rate of return
(IRR) evolve throughout the lifecycle phases.

4.4 Socio-economic sustainability enablers

4.4.1 Impact pathways

Socio-economic impact pathways represent a valuable inventory of sustainability enablers. Building on the concept
of the ‘Theory of Change’ [157], the EU-funded RI-PATHS project has developed a toolkit [158], linking and
coordinating research infrastructures from different scientific domains into a shared network, so that resources and
expertise can be pooled and accessed more efficiently. This includes particle accelerator facilities such as ALBA,
CERN, and DESY.

The main pathways typical for particle accelerator-based facilities are shown in Fig. 4.4. This section outlines
briefly some drivers influencing the pathways that in turn lead directly to benefits and positive externalities.

Future projects are highly encouraged to conduct a comprehensive charting of the impact pathway potentials
and develop sustainability-enabling measures in conjunction with such a systematic exploration and design activity.

The following paragraphs outline selected aspects that should be carefully considered during the design, plan-
ning, and implementation of a future particle-accelerator-based research infrastructure. They influence directly
the generation of benefits in the impact pathway model.

Sustainability through the creation of fundamental physics knowledge Science is formalised knowledge that is ra-
tionally explicable and tested against reality, logic and the scrutiny of peers, and is a global public good [159].
Ultimately, it is the main output of research infrastructures. In our transforming society, knowledge is poised to
become the primary economic resource, gradually replacing capital, land and labour. There is evidence that the
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public sector has and continues to fund much of the innovative science that stimulates private sector responses [160].
But what is the value of that knowledge that fundamental science projects generate? Are continued investments
in new particle accelerator projects for scientific research sustainable in the perception of those people who do not
directly use those instruments and who do not directly profit from the generated knowledge? Which means exist
to capture the value of such investments?

Particle accelerators for fundamental science may or may not generate knowledge that can be directly used
by society. Other particle accelerators, such as synchrotron light sources, typically serve the needs of applied
research. This means that a lower bound for the value of the knowledge generated can be quantified in terms of
the cost of publications, the fees charged for facility use, and the resources that users invest in this research. The
approach is based on the assumption that research results ultimately lead to products and services that society uses.
An example is the characterisation of the COVID-19 virus structure at the BESSY-II synchrotron [161]. Particle
accelerators and colliders that serve curiosity-driven research, such as the LHC or the Electron-Ion Collider, cannot
use this model since it is not obvious how the knowledge gain leads to direct societal applications. There exists,
however, no doubt that the scientific outcomes advance society. This view is shared by the majority of people,
even if the asset is not directly used.'”

Evidence for the validity of the approach is available through the award of several Nobel Prizes in economics
for advances in this domain. It is proof that this value generation process is of fundamental importance for society
and welfare economics [162-167].

To capture the value that science missions and research infrastructures represent to laypeople who cannot
directly use them, methods that originally have been developed to elucidate the public good value of outdoor
recreational spaces [168], to identify suitable value levels for environmental protection measures [169], to determine
adequate levels of environmental incident mitigation measures [170] and to determine investment levels to protect
natural and cultural heritage can be used. This approach has first been taken to estimate the value of the LHC
project [171], then for the HL-LHC project [172] and now for the FCC [173]. The approach has recently also been
adopted by an atmospheric research infrastructure [174]. Briefly, the value that people associate with a science
project can be captured by estimating their willingness to participate financially using well-established approaches
in economics, such as contingent valuation, also referred to as ‘stated preference’.

The valuation of non-market impacts is challenging but could be undertaken wherever possible, and the ‘EU
better regulation toolkit’ indicates the instruments for it [175]. This will enable a better understanding of the public
perception towards the science vision and test the validity of the public funding sustainability hypothesis, i.e., what
level of periodic investment is justified in the public perception. To design, plan and carry out a public good value
estimation, experts in the domain and qualified companies need to be employed. It is important to ensure that
such a willingness to participate in analysis, typically based on surveys, is carried out independently, without the
influence of the project owner and according to the internationally established guidelines on ethics and the quality
standards required of survey-based analytics. Examples of this approach can be found in Refs. [173, 176].

Depending on the number of countries or funding agencies that would carry out the project, such a survey can
require substantial resources. Economists, therefore, use techniques based on the ‘Benefit Transfer Method’ [177] to
estimate the perceived value of a large population based on the identification of only a few significant parameters
that can be derived from a limited number of samples. These parameters may be different for different projects.
Therefore, such a study requires a pilot phase to determine the significant parameters, followed by a mass survey
to determine the value that the public associates with the investment.

If the estimated willingness to financially participate (WTP) is larger than the actual or expected contribution
to the planned new project, the public good value of the funded infrastructure can be considered consistent with
the financial participation and, therefore, can also be considered justified. If the WTP is less than the actual or
planned contribution, a discrepancy exists between the value perceived and the contribution supplied. In this case,
the project should be revised.

Sustainability through education and training Particle accelerators and experimental physics research infrastruc-
tures offer the possibility to engage people at all education and training levels, from apprentices to post-doctoral
researchers. If people have the opportunity to actively participate in the design, construction and operation of
such projects and programmes, they enjoy benefits that translate directly into a 2 to 10% lifetime salary pre-
mium [121, 178] compared to their peers who were enrolled in conventional training programmes at schools and
universities. A dedicated programme to integrate people after their active time in a research facility into the labour
market in their country or region of origin can significantly improve the return on investment for the participating
country or region [179].

1" The notion for this concept is the ‘public good’ as opposed to the ‘common good’ that is jointly used. Examples of common
goods are fish stocks in the ocean and public roads. Examples of public goods include knowledge, natural and cultural heritage,
open-source software and datasets, as well as tangible assets such as street lighting.
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Sustainability through participation of international science communities Involving a significantly large and con-
tinuously growing community of scientists and engineers through collaborative research projects over long periods
ensures the long-term sustainability of a science project or programme. The reasons are

e The personnel costs are distributed over many contributing organisations and countries.

A stable generation of scientific products [180, 181] (i.e., books, peer-reviewed articles, pre-prints and technical
reports, proceedings and presentations) can be guaranteed.

e The knowledge can be effectively transferred into lasting education curricula through publications and direct
training over generations.

o Impact can be generated through the training of early career professionals (see previous section).

High value is mainly achieved by ensuring that the science products generated directly by the research project or
programme are taken up effectively and cited by an even larger second-tier community. Open Access publication of
trusted (peer-reviewed) publications is a pre-requisite to generating research infrastructure sustainability through
scientific product generation. Finally, the concept of Open Innovation that involves a large number of knowledge
domains around a scientific core mission will ensure that the probability of knowledge generation that is stimulated
through the challenges of the science mission will eventually spill over to society in domains that are immediately
relevant to them [182].

Sustainability through industrial spillovers Industrial spillovers from science projects generate benefits directly
for industry and society [183-185].1% This impact pathway is most effective if science projects construct their
instruments and infrastructures in collaboration with industrial partners [186-188]. It works best when companies
work closely with the research project to develop technologically intensive solutions and deliver non-standard
services [189]. This approach is more laborious than a conventional client-supplier relationship, as it requires
exchanges of ideas and knowledge, the development of integrated processes, the mutual adaptation of working
methodologies, and risk sharing. This process, however, leads to the creation of lasting products, services, and
processes that industrial partners can leverage in other markets, yielding earnings multipliers exceeding 3 and effects
that can last between 5 and 8 years. Lasting territorial effects have also been reliably documented [190, 191].

Sustainability also depends on the design of the science mission: short-lived and non-upgradable programmes
will lead to lower and shorter-lasting industrial spillovers than long-lasting programmes that are characterised by
periodic upgrades and operational efficiency improvement measures involving industrial partners in continuous
challenge-based activities.

Industrial spillovers can also lead to lasting positive environmental externalities. The challenge of reducing the
carbon footprint and environmental impact of the construction of a new particle accelerator facility creates an
opportunity for industrial innovations in numerous construction-related domains. For instance, it creates a poten-
tial of developing or putting in place low-carbon concrete and other construction materials production facilities. It
serves as a pilot platform for improved construction techniques, like using natural resources, such as wood and com-
pressed earth. Showcasing the application creates market interest. Developing processes and products for the use
of excavated materials can generate benefits significantly beyond the needs of the research infrastructure project,
since the management of construction waste is a challenge facing society, and for which conventional construction
projects typically have insufficient time and budget. Eco-design-based industrial architecture is another emerging
discipline for which particle accelerator facilities are suitable early adopters. Environmental benefits can also be
generated in the area of technical infrastructures that are developed with industrial partners. They include:

e More efficient refrigeration systems, which find their application, for example, in gas liquefaction and transport.
o More efficient water cooling systems (adaptive water intake, use of waste water).

o Improved electrical systems (loss reduction via DC-based systems.

e High-speed power control management.

e Short and medium-term energy storage.

e Adaptive and machine learning infrastructure operations.

e Waste heat buffering and supply.

Sustainability through open information and computing technologies The development of Information and Com-
munication Technology (ICT) and the generation of widely available data not limited to scientific results (e.g.,
engineering test data, operation monitoring, system tests, etc.) are essential outputs of particle accelerator-based
research infrastructures [192]. Implementing a global data sharing and processing infrastructure has already led to

¥Industrial spillover (also known as spinoff) refers to the phenomenon whereby innovations, technologies, or organisational
practices developed within a given firm or industry diffuse beyond their original context, generating positive externalities
that enhance productivity, competitiveness, or innovation capacity in other firms or sectors, typically without direct market
transactions or compensation.
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the creation of numerous openly accessible software packages, platforms, and online services, which are also utilised
in environments outside high-energy physics. They range from scalable data storage and distribution middleware to
data analysis and visualisation, as well as data management and workflow systems. Also, openly accessible software
has been developed with a value that extends beyond scientific collaborations. Examples include innovative Cloud
computing services (e.g., Helix Nebula Science Cloud serving five scientific research domains), meeting and event
management software (e.g., Indico), particle/matter interaction modelling and analysis (e.g., GEANT4, FLUKA
and AcTIWI1z) and electronic library and information access software (e.g., Invenio and Zenodo). Long-term data
preservation is another technological domain of high societal relevance that is gaining importance, primarily driven
by fundamental science research infrastructures.

Particle accelerators and high-energy physics research projects are strongly encouraged to create an inventory
of potential ICT tools that can be made available openly and free of charge for societal use. The feasibility of
quantifying the societal impact of these solutions relies heavily on accounting for software uptake and uses (e.g., the
number of installations and the number of times it has been integrated into commercial and other open software
packages) over sustained periods of time. Today, there is a lack of such accounting, which makes quantitative
estimation of the societal impact challenging and labour intensive. However, it is important to establish systematic
monitoring and evaluation since ICT tools developed in the science environment have a major impact factor with
significant and tangible value potentials [193, 194].

Open and freely available software developed and maintained by science projects and programmes are sus-
tainability enablers for research infrastructures. Their investment and continuous development and maintenance
costs are marginal with respect to the societal benefits they can generate over decades. Future particle accelerator
projects and programmes should focus on properly managing and promoting ICT developments and make sure
they are taken up by society through a technological competence leveraging process and sustained online presence
in potential user domains.

Sustainability through cultural goods Creating an interest in science among all citizens is part of the mission of any
research infrastructure. Projects and organisations can develop a broad variety of activities to attract lay people,
for instance, through permanent and travelling exhibitions, open days, guided tours, engagement with schools
and teachers in joint workshops, citizen science projects, websites, social media, engagement with video bloggers,
online and TV documentaries, art internships, common art projects, feature movies, books, science fairs, presence
in radio and TV shows and much more. The limit of cultural good creation is the limit of the imagination of an
ever-changing and diverse group of creative people that are best employed over sustained periods of time. Each
of these cultural goods has the potential to generate value for society. Creating a sustained interest in the science
project breaks down barriers and fear of people who are outside the science community.

It is important for particle accelerator and physics projects to engage laypeople in playful and entertaining ways
rather than aiming at education and teaching, which is a different socio-economic impact pathway. The two should
be kept separate, although effective cultural good creation and engagement raise the possibilities for explaining
the underlying science in a second step.

The identification of value for cultural goods can be very different for each good. Therefore, future projects and
programmes will need to focus initially on a few cultural pathways. If the estimated value of a pathway turns out
to have sufficient potential, it should be further developed with a view to sustainable engagement. Continuous
monitoring of the value should be carried out.

The value of on-site visits represents a cultural good of science infrastructures that can generate substantial
tangible economic value in a sustainable way [195, 196]. Such visits include the discovery of the environment and
nature [197, 198]. It should, therefore, be the first to be considered for development.

Social media presence has the most impact on online cultural goods today and should therefore also be considered
with priority [117]. It is particularly important to create a sustained interest in science and to explain in which
ways science impacts the environment and people’s everyday lives. Different means of communication are needed
for different generations and socio-economic groups [199].

Finally, citizen science projects on the periphery of the physics science mission are effective tools to engage lay
people and to reinforce the environmental and territorial compatibility of the research infrastructure. An example
is the initiatives to create biodiversity inventories of the surface sites, to improve the quality of habitats on and
around sites.

Sustainability through positive environmental externalities Any future particle-accelerator-based project has the
potential to create positive environmental externalities that can compensate for the residual, unavoidable negative
environmental effects that cannot be reduced further. Before developing compensation and accompanying measures,
negative effects on the environment have to be avoided. If they cannot be avoided, they should be reduced as far
as is compatible with achieving the goals and objectives of the infrastructure within accepted cost and schedule
constraints.
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National and international legal and regulatory frameworks define boundary conditions for the avoidance,
reduction, and compensation approach. The recently adopted update of the law for research and innovation in
Switzerland, for instance, explicitly requires the consideration of the national and regional climate protection
plans and energy-related aspects [200]. Other countries, such as France, have already encoded the fight against
climate change, resource and biodiversity protection, circular economy, and sustainable territorial development in
the environmental protection laws (L110-1 of [146] and [201]) that govern the authorisation of new projects [201].
Hence, ‘environmental’ is always to be interpreted in a wide sense. The greenhouse gas emission reduction goals
defined by the Paris Agreement are to be integrated in new projects at EU level and following its translation into
the national laws [202].

If properly planned, evaluated and monitored, collective compensation can even lead to a net positive effect [203].
Switzerland does not foresee such an approach and requires compensation based on equivalent surface and quality
in principle within the affected canton [204-206]. Despite this constraint, the overall environmental performance
may still be neutral or positive from a socio-economic assessment point of view if the positive environmental
externalities are properly evaluated and integrated in the net present value of the project.

Some typical examples of positive environmental externalities that particle-accelerator facilities can integrate
in their designs from the onset are:

e Re-creation of agricultural spaces by transferring top soil to low quality land plots and wasteland.

e Creation of green spaces with covered roads, fertilising wastelands and backfilled quarries, creation of parks,
greening of roofs, reforestation around sites, creation and quality improvement of natural habitats and wetlands.

o Increase of biodiversity by the creation of new habitats on the research infrastructure’s domain.

e Improvement or creation of new ecological corridors, green and blue continuities.

e Creation of forests with trees and plants adapted to climate change.

e Introduction of forest management in view of protection from wildfires.

e Improved water management of existing, but low-quality water courses.

« Creation of water reservoirs.

e Creation of raised hedges to fight soil erosion and create new habitats.

o Creation of soft or multimodal mobility concepts for use beyond the research facility.

e Creation and improvement of natural habitats and nature protection zones on the research infrastructure sites.

e Carbon footprint reduction by helping to avoid fossil fuel use through waste heat supply.

e Supply of raw water for non-drinking purposes by supplying purified wastewater when not used by the research
facility.

e Increase of renewable energy resource capacities through long-term power purchase agreements and energy
purchase communities.

o Development of products and processes that leverage circular economy principles and low environmental impact
technologies that spill over into the industrial domain (e.g., in the areas of electrical substations, construction
materials, architecture solutions, power transmission and buffering, industrial cooling).

o Dismantling of infrastructures which are no longer used to create environmental and societal value.

4.4.2 Innovation and R&D

Particle accelerators and experiment detectors at the collision points of particle colliders are projects which use
cutting-edge technologies over periods spanning several decades. As a consequence, they tend to develop and
use technologies that do not exist at the time of design. This process continues throughout the operation as
detectors are upgraded. The required technical advances may be designed in-house and/or in partner institu-
tions (such as universities) in conjunction with external companies. The development can take the form of joint
design or procurement of technologies to be developed by the company. In both cases, industries profit from a
technological knowledge transfer which may lead to technological breakthroughs, patents, or new business oppor-
tunities [207, 208]. Such processes are encouraged and accompanied by dedicated knowledge transfer (KT) centres
at the participating organisations [209-212]. As enabler of the science mission, such technological advancement is
a valuable output, which significantly affects the social sustainability of a project.

Other sustainability potentials International science projects such as the FCC also provide possibilities to develop
soft skills and international cooperation. Such projects bring nations closer together as they aim to pursue a
common, peaceful goal. As recently seen with the ceremonies of CERN’s 70th anniversary, heads of state and
ministers come to visit the site and have bilateral discussions that may or may not be related to the scientific
mission of the project or even to science. National news outlets have reported on the event, focusing on the
common project and these side aspects. Often, who discusses with whom is seen as more important than the event
itself. Collaboration leading to more collaboration, there is a societal interest to bring decision makers together
to discuss issues of the world in an informal setting. Spinning off from particle accelerator scientific research, the
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Fig. 4.5 Expression to determine the net present value (NPV) of an investment project considering economic, societal and
environmental aspects

SESAME project in Jordan [213] was set up with international collaboration in mind, as much or even more than
the proposed scientific project. The Heidelberg, CNAO and MedAustron light-ion cancer therapy facilities are
concrete examples of the direct transfer of knowledge, expertise, skills, and technology from fundamental particle
physics and particle accelerator research to meaningful societal application. A future circular collider can achieve
all this for Europe and beyond.

4.5 Comprehensive sustainability performance assessment based on Cost-Benefit Analysis

The approach (Fig. 4.2 is to create an inventory of negative cost and positive benefit items including externalities
and convert them into monetary terms that are combined to determine a net present value (NPV) of the investment
at the end of a chosen observation period (see Fig. 4.5). The ratio of the benefits of a project relative to its costs
(BCR) including externalities and the so-called internal return rate (IRR) are two measures that can be derived
from this analysis to provide valuable insight in the sustainability of the undertaking. The IRR is the discount
rate that would bring the NPV of the entire project over the observation period to zero. An investment can be
considered sustainable if it is financially feasible (net cash flow is non-zero) and profitable from a socio-econonomic
perspective. A positive BCR has been determined through a comprehensive socio-economic impact assessment
under the most conservative assumptions, including total costs, externalities, and benefits, and an IRR that is
greater than the cost of obtaining the required capital. These results support the overall sustainability of the
project.

In line with the guidelines on cost estimation of research infrastructures [214], the following items need to be
established:

1. Unit of analysis with clear scope and boundary descriptions.

2. Reference period with a start and an end date of the observation based on the expected useful life (note that
this period may be different from the physical life of the infrastructure and may lead to residual asset values).

3. Base year, i.e., the point in time when the quantitative estimation is made that does not necessarily coincide

with the start date of the investment or the project operation. Past values are capitalised and future values are

discounted with respect to the base year using the same mathematical formula. Conversion rates of the unit of

measure with respect to other relevant currencies are to be recorded for the base year.

Unit of measure for costs and benefits in a specific monetary currency.

Approach for converting in-kind contributions into monetary terms.

Definition and description of the counterfactual scenario.

Project-specific Social Discount Rate that is justified by an economist expert advisory committee.

Structure of capital and operation expenditures.

. Structure of negative externalities considered.

0 Structure of positive impacts (benefits) considered.

Do e oo

In addition to full financial costs, negative externalities must be integrated in the assessment, as far as they can
be reasonably identified, accounted and converted in monetary terms.

Concerning potential impacts on the climate, the methodology includes the accounting of project-relevant
emission factors, the estimation of the net greenhouse gas (GHG) emissions (a negative externality) and emissions
avoided (positive impact or benefit) compared with a counterfactual baseline scenario. The resulting amount of
generated and avoided GHG emissions, in tonnes of carbon dioxide equivalent (tCO2(eq)), must be converted into
monetary terms using a shadow price of carbon. In line with the EC technical guidance on the climate proofing
of infrastructure, [215], for the shadow cost of carbon, it is recommended to use the values established by the
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European Investment Bank (EIB) as the best available evidence on the cost of meeting the goals of the Paris
Agreement [216].19

Input-Output analysis [217] is a methodology that only captures economic linkages and determines the value-
added of an investment and can be used to estimate the effect on the job market and in which domains and
geographical regions the economic activations take place. This tool is regularly used by governments and at the
international level (e.g., EU, OECD) for empirical economic research and structural analysis and is therefore widely
known. However, it is purely an economic instrument that should only be used as follows:

e As a complementary tool to document economic linkages, permitting the development of international in-cash
and in-kind contributions.

o To identify project-relevant industrial sectors.

e To develop targeted common activities and synergies.

e To understand the job market implications.

e To develop regional specialisation policies.

e To develop focused training and skilled labour mobility plans.

Recently, the FCC study implemented the economists’ recommendation to carry out a complementary analysis of
the public perception [176] using a stated preference and Willingness-To-Financially-Participate (WTP) approach
[218]. Such a survey can help to reveal if the full costs and cumulative impacts of a research infrastructure or
scientific investment are at least justified with respect to the perception of the public.

The establishment of a risk registry, risk assessment, and evaluation of residual risks is crucial for new science
missions and research infrastructure projects and programmes. It should include economic, social, and environ-
mental domains in addition to standard topics such as financial and project management-related matters. Selected
chapters are to be analysed using a simplified appraisal process with a limited and self-contained CBA or a multi-
criteria analysis (MCA). Presenting several variants and versions of the project and individual segments together
with their full financial costs, economic, social, and environmental performance levels is considered good practice
in project appraisal and has been implemented by this study.

The results of the integrating and wider sustainability analysis are reported in a condensed summary form using
the following key performance indicators:

Net Present Value (NPV) is the discounted sum of all future benefits less the discounted sum of all future costs
over the appraisal period as a whole. To properly estimate the NPV, realistic estimates are required of the streams
of benefits and costs over the appraisal period that can reasonably comprise around 30 years. Beyond this time
frame, quantitative socio-economic estimates become challenging. The key to determining both these streams is
knowledge of the times at which the various elements would come into play. Investment costs will typically be
incurred prior to the date of opening, whilst operating costs (for example, personnel and resources for operation
and maintenance) and user benefits would arise after the year of opening. User benefits, operating costs and
revenues can be estimated from model runs for two or more years and the stream of benefits can be derived by
interpolation and extrapolation between the benefits for the modelled years.

Benefit/Cost Ratio (BCR) is given by the ratio of the discounted sum of all future costs and benefits. The
BCR is, therefore, a value-for-money measure, which indicates how much net social benefit could be obtained in
return for each unit of investment. Although the values are monetised, i.e., converted into monetary units in this
approach, they do not necessarily represent financial investments (e.g., the monetary shadow cost of carbon is not
a paid amount of money. It represents a monetary cost to restore the effects linked to the quantified, potentially
emitted carbon dioxide equivalent). Formulae for the NPV and BCR will be found in CBA textbooks, a good
example of which is Pearce and Nash (1981).

Internal Rate of Return (IRR). Whereas the NPV and BCR measures require a test discount rate to be specified,
the IRR reports the average rate of return on investment costs over the appraisal period. This can be compared
with the test discount rate to see whether the project yields a higher or lower return than is required to break
even in social terms. Calculation of the IRR and issues surrounding it is discussed in Pearce and Nash, Chap. 4
and in other cost-benefit textbooks.

4.6 Limitations

While Sect. 4.5 outlined the comprehensive sustainability performance assessment based on cost-benefit analysis
(CBA), it is equally important to acknowledge the methodological limitations of this approach in the context of
research infrastructures.

19The Paris Agreement is a legally binding international treaty on climate change. It was adopted by 196 Parties at the UN
Climate Change Conference (COP21) in Paris, France, on 12 December 2015. It entered into force on 4 November 2016.
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Particle accelerator facilities are characterised by a diverse set of investment and operation cost items, negative
externalities, benefits and positive externalities. Research infrastructures dedicated to fundamental science gener-
ally do not generate direct financial revenue. Unlike commercial ventures, they do not sell a product or service
that generates income and therefore cannot be evaluated in terms of profit generation.? This makes it challenging
to evaluate their performance using standard business metrics, such as return on investment or earnings.

This situation presents challenges for conducting project appraisals and assessing long-term sustainability
through traditional financial methods. In the absence of direct financial returns, the value of such projects must be
reflected in their broader socio-economic impact. Thus, the assessment relies on identifying and, where possible,
quantifying societal benefits relative to costs and externalities.

One way to address this limitation is through the evaluation of the public good value, i.e., the benefit of providing
a science infrastructure as a non-rival, non-excludable good to society at large. In the FCC study, the public good
value in the countries likely to participate financially was estimated and found to exceed the sum of all known
and quantified costs. This supports, from a societal perspective, the justification for such an investment. As with
the LHC, it is also expected that participation would extend beyond CERN Member States, as international
collaboration has historically underpinned such large-scale science projects.

As recommended by the OECD [219, 220], the French government [221], the UK government [222], and the
European Commission [142, 223], a comprehensive sustainability assessment should consider all relevant elements:
total costs, total benefits, negative externalities, positive impacts, and environmental benefit potentials. In practice,
not all elements are equally relevant for every investment project, not all can be reliably quantified or monetised,
and some remain unknown (Fig. 4.6). Both costs and benefits are affected by uncertainties (Fig. 4.7). The results
presented in this chapter must be interpreted in this light. Although the EC CBA Guide [107] recommends a
Monte Carlo-based uncertainty analysis, this approach requires probability distributions for each cost and benefit
component, which are themselves difficult to obtain with confidence.

The comprehensive socio-economic study therefore describes as precisely as possible the scope, assumptions,
and methods used to quantify and monetise costs and benefits, together with the results obtained. This includes
acknowledging that not all externalities can be fully captured, and that ex-ante analyses always project future
conditions into today’s socio-economic environment with associated uncertainty ranges.

Rationalising comprehensive sustainability assessment using standard cost-benefit analysis [225] helps to identify
limiting and enabling aspects and can guide the iterative design of research infrastructures. Time is explicitly
accounted for, which is essential when considering environmental effects. While methods to quantify costs and
negative externalities are well developed, approaches to capture and monetise benefits and positive externalities
are less standardised and often project-specific, requiring tailored methods and models.

Sustainability should not be seen narrowly as the internal viability of the project alone, but more broadly in
terms of its interactions with external economic, social, and environmental factors. The 17 high-level development
objectives (with more than 160 sub-objectives) of the 2015 UN Sustainable Development Goals (SDGs), shown
in Fig. 4.8, illustrate the breadth of these factors. The FCC study has not yet conducted a full mapping to the
SDGs, but such an analysis should be developed in the next design phase, including the project authorisation
stage. Meanwhile, the SDGs can serve as a reference catalogue of potential impacts to be considered, both positive
and negative, alongside quantitative CBA results. CERN has already implemented such approaches in its periodic
environment report, which relies on the GRI framework [226].

20Financial profit is the net income earned after deducting all explicit costs from the total revenue.

@ Springer



Eur. Phys. J. Spec. Top.

?
50 ?
Tourism
40 Soi
C02eq Waste heat
30
20 ICT
10 o ’
0
Costs Benefits

Fig. 4.7 Examples for the accounting of full costs and benefits for an integrated sustainability analysis. Only the identified cost
and benefit items that can be converted into monetary terms were considered in this specific assessment. Exhaustive coverage
of all negative and positive externalities is challenging and must be accepted in all socio-economic impact assessments
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Finally, the choice of the Social Discount Rate (SDR) influences the integration of costs and benefits. Different
SDR values can be used to perform sensitivity analyses and to test the robustness of the overall net present value.
For this study, only a single SDR value has been applied.

4.7 Lifecycle analysis
4.7.1 Context

As the global focus on combating climate change intensifies, reducing greenhouse gas (GHG) emissions has become
a top priority. Infrastructures spanning transport, construction, and scientific instruments play a critical role in
this transition. A lifecycle analysis is an essential tool to analyse the sources of emissions that affect the climate,
to understand the drivers, and to optimise the project in view of improved environmental compatibility.

The topic is comprehensive and complex, determined by many uncertainties and by the fact that the different
segments of the project are only gradually known as the concept development and design advance. A long-term
project like the future circular collider does not deliver detailed designs of the technical infrastructures and particle
accelerator components until shortly before procurement. Detectors that constitute the scientific experiments will
only be built and procured as a collaborative effort at a much later stage. To be able to leverage the technical
advances, detailed designs are only developed when the particle collider equipment is well known, procured, and
potentially already being installed.

In addition to this time dependency, LCA and the associated carbon budget assessment strongly depend on the
procurement scenario and the scenario of specific technologies. Therefore, the FCC study has taken the approach
of focusing first on the best-known project segment, the environmental footprint of civil construction based on the
current concept.
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The study also included the estimate of the Scope 2 footprint for operation, i.e., the carbon emissions that
would be associated with the consumption of energy. Also, a specific procurement hypothesis had to be assumed
for this analysis.

It must be understood that the results presented herein are subject to further evolution throughout the lifecycle
phases of the project, should a decision to pursue it be taken. In particular, they do not consider certain negative
externalities related to the construction of the particle accelerators and experiments, optimisations, which are
possible with the use of further advanced technologies, materials, products, local production, responsible sourcing
and procurement and the outcomes of commercial negotiations during the procurement processes. Consequently,
continuous socio-economic performance monitoring, incorporating eco-design based on an iterative Plan-Do-Check-
Act cycle, is important and should be established before entering a preparatory project phase.

The analysis carried out using the European LCA Norms ISO/EN 14040 and ISO/EN 14044 aimed to estimate
the carbon budget of the infrastructure construction that would serve two subsequently installed particle colliders.
It aims to establish a credible benchmark, leveraging the use of European norm EN 15804+ A2 and French FDES
norm standardised Environmental Product Declarations (EPDs) of materials and products available today. This
approach ensures a comprehensive assessment in line with the European standard and norm EN 17472, which
provides requirements and guidelines for calculating and reporting GHG emissions associated with infrastructure
projects. The work also included the recommendations of Cerema for the evaluation of greenhouse gas emissions
for road projects, the Swiss ‘Koordinationskonferenz der Bau- und Liegenschaftsorgane der 6ffentlichen Bauherren’
(KBOB) and French ‘Les données environnementales et sanitaires de référence pour le batiment’ (INIES) databases
for ecological product footprints, and the ecoinvent (ecoinvent is an internationally active, mission-driven organ-
isation devoted to supporting high-quality, science-based environmental assessments) database for products and
materials where no EPDs were available. The work revealed some realistic pathways to further reduce the conse-
quences of the construction and gave some recommendations on future aspects that need to be considered during
the subsequent design phase.

The results are integrated in the integrating, wider socio-economic impact assessment by converting the results
of the LCA into monetary terms using the recommended approach of the EIB and the European Norms EN 14007
and EN 14008.

4.7.2 Methodology

The work for the estimation of the construction-related greenhouse warming potential included the following steps:

1. Component identification: Compilation of the detailed inventory of materials based on the bill of quantities for
the subsurface construction, the 4 experiment sites and the technical sites. The current conceptual design was
considered for this step. The products chosen are used throughout the infrastructure’s lifecycle.

2. EPDs acquisition: Sourcing of EPDs for each material identified, ensuring compliance with EN 15804+ A2, the
foundational basis for EN 17472. The materials are selected based on expert knowledge of the local environment
and product availability and hence, represent state-of-the-art solutions.

3. Software tool: Selection of a certified tool compatible with French and Swiss Environmental Product Declaration
- One Click LCA®, ensuring robust and accurate calculations.

4. Data entry: Imported data into the tool and entered project-specific data, including material quantities and
lifecycle phases, transport for excavated and construction material.

5. Calculations: The tool was used to estimate the carbon budget, drawing on EPDs data to evaluate GHG
emissions for each lifecycle phase.

6. Result analysis: Analysed the results to pinpoint major emission sources, comparing them against benchmarks
and reduction targets.

7. Formulation of recommendations: Based on the results and the identification of the key impact drivers, a set
of recommendations was formulated that is to be taken into consideration in the subsequent design phase to
further reduce the environmental footprint of the construction.

For the estimation of the Scope 2 emissions, the following steps were taken:

1. Consumption identification: estimation of the electricity consumption for the baseload and for each operational
phase and establishment of an operational schedule.

2. Procurement hypothesis: Establish a credible scenario for procuring the energy based on an external expert
consultancy with a focus on sourcing energy from renewable energy sources.

3. Quantification: Quantification of the associated climate effect by using the accredited French ADEME 2!
database.

2 ADEME stands for Agence de la Transition Ecologique, which translates to Agency for Ecological Transition. It is a French
public agency under the supervision of the Ministry for the Ecological Transition and the Ministry for Higher Education and
Research.
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Table 4.1 Summary of the :
LCA-based carbon budget of Item Footprint
the construction process

Subsurface 477,390 tCO2(eq)
4 technical sites 17,546 tCO2(eq)
4 experiment sites 31,735 tCO2(eq)
Total 526,671 tCO;(eq)

Table 4.2 Summary of the :
LCA-based carbon budget of Indicator Value
the construction process

Potential contribution to ozone layer depletion 19.3 kg CFC 11 eq
Potential acidification 929 t SO2 eq
Potential eutrophication - fresh water 96 t (PO4)*~
Potential eutrophication - marine 12t N

Potential eutrophication - land 2.1 x 10° mol N

4. Formulation of recommendations: Based on the results and the identification of the key impact drivers, a set
of recommendations was formulated that are to be taken into consideration in the subsequent design phase to
further reduce the environmental footprint of the operation.

In both cases, the results were converted into monetary terms using the EIB-established shadow price for
carbon. The results were integrated over time and discounted using the 2.8% Social Discount Rate established for
the assessment project.

4.7.3 Results

Construction phase The LCA [59] provided a breakdown of GHG emissions across various lifecycle phases and
materials. It is essential to note that the results were achieved using the most advanced, state-of-the-art products
and materials currently available on the market. The results are, therefore, credible, and the carbon-related climate
footprint can be further reduced as more advanced technology can be included in the project. The key emission
sources are reinforced steel (14%), precast concrete (49%) and concrete (23%). The climate effects due to the use of
electricity have been included in this analysis. It is assumed that the electricity required for the entire construction
process can be obtained from renewable energy sources via local suppliers in France and in Switzerland. The
official carbon footprints of today’s renewable energy mix in the two host countries have been used in the study
(see Table 3.5). The results obtained highlight opportunities for emission reduction by establishing technical
requirements for the infrastructure with carbon reduction in mind, careful selection of materials which meet the
requirements, construction process optimisation, and energy efficiency improvements. The GHG impacts of the
initial and benchmark scenarios are given in Table 4.1.

The value obtained corresponds roughly to 3 years of CERN’s annual carbon budget [78] or to one-third of the
carbon budget of the Olympic Games in Paris, 2024 [79].

Further environmental performance indicators obtained with the LCA are shown in Table 4.2. Compared to
classical, non low-carbon construction processes, the most relevant indicator is marine eutrophication, which can
be linked to the use of recycled steel.

The results also enable a comparison to be made between the construction of subsurface structures and conven-
tional structures, such as road and metro tunnels, and tram lines. The latter is characterised by significantly higher
carbon footprints as a result of the much stricter requirements that public use imposes. For comparison, the con-
struction of the U5 underground line in Berlin (Germany), a typical small-scale metro line, has a carbon footprint of
80,000 tCO2 (eq) per km. The footprint of a typical tramway line has between 7600 and 10,850 tCOx2(eq) per km. The
linear part of a future circular collider subsurface structures has a carbon footprint of about 5300 tCO3(eq) per km
(see Fig. 4.9).

Based on the findings, the following levers were identified to reduce GHG emissions:

e Document technical requirements for the structural surface and subsurface elements that capture the strict
minimum needs to fulfil the scientific research programme.

e Develop an eco-design that meets the established requirements with carbon reduction in mind.

e Make structural modifications by reducing the inner line thickness of subsurface structures by 5 cm, leading to
a reduction in the quantity of precast concrete and rebar steel of 16%.
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Fig. 4.9 Comparison of
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e Substitute materials, using low-impact materials wherever possible, leading to a further reduction of GHG
emissions.

o Optimise the construction process to minimise emissions, including local sourcing of raw and recycled materials
and production of construction materials.

o Fully electrified construction processes and transport.

¢ Reuse excavated materials, for instance, in concrete production.

Climate effects due to energy use during operation To estimate the climate effects related to the use of energy
(Scope 2) during the operation phase, the electricity requirements have been estimated for the baseload and for
each individual operation phase (Z, WW, ZH, tt). During the operation phase, the energy needed to power the
infrastructures, particle accelerators, and experiments will be sourced entirely from the French electricity grid,
managed by the national grid operator RTE. A portfolio of multiple electricity contracts and power purchasing
agreements (PPA) facilitates the diversification of the electricity mix and sourcing it from different operators who
can provide certificates of origin, leading to market-based carbon footprint reporting. A preparatory study with two
independent external consultants identified that on a short timescale, before 2030 60% of the required energy could
already be obtained from renewable energy sources and in a time frame of 15 years (around 2040) a portfolio to
cover 80% of the needs with renewable energies can be established. For 2050, when the FCC is envisaged to operate,
a coverage of 90% is assumed with a residual supply of 10% nuclear energy. For the purpose of the socio-economic
performance assessment, a conservative maximum use of 80% energy from renewable energy sources has been used,
thus over-reporting the carbon equivalent footprint. To estimate the carbon intensity of the project scenario, the
official values of the French National Environment and Energy Management Organisation (ADEME) were used,
leading to a mix with a carbon intensity of about 15 tCOz(eq) per GWh. For the calculations in the socio-economic
performance assessment, a more conservative degressive carbon intensity starting with 26 tCO3(eq) per GWh in
2024, 19.10 in 2046 and 18.41 in 2050 assuming a constant decrease in the emission factor of 4% have been used.
Again, this approach leads to an over-reporting of the carbon equivalent footprint. Table 4.3 provides the Scope
2 indication of the carbon budget for each particle collider operation phase with beam for scientific research and
the total footprint for all operation and shutdown phases for two different carbon footprint assumptions leading
to a range for the expected carbon footprint: 15 tCOy(eq) per GWh and 25 tCO2(eq) per GWh.

Integrating the energy consumption requirements over the years of operation leads to an integral carbon budget
that corresponds to about 2.5 years of CERN’s annual carbon footprint today. For comparison, the Meta company
known for its products Facebook, Instagram and WhatsApp operates currently at least three data centres in the
United States with electricity consumptions between 1.2 and 1.4 TWh per year [227]. Their individual, location-
based Scope 2 emissions are significantly above, 350,000 tCO2(eq) per year.

Shadow cost of carbon The conversion of the carbon budget aligns with the overall goals for climate protection
and temperature limits established by a community of nations in the Paris Agreement. The European Investment
Bank (EIB) has calculated a so-called ‘shadow price for carbon’ that represents the costs that humankind needs to
associate with climate protection measures to achieve the agreed goal. The shadow price of carbon increases over
the years, making one tonne of CO3(eq) more expensive for society each year. The discounted value of the monetary
conversion of the construction and operation-related carbon footprint is about 342 million euros. This amount is
added to the integrated socio-economic assessment on the cost side of the balance and is used to estimate the
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Table 4.3 Summary of the operation-related Scope 2 carbon emission footprint using two different market-based carbon
intensity assumptions for the electricity purchased. Note that the integral carbon footprint also covers Scope 2 emissions
during shutdown periods

Phase Duration GWh/year Footprint all years at Footprint all years at
15 tCO2(eq)/GWh 25 tCO2(eq)/GWh

Z 4 years 1100 66,000 tCO2 (eq) 110,000 tCO2(eq)

WwW 2 years 1300 39,000 tCO2(eq) 65,000 tCO2(eq)

HZ 3 years 1500 67,500 tCO2 (eq) 112,500 tCO2(eq)

tt 5 years 1770 132,750 tCO2(eq) 221,250 tCO2(eq)

Total 20,350 305,250 tCO;(eq) 508,750 tCO;(eq)

Table 4.4 Shadow cost of carbon under in currency unit per tonne CO2(eq) for various jurisdictions. Rates in the first row
are also published as European Union law 2021/C 280/01. Note that the 1.5% near-term Ramsey Discount Rate is applied to
the US indicated rates

Organisation Unit 2020 2025 2030 2035 2040 2045 2050 2060 Source
EIB and EU Euro 2016 €80 €165 €250 €390 €525 €660 €800 n/a [228]
EIB and EU Euro 2024f n/a €208 €316 €492 €663 €833 €1010 n/a

SGPI France Euro 2018 €87 n/a €250 n/a €500 n/a €775 €1203 [149]
UBA Germany Euro 2023 €240 n/a €254 €253 n/a n/a €301 n/a [229]
UK (high) GBP 2020  £361  £390  £420  £453  £489  £527  £568  n/a 230]
EPA USA USD 2020 $340 n/a $380 n/a $430 n/a $480 $530 [231]

 Adjusted based on EU-27 GDP deflator 100.0 in 2016 and 126.3 in 2023. It measures the amount to which the real value of
an economy’s total output is reduced by inflation.

net present value of the future research infrastructure at the end of its scientific operation programme. Table 4.4
shows the shadow cost of carbon currently recommended for project appraisal by the European Investment Bank
(EIB) and its time-adjusted value to be used in 2025.

4.8 Socio-economic performance

4.8.1 Context

The goal of the comprehensive socio-economic impact analysis including a wider set of components such as envi-
ronmental externalities is to get a better understanding of the cost drivers and potential benefits (as indicated in
Fig. 4.2). This approach has been adopted to plan for a sustainable scenario. The analysis can also reveal under
which conditions the overall socio-economic performance can be positive, i.e., represent a long-term sustainable
investment for the society. Carrying out such analysis from the onset enables the project to incorporate the findings
in the subsequent design phase, where it is easier to plan for sustainability enablers than during construction or
when the infrastructure is already in operation.

The socio-economic analysis relies on a working hypothesis of the investments and resources engaged for the
project by an international collaboration. Therefore, the work is based on a total project cost estimate including all
investment costs, operation costs, and relevant negative and positive externalities for the entire observation period
carried out in 2024. This estimate may differ from project cost estimates carried out later or presented elsewhere,
since it represents a snapshot of the estimates taken in June 2024 and it includes global personnel engagements
such as those of the international collaborations and monetised negative environmental externalities. The total
costs required for the socio-economic analysis include the investment costs (capital and operation expenditures)
as well as monetised externalities such as environmental costs and the shadow cost of carbon. Therefore, those
costs figures must not be used to determine the financial needs to implement the project. They represent the total
cost of the science missions for society for the entire observation period. The same holds for the reported benefits:
they represent a collection of identified, quantified and monetised positive effects for society and are not limited
to direct economic effects. Neither costs nor benefits can be exhaustively covered due to uncertainties, available
resources, and time limitations. However, the herein reported results are sufficiently comprehensive and detailed
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Fig. 4.10 Number of persons engaged in the project over the years throughout all project phases

to establish a stable Benefit-Cost Ratio that is unlikely to decrease further with the introduction of additional,
minor cost and negative externalities. The socio-economic performance requires periodic updates as the project is
defined better and in more detail and as models and resources to estimate additional benefits become available.

A comprehensive report on the socio-economic performance analysis [121] details the data, assumptions, method-
ologies and outcomes of the first socio-economic impact analysis for the first phase of the integrated FCC research
programme: the FCC-ee lepton collider based on only two interaction points. The analysis spans the entire lifecycle
of FCC-ee, encompassing its design, the construction of the surface and subsurface structures, the creation of the
technical infrastructures, the particle accelerator and experiment detector construction, the operation and the
gradual beam energy upgrade phases. The entire analysis spans a duration of 41 years (2024 to 2064), starting
with pre-investment study expenses, the financial investment decision and lasting until the end of the operation
phase. The methodological approach is based on the regulatory guidelines issued by the European Commission
(EC) [232], the European Investment Bank (EIB) [228], the European Strategy for Research Infrastructures (ES-
FRI) guidelines [214] and the French Secrétariat général pour I'Investissement (SGPI) [149]. The guidelines adopted
are compatible with those in other countries of the European Research Area, for instance, in the UK [222]. The
study also considers the latest literature, works, and results of empirical research on the economic quantification
of impacts associated with research infrastructures.

In evaluating the FCC-ee project, costs and benefits are expressed in comparison to a scenario where the project
is not implemented. In this counterfactual scenario, the LHC would continue its operation until its anticipated
end of life around 2040, and no new particle-collider would be constructed. CERN would continue its operation of
the existing particle accelerators (e.g., AD, ELENA, LINAC4, PS) and the experimental infrastructures linked to
them. It is based on the methods of standard cost-benefit analysis (CBA). All costs and benefits are incremental,
i.e., expressed as a difference between the costs and benefits of the operation of the existing infrastructure after
the shutdown of the LHC and the costs and benefits that the FCC-ee would induce Consequently, the approach
captures the net change, focusing on causally related effects that can be reliably attributed to the FCC-ee project.

This social cost-benefit assessment carried out assumes an FCC-ee project with four experiments, collectively
involving approximately 260,000 person-years over the project’s lifespan. The engagement of people is expected to
reach its peak of about 15,500 people during the operation phase (Fig. 4.10). This diverse group comprises scientists,
engineers, technicians, administrative staff, doctoral and post-doctoral researchers, undergraduate students, master
degree level students and apprentices. Of the total participants, approximately 11% is assumed to be active on the
particle accelerators and technical infrastructures, while the remaining 89% will be engaged in the detectors and
experimental physics.

4.8.2 Results

The initial socio-economic impact assessment based on 2 experiment collaborations, limited to the investment costs,
operation costs, and core benefit pathways, yielded a positive net present value at the end of the FCC-ee operation
phase [121]. The subsequent complementary assessment carried out in 2024 [233] used an even more conservative
calculation based on an update of the project configuration, considered only a reduced set of well-justifiable benefit
pathways, and extended the analysis to wider effects and negative environmental externalities:

¢ Revised investment and operation costs, reflecting the price evolution of goods and services between 2018 and
2024.
o Four experiment collaborations (instead of two as assumed in the initial assessment).
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Table 4.5 Social cost-benefit assessment of the FCC-ee project expressed as an incremental benefit with respect to a counter-
factual scenario in which no collider project is implemented after the end of the HL-LHC operation. The results of the ‘wider’

socio-economic analysis include noteworthy negative externalities and environmental benefits

Cost/Benefit Undiscounted Discounted
(A) Costs 19,666 MCHF
Investment costs (for 4 experiments, injector and tt stage) 16,215 MCHF 10,171 MCHF
Personnel costs 16,802 MCHF 7544 MCHF
Operation costs (materials, consumables, services) 4410 MCHF 1879 MCHF
Dismantling costs 228 MCHF 72 MCHF
(B) Negative externalities 354 MCHF
Shadow cost of carbon 634 MCHF 342 MCHF
Loss of agricultural income, biodiversity & habitat 7.6 MCHF 4.1 MCHF
Social cost of project-related, induced noise 0.02 MCHF 0.02 MCHF
Social cost of project-related, traffic-induced air pollution 0.9 MCHF 0.6 MCHF
Social cost of project-related, traffic-induced GHG externalities 9.8 MCHF 7 MCHF
Social cost of ionising radiation 1.3 MCHF 0.6 MCHF
(C) Core benefits 23,974 MCHF
Scientific production 6507 MCHF 2813 MCHF
Early career researcher training 20,687 MCHF 4986 MCHF
Industrial benefits for suppliers 17,577 MCHF 9569 MCHF
Onsite visitors 4538 MCHF 2129 MCHF
Online and social media 229 MCHF 102 MCHF
Open software (experiments and detectors) 7428 MCHF 4375 MCHF
Total costs including negative externalities (A + B) 20,020 MCHF
Total core benefits (©) 23,974 MCHF
Reference net present value (NPV) (C) —(A+B) 3954 MCHF
Reference Benefit Cost Ratio (BCR) 1.20

o Revised social discount rate (2.8%).
o Introduction of noteworthy environmental negative externalities.

e Revision of the major benefit pathway monetisation, including additionally gathered data.

e Strict limitation of benefits to core benefit pathways.

Table 4.5 presents the most certain and stable results of this additional social cost-benefit assessment, showing

the core cost and benefit pathways. A set of wider benefit pathways may occur, provided that dedicated planning
and implementation are incorporated into the project designs and appropriate contextual conditions are in place
(see Table 4.6). To aggregate the value of measured benefits and compare them with costs and negative exter-
nalities, a social discount rate (SDR) was established specifically for the project. Instead of relying on existing
SDRs suggested by international organisations, this project-specific rate accounts for the level of development and
preferences for consumption and investments in countries contributing to the CERN budget and the very long
duration of the project. The SDR value assumed is 2.8%. The result, strictly limited to costs, noteworthy negative
externalities, and core benefits, indicates a positive net present value of approximately 4 billion Swiss francs for
the project, resulting in a benefit-cost ratio (BCR) of approximately 1.20. This value must not be interpreted as
a fixed and certain number. A positive BCR under highly conservative assumptions provides confidence that the
project scenario can achieve an overall beneficial contribution to society. Depending on the project design and
implementation measures to support benefit generation and control costs and externalities, the BCR may be lower
or higher. Continuous tracking of the impact generation throughout subsequent project phases and monitoring
during the project implementation and operation are required to assure an overall positive performance.
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Table 4.6 Additional benefit potentials not considered in the calculation of the reference net present value and benefit cost
ratio

Cost/Benefit Undiscounted Discounted
(D) Residual asset value for a subsequent collider project —7911 MCHF —2480 MCHF
(E) Wider benefit potentials 6916 MCHF
Open information platform 5053 MCHF 2681 MCHF
Open collaborative software 7516 MCHF 3487 MCHF
ICT spin-offs 832 MCHF 409 MCHF
Creation of renewable energy sources through contracts 227 MCHF 117 MCHF
Supply of waste heat 313 MCHF 132 MCHF
Avoided greenhouse gas emissions (GHG) by supply of waste heat 170 MCHF 74 MCHF
Rewilding (habitats and biodiversity) 0.4 MCHF 0.2 MCHF
Contributions to regional emergency services 31 MCHF 16 MCHF
Net present value including residual asset value (C)—(A+B+D) 6446 MCHF
Total core and wider benefit potentials (C+E) 30,890 MCHF

The findings of the studies carried out over a time frame of about seven years suggest a positive socio-economic
net performance of the FCC-ee project. This result serves to demonstrate the long-term social sustainability of the
proposed new scientific research infrastructure. The analysis so far has helped identify the main impact pathways
with the goal of supporting the design of the research infrastructure for sustained socio-economic impact generation.
The findings reported here are, however, not exhaustive. Concerning costs, the estimates are likely to evolve further
during the design phase until an investment decision is made provisional and will be subject to updates. The
approach taken to integrate the analysis of impacts on the environment, economy, and society at large is in line
with EU practice in policy and infrastructure impact assessment. Further complementary socio-economic analysis,
given additional time and resources, would permit additional positive impacts to be uncovered and quantified,
strengthening the robustness of the benefits already estimated. Studies by Flyvbjerg et al. [234-236] highlight a
common trend of underestimating costs, overestimating revenues, and misjudging environmental and economic
impacts and the unintentional introduction of bias. Literature, therefore, supports carrying out an uncertainty
analysis, especially in large-scale infrastructure projects. To achieve this, the existing deterministic framework of
the CBA can be expanded with a probabilistic model, covering costs and benefits. This approach will provide a
more comprehensive view of the project’s expected outcomes.

4.8.3 Cost and benefit coverage

Good coverage of the main cost and benefit pathways has been achieved with the presented socio-economic assess-
ment, although exhaustive coverage of a large research infrastructure is limited by the knowledge about impact
pathways, models to quantify them, time, personnel and budget. The assessment carried out includes the full in-
vestment costs for the civil structures, the injectors, the booster, and the collider up to tt stage and 4 experiment
detectors. Full personnel costs comprising CERN paid and personnel supplied by the international collaborations
to the programme were accounted for. Full materials, maintenance, consumables, and service costs for the oper-
ation phase were included in the costs. Finally, the dismantling costs of the main ring booster and collider were
also included. This part does not include the disposal of equipment that would be classified as radioactive waste.
Such an estimate can be done only once the technical designs have been completed. It does also not consider the
residual market value of the metals that would lead to a gain after dismantling.

The establishment of a proper residual value for a proposed investment is a key element for input to the financial
sustainability analysis of such a project. According to the guide to the European Commission Cost-Benefit Analysis
of investment projects, the discounted value of any net future revenue after the time horizon of the project has to
be included in the residual value. The guide indicates that it is “the present value at year n of the revenues, net
of operation, costs, the project will be able to generate because of the remaining service potential of fixed assets
whose economic life is not yet completely exhausted”. In line with this EC guideline (p. 45, [223]) which economist
practitioners use, the residual value is highlighted as a value with a negative sign in the cost account. If there is
a ‘use value’ for the assets, then the residual value is greater zero. If not, the residual value is considered zero.
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Both scenarios were considered in the analysis. Since the proposed infrastructure can serve two particle colliders
in sequence, the residual asset value is considered in this assessment. Due to the very long timespan associated
with the integrated programme, this social benefit-cost assessment, however, only concerns the first phase, the
lepton collider FCC-ee. A residual asset value at the end of the FCC-ee operation phase is calculated that can
be made available as a ‘gift’ to a potential subsequent hadron collider project (FCC-hh). The residual asset value
becomes zero if no subsequent particle collider is installed that can profit from the built-up assets. This approach
has also been taken for the social cost-benefit assessment of the Large Hadron Collider [192]. The calculation of the
reference net present value (NPV) for the lepton collider FCC-ee project is carried out in a very conservative way:
it does not include the residual asset value at the end of the observation period. For the purpose of showing that
further societal impacts are possible and that an integrated programme consisting of a lepton collider (FCC-ee)
followed by a hadron collider (FCC-hh) is preferable, this benefit can be included in a wider NPV.

The materialisation of negative externalities and benefits depends largely on the design of an impact-creation
framework and external conditions.

Negative externalities such as the carbon footprint and the associated shadow cost of carbon depend on the
procurement actions taken for the construction, the power purchasing agreements concluded for construction
and operation, and the national carbon pricing at the time of generating the carbon footprint. The shadow cost
of carbon indicated considered the construction and operation of the research infrastructure. The costs for the
accelerators and detectors could not be included at this time since they rely on the availability of a technical design
and a procurement scenario.

The effects of potential disturbances such as noise and induced traffic linked to the construction depend sig-
nificantly on the actual number of people that would be affected. Additionally, certain impacts are challenging to
predict at this early stage because of a lack of forecast models for certain benefit pathways, because they could not
be identified, because of a lack of time and resources, or simply because of large uncertainties. Examples include
the wider positive externalities that can emerge from developing novel products and processes for re-using exca-
vated materials, advancing technologies for low-carbon construction materials, generating local synergies with the
municipalities hosting surface sites, the unanticipated creation of high-value technology spinoffs, and the invention
of entirely novel technologies.

This analysis focused on the direct benefits currently known and foreseeable based on past factual evidence, for
instance, from the LHC and the European XFEL projects. It was concluded as soon as a high level of confidence
was achieved in demonstrating a break-even point between benefits and total costs, including noteworthy negative
externalities. Conservative assumptions were made for all estimates. Where a causal relationship between positive
or negative effects and the project could not be reliably established, the item was entirely left out. For cost and
benefit items for which commitments remain to be formulated (e.g., the development of dedicated open software
platforms to support knowledge dissemination and international collaboration, the conclusion of renewable energy
contracts or PPAs, the supply of waste-heat, projects to re-create and strengthen the lost habitats, contributions
to the operation of regional emergency services), the elements were labelled to be considered as a ‘wider’ societal
impact. They were included in the calculation of a wider net present value only.

The economic benefits of visitors rely on the existence of a visit programme, dedicated visit points, infras-
tructures and guides. The reported benefits of onsite visitors are incremental with respect to the counterfactual
scenario in which no future particle collider project is implemented. This means, it captures the likely benefits
on top of the effects generated by visitors that come to CERN after the end of the HL-LHC programme. This
counterfactual case is envisaged to be less impactful, since CERN without a new flagship project at a global scale
is assumed to be less attractive for visitors, as recent surveys of CERN visitors carried out in the first quarter
of 2025 reveal. Some benefits are intangible in nature, such as advances in scientific knowledge, impacts related
to science diplomacy, ethical considerations, and trust in science. Although benefits created by open software and
collaborative platforms have significant value potential, it is challenging to estimate which, when and in which
ways such benefits reach society without a dedicated innovation creation and transfer programme in place for such
technologies.

Several further wider benefits have been envisaged, but were not pursued further at this stage due to re-
source and time constraints associated with unambiguously clarifying the demand. They include, for instance,
the strengthening of the local and regional electricity and communication networks, the creation of soft mobility,
the contribution to the improvement of public transport, the creation of housing and schooling facilities, and the
development of local businesses and services. However, the study included the development of a framework to start
elucidating the demands for such wider benefit potentials with the municipalities in the perimeter of the project.
Ongoing and future socio-economic analysis will shed more light on those opportunities once the demands are
better understood.

4.8.4 Cost and negative externalities

For the cost-benefit calculations, the FCC has been considered as a design-to-cost project, with a total investment
including 4 experiments and the tt stage, projected at approximately 16.2 billion Swiss francs (undiscounted) with
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an uncertainty range of —5% to +20%. This figure encompasses studies, preparatory activities, design work, civil
construction works, creation of technical infrastructures, all particle accelerators (injectors, booster and collider)
and all investment costs related to the four experiment detectors.

Personnel costs include all human resources involved in the project throughout all lifecycle phases, irrespective of
the organisation employing them. The total personnel costs are composed of wages, indirect costs and employer-
related costs without overheads. They are averages for different personnel categories in the different countries
participating in the project. In total, personnel costs make up about 16.8 billion Swiss francs (undiscounted) and
7.5 billion Swiss francs (discounted).

Operation costs refer to all expenses (both in-kind and outflows) that are needed for running, maintaining, and
repairing the research infrastructure throughout the entire scientific exploitation (e.g., electricity, water, spares,
and human resources for maintenance and repair). The likely scenario for the operational costs amounts to a total
of 4.4 billion Swiss francs undiscounted with a range due to uncertain costs of resources (e.g., electricity and water),
supplies and service contracts. The discounted costs are around 1.9 billion Swiss francs. This corresponds to an
average annual undiscounted cost of about 250 million Swiss francs and about 105 million Swiss francs discounted
over the operational time that spans from commissioning to the end of operation.

The cost figures used for this analysis, along with the projected number of project users must be regarded as a
working hypothesis that serves for estimating the socio-economic performance, that helps to identify key impact
pathways. It also helps in understanding which benefit potentials may still have potential for further development.
They are formulated based on the understanding of the project at the time of the analysis and are expected to
undergo further revisions and refinements as the design progresses.

Estimates of the following cost items covering the period from the investment decision to the end of the FCC-ee
operation phase have been included in the analysis presented:

» Capital expenditures for civil construction, technical infrastructures, all particle accelerators (injector, booster,
collider) including the upgrade to tt operation and four experiments.

e Cost of acquisition of all land for the surface sites, accesses and nature enhancement around the sites.

e Cost of access road creation or refurbishing.

o Creation of off-site infrastructures required for construction and operation (e.g., accesses, water supply, water
treatment, local electricity connections).

o Full personnel cost estimates (CERN and the international collaboration) required for the design, construction
and operation phases covering the particle accelerators, technical infrastructures and experiments.

o Typical operation costs (consumables, water and energy, maintenance, repair).

e Dismantling cost of the lepton collider and its specific technical infrastructures that cannot be reused for a
subsequent hadron collider.

e Negative residual value of the infrastructures for a subsequent particle collider project.

In addition to the items mentioned so far, a portion of the investments in reusable and durable assets, such
as superconducting radiofrequency systems, electricity infrastructure, civil structures, and basic technical infras-
tructure, will be used in a subsequent particle collider project. According to the EC guidelines on Cost-Benefit
Analysis (p. 45, [223]), this residual value is reported as a discounted value with a negative sign in the cost part.
The residual value of the initial phase assets is significant and contributes to the sustainability of the integrated
FCC programme. The estimated discounted value stands at approximately 2.5 billion Swiss francs, equivalent to
24% of the total investment.

Estimates of the following negative externalities have been included in the analysis presented:

o Cost of managing excavated materials as part of the investment cost.

e Shadow cost of carbon for civil construction and the energy used for operation.

o Cost of rewilding measures in the vicinity of the surface sites (e.g., preservation and improvement of wetlands,
creation of trees to compensate for forest clearance and the creation of meadows and grasslands) as part of the
investment cost.

o Economic loss (direct, indirect, upstream and induced downstream) caused by the consumption of agricultural

land for a period of 30 years.

Economic value of the cleared forest.

Economic value of loss of habitat and biodiversity.

Societal cost of construction and operation-related noise.

Societal cost of added traffic and air pollution induced by the transport of excavated materials.

Societal cost of additional ionising radiation.

Societal cost of radioactive waste as part of the operation cost.

4.8.5 Impact pathways

The following impact pathways have been included in the analysis either as core elements or as potential wider
benefits:
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Fig. 4.11 Expected distribution of FCC-ee scientific products over time

o Value of scientific content production.

e Increased market value of early-stage scientists and engineers.

o Value of on-site tourism.

e Value of online presence and social media activities.

o Value of industrial spillovers involved in the construction of infrastructures, accelerators and experiments.

e Market value of ICT spin-offs based on the frequency of past and current spin-off company creation at CERN.

e Societal value of open software products.

e Market value of waste heat supplied and the societal value of carbon emissions avoided.

o Market value of additional renewable energy sources created as a result of long-term power purchasing agree-
ments.

o Market value of treated waste water.

e Societal value of improved and recreated wetlands, meadows, grassland and forests.

e Economic value of compensated agricultural spaces.

e Societal value of regional emergency and fire-fighting services required for the new research infrastructure.

The following impact pathways are considered highly reliable and form, therefore, a set of core benefits on which
the conservative net present value is based:

. Value of produced and cited scientific publications.

. Lifetime salary premium of early-career researchers and engineers aged under thirty.

. Incremental value for suppliers due to follow-up contracts that result from their activity in the project.

. Value of on-site visitors based on the travel cost method and local spending.

. Leisure time value of people consuming project-related online and social media content.

. Estimated value of open software developed in the area of particle detectors and experiments, used by other
scientific institutes and industries.

UL W N~

The first impact pathway assessed is the value derived from scientific content production. It stems from the
knowledge flow generated by scientists and engineers engaged in the collider and its experiments, resulting in a
diverse range of scientific products, including journal articles, working papers, conference proceedings, and pre-
sentations. These products can have a lasting impact, extending beyond the high-energy and particle physics
community, and potentially influencing other knowledge domains to address broader societal challenges. Sciento-
metric techniques were employed to estimate scientific production and its propagation from the FCC-ee project.
The methodology involved analysing historical patterns observed in comparable physics research programmes like
Tevatron, LEP, and LHC. The economic concepts of opportunity cost and value of time were employed to deter-
mine the social value of scientific products. This approach considered the time spent by individuals, depending on
their involvement and responsibilities, in an experiment collaboration for producing these outputs and valued it
based on their average hourly salaries. This method was applied to estimate the social value of scientific products
produced by researchers directly involved in the research programme (so-called ‘tier 0’ products), those citing the
initial tier 0 knowledge (so-called ‘tier 1’ products), and products citing tier 1 outputs (so-called ‘tier 2’ products).
Between 34,000 and 38,000 scientific products are expected to be directly produced in the course of the FCC-ee
project (tier 0 publications), with an additional 538,000 to 618,000 tier 1 and 2 products likely to be generated
based on that corpus until the year 2083 (see Fig. 4.11).

Considering that about 55% of the time spent by researchers is dedicated to scientific research activities and
the production of the production of scientific outputs, but only about 22% can be attributed to FCC-ee specific
scientific products, the estimated benefit from scientific production is around 6.51 billion Swiss francs undiscounted
and about 2.8 billion Swiss francs discounted. This valuation accounts for the diminishing value of tier 1 and tier
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2 products compared to tier 0 products, as knowledge propagates through subsequent waves of production and
the initial input from FCC-ee progressively diminishes.

The second impact pathway studied is the value of early career research and engineer training, which reflects
the project’s role in imparting knowledge, fostering skills development and building capacities for individuals
actively engaged in the research programme throughout its lifecycle. The value stems from the fact that persons
who were engaged in large-scale, multi-sectoral high-tech and science projects at CERN represent a higher value
to their eventual employers than persons who do not have such training experience. This is reflected by higher
starting wages and faster-growing salaries. The effect remains until the person retires, and it leads to an overall
incremental added value with respect to peers without such an experience. The analysis specifically evaluated the
benefits accrued by technical students, doctoral students, post-doctoral researchers, and associated scientific and
engineering personnel up to a cut-off age of 30. The analysis did not include the training value for apprentices and
other highly qualified personnel with limited-term contracts, temporary labour and contracted workers. The benefit
has been quantified by estimating the lifelong career development improvements for participants upon entering the
labour market after gaining work experience within the research programme. Previous studies, further validated
through a survey involving approximately 2600 individuals, indicate that the lifetime salary benefit for an early-
stage researcher working at FCC-ee ranges from a minimum of 2% to 10% for the average period of stay in the
research infrastructure (3.78 years) (see Fig. 4.12). The total undiscounted socio-economic benefit is assessed at
around 20.7 billion Swiss francs, and the discounted value is around 5.0 billion Swiss francs.

The third impact pathway explores the benefits generated by the project for industrial suppliers engaged in
the construction of the infrastructure, the particle accelerators, and detectors. The benefit stems from increased
financial performance of the suppliers a few years after they have received contracts in the frame of the project.
The effect of being a supplier in a large-scale project, in particular in domains that are characterised by project-
specific designs, developments, and adaptations of off-the-shelf products and services, is linked to the gain of
experience, increase in efficiency, and a broadened market access. In essence, the impact stems from a knowledge
gain acquired through close collaboration with the research infrastructure. This knowledge, in turn, contributes to
the creation and improvement of new processes, products, and services that suppliers can leverage in other markets
and domains. It leads to additional contracts that the supplier is able to conclude because of that knowledge gained.
This cause-effect-impact chain has been exhaustively analysed over some decades, and it has been found to be
robust and stable. A profit multiplier has been determined, standing at 1.96 for procurement of items with low
or moderate level of technology intensity and 3.06 for procurement with high level technology intensity. Applying
this multiplier to the investments that are likely to generate further industrial spillovers, the undiscounted benefits
are estimated at 17.6 billion Swiss francs. The discounted benefits are estimated at 9.6 billion Swiss francs (see
Fig. 4.13).

The fourth impact pathway concerns the benefits generated by on-site visitors. Before 2020, 150,000 visitors per
year came to CERN. In 2024, after the opening of the new Science Gateway visitor centre, the number increased
to about 350,000 external visitors (not counting visits of persons participating in CERN projects, company visits
and visits of employee families, accounting to about 40,000 additional persons). While in the period before the
Science Gateway the participation was equally distributed among group visits and individuals, the significantly
increased capacity to welcome unguided visits led to a change in the distribution. Today about 76% of people visit
CERN individually and 24% come as part of groups that enjoy the possibility to also visit experiment facilities,
in particular the ones linked to the LHC. 55% are classified as ‘CERN motivated’ visitors, whose primary purpose
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Fig. 4.13 Time profile of FCC-ee industry benefits for suppliers, compared with the high-tech investments costs (Swiss francs,
undiscounted - baseline scenario)

of the trip was to visit CERN, while 45% are “region motivated” visitors, who travelled to the area for other
reasons and took the chance to also visit CERN. The absolute number of persons that are part of visit groups
remained relatively stable. Two campaigns of guided systematic interviews with on-site visitors before and after the
opening of the Science Gateway permitted a robust multi-year spending behaviour of the visitors to be established
(see Fig. 4.14). In total, more than 4000 individuals were interviewed, and only about 3550 responses with self-
consistent and credible answers were retained for the analysis. The average stay of persons in the region is 3.75
days, indicating that once they have visited CERN they extend their visit to further destinations in the vicinity.

The local spending associated with the visit ranged between 625 Swiss francs for group visitors and 713 Swiss
francs for individual visitors, with a mean of 691 Swiss francs for all visitors. Based on the survey, sampling from
the obtained visitor spending distribution, the sum of the local spending due to 350,000 annual on-site visitors
translates to a tangible economic benefit for the region of about 250 to 350 million Swiss francs per year. This
figure does not, however, capture the socio-economic benefit related to the FCC-ee. Based on this current survey,
only a certain fraction of future visitors can be attributed to an FCC. As outlined initially, the analysis limits
benefit potentials to the incremental effects, i.e., the difference between the effects of on-site visitors that can be
attributed to the existence of the FCC and the evolution of CERN without the FCC. For this reason, the following
assumptions were applied to estimate the incremental socio-economic benefit for the FCC-ee:

o Conventional CERN visits: an increasing share of these visitors is attributed to FCC-ee, starting at 0% in 2024
and gradually rising to 50% by 2064.

e Visitors to the FCC-ee construction sites and the four experimental sites: these visitors are fully attributed to
FCC-ee, as they would not have been accounted for in a scenario without FCC-ee.

e Visits to the decommissioned LHC tunnel: adhering to a conservative approach, these are not attributed to
FCC-ee since they would be justified even in the absence of the FCC-ee.

e Visits to FCC experiment visitors centres.

e About 10% of all visitors are coming to the CERN main site.

¢ Open-day visitors: these are attributed to FCC-ee only for the additional capacity created by the new accelerator;
all other visitors are excluded from the count.

Based on these assumptions, it is estimated that out of almost 19 million visitors throughout the entire observa-
tion period, only about 5.5 million are assumed to be attracted by FCC-ee (see Fig. 4.15), while the remaining will
be motivated more by the overall CERN activity and longstanding worldwide reputation of scientific excellence.

Considering that only the incremental benefit is reported here, the difference between the number of visitors
that CERN would welcome without and with an FCC-ee is about 13.5 million over the observation period.

The benefit for on-site visitors was monetised using the travel cost method, which incorporates the costs borne
by visitors to travel to CERN and FCC, the economic value of time spent travelling, along with local expenditures
connected to their visit based on two actual surveys carried out at CERN over two years (pre- and post COVID).
The discounted benefit generated by about 5.5 million onsite visitors attributable to FCC-ee is estimated to be
approximately 2.1 billion Swiss francs.

The fifth impact pathway analysed concerns virtual visitors who consume webpages and social media. Due
to the limited availability of data, the analyses concerned only websites and social media channels that are di-
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Fig. 4.14 Distributions of the spending of all on-site visitors, individual visitors and visitors that come to CERN as part of
groups

rectly managed by CERN. The estimate, therefore, significantly underestimates the actual benefits generated by
numerous online content that would be made available on a global scale.

The estimated number of online visitors is based on historical data collected by CERN’s communication group
regarding visits to the main CERN website and social media accounts. Assumptions were made about the number
of visits specifically related to FCC-ee. This estimate has been revised to reflect changes in the project’s timeline
and to ensure consistency with the revisions made in the estimation of onsite visitors, particularly regarding the
share of FCC-ee attribution. It is assumed that the highest attributable share of visits is approximately 50%,
aligning with the assumption made for CERN visitors.

In the scenario without the FCC, it is assumed that the number of online visits to websites and social media will
follow the same patterns as the on-site visitors in the absence of the FCC-ee. In the scenario with the FCC, the
number of online visits corresponds to the trend of growth of scientific publications due to the projected FCC-ee
research programme. The share of online visits attributable to the FCC-ee starts as a marginal share of the total
CERN online visits. The main jump in online visits is expected to occur with the start of operation. This share
is expected to grow further during the operative phase. The number of online visitors is expected to reach its
maximum several years after 2050 and the end of operation. In these years, the share of the total CERN online
visits associated with the FCC reaches conservatively about 50% and remains constant. This assumption is in
line with survey results to onsite visitors about the reason to visit CERN today. Based on these assumptions, for
the FCC-ee over the 2024-2064 period, impressions are estimated at 1.7 billion, engagements at 79 million, and
CERN website visits at 175 million. These estimates are highly conservative and do not take into consideration
future social medial developments and online platforms are likely to appear, but whose existence can today not
be anticipated.
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The monetisation of these visits is based on the actual observation of an online presence of a little over 3 minutes.
Distributions are applied to different media types, such as social-media interactions and consuming online video
snippets related to FCC. The value of time spent is determined using the ‘opportunity cost’ method, which suggests
that time spent on social media and websites represents a missed opportunity to engage in other potentially
profitable activities. Since not all virtual visitors are necessarily part of the economically active workforce, the
opportunity cost of time was estimated by using per capita GDP (instead of wages), adjusted based on the
geographical distribution of virtual visitors. The total undiscounted cultural benefit for online visitors is estimated
to be approximately 229 million Swiss francs, which corresponds to 102 million Swiss francs discounted.

The sixth core impact pathway encompasses free and open-source software, systems, and platforms causally
linked to the research programme. It is assumed that in particular software related to the experiment and detector
projects generates incremental societal value due to the adoption by other science projects, research institutes, and
companies with particular needs that cannot be easily satisfied by commercially available software. While the first
user base is typically found in the physics, astronomy, and medical research domains, companies using such software
can be very diverse. Recent examples of using software from the LHC experiments range from space-borne earth
observation systems through medical imaging and mining to shipping container traffic and stock-market transaction
analysis. In essence, in any application where massive amounts of data need to be processed, patterns need to be
identified in background dominated environments, time-critical applications demand custom solutions, and data
processing efficiency is key to success, the developments of particle physics scientists and engineers are sought after.
Increasingly, these software systems also underpin advances in artificial intelligence (AI) and machine learning,
both as training grounds for novel algorithms and as sources of specialised tools for large-scale, high-dimensional
data analysis, thereby widening the spectrum of industrial and societal spillovers. This is an area of active and
ongoing development.

The estimation of this benefit pathway is based on the use of actual particle detector modelling and simulation
software, for which the use outside the core community could be tracked over recent years. It serves as a ‘proxy’
for comparable developments for which the need during the development of FCC detectors and experiments has
been confirmed. Like software package analysis, new software can find use beyond the core community, thereby
generating a spillover benefit for society. A number of developments will concern the use of artificial intelligence
in this area, configurable hardware, edge computing, and ever-evolving data communication technologies. Several
of these developments are admittedly associated with uncertainties, but as the past has shown, it is likely that the
collaborations around the FCC-ee experiments will be able to make significant contributions in the ICT domain.

For detector modelling and simulation software, approximately 50 research centres, space agencies, and com-
panies were identified using software developed for the LHC experiments. This included 38 institutions beyond
CERN that contributed in some way to the developments. Examples include but are not limited to the Fermi Na-
tional Accelerator Laboratory, SLAC National Accelerator Laboratory, the Centre for Medical Radiation Physics,
and the European Space Agency. Additionally, 12 other laboratories, institutes, and companies use such software
without contributing to its development. They include, for example, NASA, General Electric, Philips, Siemens,
Varian, Boeing, and General Motors. CERN does not systematically track the number of users and installations,
but data available in 2023 suggest a current user community of about 95 contributing institutes (excluding CERN).
Assuming the ratio of 3:1 between contributing and non-contributing institutions remains stable, the total number
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of non-contributing users is estimated to be around 30. In the absence of more reliable data, this estimate is
considered reasonable and conservative.

The benefit is estimated as the avoided cost for the external users, and it is based on the cost of production of
comparable new software. It was estimated that the production cost of existing detector modelling and simulation
software was about 44.2 million Swiss francs up to 2013, covering the first 20 years of its development starting
in 1994. CERN contributed about 50% of this cost (22 million Swiss francs), with the remaining amount funded
by other external contributors. The estimates are based on the hypothesis of comparable cost figures for FCC-
ee related software and assuming CERN’s contribution remains at 50%. The avoided cost for each contributing
organisation is the total estimated production cost minus their specific contribution, while the avoided cost for
non-contributing users is the full production cost. It is assumed that new software would be first released after 5
years of development with developments continuing over the years, even during the operation phase, due to the
continued interest by academia and industry.

In this scenario, the total cumulated avoided cost representing the total undiscounted benefit is estimated to be
about 7.4 billion Swiss francs. The discounted benefit is about 4.4 billion Swiss francs. This benefit, in fact, would
stand for a range of potential software developments that cannot be explored in detail at this early stage. It is
advised that any future development foresees an open access mechanism for such software, actively promotes such
software in areas outside the particle physics community in science and industry and, most importantly, includes
a systematic tracking of active users to help make socio-economic impact estimates more accurate and reliable.

4.8.6 Wider benefits

A number of wider benefits have been analysed in detail in addition to the core benefits presented in the previous
section. Due to uncertainties that are linked with the possibilities to actually turn the wider benefit potentials
into tangible impacts, they are not considered in the calculation of the reference baseline net present value. The
analysis and quantification of those benefit potentials is, however, based on factual observations of past effects
and outcomes and is therefore solid with respect to monetisation. As with the core benefits, highly conservative
working assumptions have been established, and only effects that can be credibly justified have been included.
Therefore, a second net present value is presented that includes those wider benefits. To turn such potentials into
tangible impacts, the preparatory implementation phase of the future project needs to include dedicated work that
plans for such benefit creation. Voluntary objectives and commitments are needed by the project owners to put
instruments in place to actually turn the potentials into impacts. Last but not least, monitoring and tracking will
need to be put in place to follow up on the impact generation.
The following wider benefits have been studied and are briefly presented in this section:

. Open information platform

. Open collaborative software

. Company spin-off generation in the information and communication technologies (ICT) sector

. Build-up of renewable energy sources

. Supply of waste heat

. Avoidance of greenhouse gases by substituting traditional heat energy sources with recovered and supplied waste
heat

. Improvement and creation of habitats and increase of biodiversity

. Strengthening of emergency services

UL W=

o

A future, global collaborative research project relies on a long-term, open scientific and technical information
platform that permits the community to make its knowledge widely available so that it becomes findable, accessible,
interoperable and reusable (FAIR principle). CERN has a long-term track record in putting such infrastructures
in place, the World Wide Web being the most prominent one. This technology subsequently permitted the devel-
opment and making available of additional services, such as the CERN Document Server (CDS), which is based on
the in-house developed Invenio platform. This development has led to the creation of the Zenodo service, which the
FEuropean Commission has endorsed as the catch-all repository for all EU-funded research. Today CERN operates
this platform that is entirely part of the European Open Science Cloud (EOSC) for the European Commission. By
continuing to be at the forefront of big science, CERN can have a lead role in scientific and technical information
provision in Europe and at a global scale. The launch of a new large-scale science mission, the FCC, justifies not
only the continuation of ongoing developments, but will likely also lead to the development and implementation of
a new generation of information systems, in line with past occurrences. Such a platform may offer functionalities
that go beyond pure document and data management and long-term data preservation. It may offer services that
are today impossible to conceive. In order to estimate the potential value of such a future development, the value
of the Zenodo platform was estimated as a conservative reference with minimum functionality offered to society
today. This was possible, because historic data of sufficient quality for relevant periods could be identified. An
econometric model was constructed to estimate the socio-economic impact of the virtual information repository,
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designed to fulfil collaborative information storage and usage requirements. The estimated monetised value is de-
rived from measurable benefits associated with comparable repositories, encompassing data storage, online usage,
and downloads, net of the present value of its development, operation and maintenance costs.

The undiscounted value over the FCC-ee observation period of such a platform is 5 billion Swiss francs, and
its discounted value is about 2.7 billion Swiss francs. To turn such an impact potential into reality, several pre-
conditions apply: the global community participating in the project has to have a demand for such a platform,
the community must be committed to use the platform, communities beyond the high-energy and particle physics
domain must adopt the platform (as was the case with the Zenodo platform being endorsed by the European
Commission). The fundamental requirements rely on an intent to play the role of developing and operating an
information platform for several user communities. Long-term sustained resource engagement and a plan to dis-
seminate the developments beyond the core community are also needed.

Another typical case for open platforms in the history of CERN’s large international collaborations is the cre-
ation of tools that support collaborative work. The ‘Integrated Digital Conference’ (Indico) event management
system is one example of such development. It revolutionised the management of physical and virtual meetings,
lectures, conferences and led to a comprehensive documentation of collaborative work and can be considered a
key enabler of global collaborative projects. Since its start of development in 2002, the platform has spilled over
to numerous academic and international organisations worldwide. A future large-scale project not only has very
similar needs, but will create demands beyond those that are satisfied with this platform today. The integra-
tion of collaborative writing, sketching, Al support for meetings and minute taking, translation among different
languages, collaboration management, video conferencing, recording and media publication, real-time messaging,
shared workspaces, integration with document management, approval and selected information distribution pro-
cesses are just a few selected examples for which the need is already starting to appear in the frame of the studies
related to the FCC.

For these reasons, the current Indico platform was chosen as a conservative, representative example of a col-
laborative platform that can enable and improve future collaborative work in the frame of a large-scale project.
The value generated from developing a new service to facilitate the worldwide collaboration involved in the FCC
project in terms of meetings, calls, and event management was assessed by considering the willingness to pay
(WTP) by private users for a comparable toolset, totalling 7.5 billion Swiss francs undiscounted and 3.5 billion
Swiss francs discounted. Since the potential of such a new ecosystem relies on a commitment for development,
the adoption by communities beyond high-energy and particle physics, the value was only considered as a wider
benefit.

The knowledge-transfer office records of the last two decades have shown that a stable number of companies
have been created every year by persons who were engaged in CERN’s flagship particle collider project and the
international experiment detector collaborations. A prominent example includes Proton AG with over 400 em-
ployees and more than 100 million customers, offering secure e-mail and VPN as an unparalleled service to other
providers. Other examples are Advacam which specialises in imaging devices for various industrial applications
based on particle detector technology, LightEye working on LiDAR technology for long-range wind speed measure-
ments to improve aviation safety and PlanetWatch which specialises in data acquisition of environmental data.
Based on these factual historical data, it is assumed that FCC-ee would generate approximately two new spin-
off companies in the information and computing technologies (ICT) sector alone each year from the design and
preparation phase until the end of the observation period. Considering the probability of company survival each
year and the annual market value of companies in the ICT sector, the socio-economic benefit is estimated to be at
least 832 million Swiss francs undiscounted and 409 million Swiss francs discounted. This figure does not include
the economic benefits that are generated by numerous micro enterprises and independent consultants that carry
out their activities thanks to the experience and skills they acquired in the frame of large-scale particle accelerator
and experiment detector projects.

Some selected environmental benefits that the project could generate were also assessed. They include the
voluntary goal of supplying the infrastructure with electricity from renewable energy sources. Entering specific
energy supply contracts and long-term power purchasing agreements (PPAs) can serve as a lever to build up new
renewable energy sources since the power supplier can secure long-term funding of new renewable energy investment
projects before making a financial investment decision. A scenario of a portfolio of complementary energy supply
contracts for the FCC construction and operation has been analysed in terms of this value-generation pathway.
Assuming that after 2050, society is largely de-carbonised and conservatively, no growing demand for such a funding
instrument is assumed on a time horizon of more than 30 years, the reported benefit remains limited: 227 million
Swiss francs discounted and 117 million Swiss francs discounted. The development of a renewable energy portfolio
can, in principle, begin with an investment decision for a new particle collider project and with a commitment of
the project to engage renewable energy sources. In this case, the potential benefit can rapidly turn into a tangible
economic benefit. It is suggested that this benefit be revised by that time and reconsidered under the evolving
project implementation boundary conditions.

A large part of the energy used to operate the particle collider and its experiments is converted into heat.
Traditionally, the heat is dissipated via water-based cooling systems that connect to evaporation towers. A study
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has been conducted to prove the feasibility of recovering and re-using waste heat. Recovery and supply of waste
heat is a concept that is built into the design of the particle collider from the onset. Recovered waste heat will be
supplied via district heating networks to consumers in the vicinity of the FCC-ee sites. The environmental benefit
stems from the fact that the energy used by the FCC research infrastructure is reused and supplied for heating
and cooling purposes, avoiding the use of alternative, mainly non-renewable, sources with higher carbon intensity
such as gas, wood, oil and conventional electricity mix. The environmental benefit of waste heat reuse is derived
from the avoided GHG emissions in the project scenario, where CERN supplies waste heat—produced using a
cleaner electricity mix—to district heating networks serving consumers near the FCC-ee sites. This is compared to
the emissions from alternative heating and cooling methods typically used in the CERN region. The total benefit
is estimated at 170 million Swiss francs undiscounted, corresponding to 74 million Swiss francs after discounting.

However, turning this potential benefit into tangible socio-economic impacts requires the adaptation of the
operation schedule to the demand curve, agreements with district heating operators to establish and operate
networks, and customers who commit to using the heat. Since such developments are typically time-consuming,
entail territorial developments that last one to two decades, and depend also on local developments around the
future surface sites, the benefits are not included in the core net present value calculation. In addition, the
potential benefits emerging from the avoidance of greenhouse gas emissions by replacing conventional heat sources
are uncertain for the timescale after 2050, when in principle the economy aims at being largely de-carbonised.
Together the benefit potentials, i.e., the costs saved by using waste heat instead of conventional heat sources and
avoiding greenhouse gas emissions, add up to about 313 million Swiss francs undiscounted and 132 million Swiss
francs discounted. Once a decision to move forward with a project has been taken, a revision of these impacts
can take place, since a stronger commitment from the project owner also enables regional stakeholders to plan for
waste-heat district heating networks and this eventually will lead to significantly increased benefit potentials.

The project only consumes land due to the development of eight surface sites, but it also opens opportunities to
create new natural spaces in the immediate vicinity of the sites. Creating or improving those habitats to integrate
the surface sites well in their environments can strengthen the natural spaces around the sites, protecting them
from further artificialisation and helping to improve the biodiversity, partially compensating for the effects of the
loss of space. While today rewilding projects are foreseen in connection with the surface sites, they have not yet
been discussed with the local stakeholders and they have not yet been designed. Therefore, this benefit remains
potential and is not included in the calculation of the core net present value. The rewilding of habitats and
biodiversity could represent an undiscounted value of 0.4 million Swiss francs corresponding to 0.2 million Swiss
francs discounted.

The future particle collider will be embedded in a territory that spans an area of roughly 30x30 km. Care has
been taken to select locations for surface sites that are in the vicinity of major transport routes. Nevertheless, the
current concept implemented at CERN to provide emergency, rescue and fire-fighting services to surface sites of
existing particle accelerators from a central fire brigade at CERN becomes unfeasible for a future infrastructure
of the FCC scale. Therefore, the safety concept foresees a strong and lasting collaboration with local emergency
services. This concept can be based on support with equipment, training, and personnel made available by the
research infrastructure. It could help to increase the expertise and skills of local emergency services, contribute
with state-of-the-art equipment, strengthen the number of specialists in the region and increase the cooperation
and coordination among different emergency services. This benefit potential has an undiscounted value of about
30 million Swiss francs and represents a discounted value of about 16 million Swiss francs. Since it relies on the
development and implementation of a safety concept and plan at the territorial level which can require significant
amounts of time and adjustments that make the concept implementable, the benefit is not included in the core
net present value calculation today.

Furthermore, two other classes of benefits described in the subsequent sections have not been directly included
in the overall formula to determine the project’s net present value: the economic creation of value added and the
public good value.

Complementary analysis of economic value added The economic value added has been estimated in addition to
the socio-economic impact by analysing the economic linkages (indirect, direct and induced) during the entire
30-year period covering design, construction and the operation phase of the FCC-ee using the established Input-
Output Table methodology [237]. The study estimated the economic and employment effects that are connected
to the construction and operation of the new research infrastructure. They are not included in the incremental
cost-benefit analysis, since they do not represent the creation of new economic goods and services beyond the
research infrastructure, but they lead to economic value added due to the activation of numerous economic sectors
in the frame of the research infrastructure-related activities.

These effects primarily arise from the construction of civil structures, particle accelerators and colliders, technical
infrastructures, experiments, operating expenses, and personnel-related consumption. This economic analysis was
conducted for an infrastructure with two experiments and has not been updated to reflect the current baseline.
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Using an economic input-output model, the cumulated expenditure of about 21 billion Swiss francs over a 30-
year construction and research operation period could be connected to some 800,000 person-years of employment
opportunities, corresponding to almost 30,000 jobs per year via global value-adding chains. In addition to about
6000 directly project-related science, engineering, administration, and management jobs globally, more than 20,000
jobs are needed to provide the goods and services for construction and operation. The host countries, Switzerland
and France, and especially the canton of Geneva and the Departments of Ain and Haute-Savoie could benefit most
from the operation phase-related expenditures. In total, around 13,000 jobs would be filled or created annually on
average in France and Switzerland.

An initial, construction-related investment of 12.1 billion Swiss francs directly generates 5.4 billion Swiss francs
of value added globally, generating almost 80,000 person-years of employment, i.e., more than 8000 jobs per year
over a ten-year investment period. Including the indirect effects in the production process, value added linked to the
investment rises to 11.6 billion Swiss francs, leading to about 180,000 person-years of employment or 18,000 jobs
per year during the investment period. Widening the system boundaries to include depreciation (i.e., the capital
stock firms need to build up or replenish in order to cope with the FCC-related production), the FCC-related value
added grows to more than 14 billion Swiss francs and leads to more than 230,000 person-years of employment
opportunities or 23,000 jobs per year during the investment phase. All types of companies, large, medium and
small, can enjoy the benefits from the value added. The countries that can profit from these benefits depend on the
procurement strategy chosen. The construction sector benefits the most, as almost half of the investment volume
can be attributed to civil engineering. Along the cycle, however, its share steadily declines, while the shares of
most other sectors rise.

The operation of the FCC generates value added by paying wages and social security contributions and through
the depreciation of the investment. No (net) operating surplus is considered since CERN, a purely scientific research
organisation, is not profit-oriented. The direct value added during the operation phase is estimated at around 455
million Swiss francs annually. For operation, a mix of inputs (intermediate goods and services) is needed, whose
procurement will provide suitable firms with the opportunity for sales and employment and thus generate about
165 million Swiss francs of indirect value added annually. The total direct, indirect and induced value added during
the operation phase of more than 620 million Swiss francs per year supports 8400 jobs, the majority in France and
Switzerland. The buildup and supply of renewable energy sources for the operation of the research infrastructure
would raise Europe’s value added by another 500 million Swiss francs, securing an additional 7400 person-years
of employment in Europe. By economic sector, the structure of the consumption effects is markedly different from
the effects of the investment and operating expenditures: real estate activities, (retail) trade, personal services and
the hospitality sector are the main beneficiaries of the consumption of project-related employees.

The lower limit for annual tourism spending due to the project in the wider Geneva region is at least 130 million
Swiss francs per year. Switzerland and France share the bigger part of the total effects, with around 1700 jobs
linked to visitors only. Another 500 jobs are European; the rest — around 600 — are filled outside Europe. Globally,
tourism effects would sustain about 2700 jobs.

The consumption of electrical energy in the frame of long-term power purchasing agreements would generate
a direct value added due to the capacity build-up activities of about 200 million Swiss francs, linked to 3500
person-years of employment. Including intermediate inputs and investments needed to produce and install the
equipment, the contribution to Europe’s value added rises to 510 million Swiss francs, securing 7400 person-years
of employment in Europe. Worldwide added value effects related to the electricity supply sector amount to 620
million Swiss francs or 11,600 person-years of employment.

These figures must be interpreted with some caution. Most importantly, the indirect jobs are derived under the
assumption of a steady state. The estimates do not project major economic variables into the future (exchange
rates, price levels and productivity being the most important ones). Therefore, the effects are estimated as if the
FCC were constructed and operated today. This should not be considered a shortcoming, as it helps decision
makers to grasp the effects of the estimates more easily when referring to a familiar frame of reference — the
economy as it is today. The resulting figures on value added are less compromised by this simplification, due to the
fact that the evolution of economic key performance parameters cannot be forecast on the timescale of an FCC
project with construction starting in the mid-2030 s and coming into operation in the late 2040 s. The employment
figures linked to the expenditures represent reliable upper bounds since labour productivity is expected to rise.
Even under changing economic conditions, the FCC would remain what it is today — a major undertaking for the
scientific community and society at large, with likely significant scientific, technological, engineering and economic
impacts.

The analysis shows that the costs that a project like the FCC entails are also connected with tangible economic
impacts in terms of sales opportunities for firms and employment opportunities for scientists and non-scientists
alike. By concentrating on a core set of transmission mechanisms only, these results constitute a lower bound
for the expected economic effects. Therefore, even though the narrow economic linkages of the construction and
operation are not larger than would be expected for a project of this size, the potential for spillovers into quite
unrelated areas of technology and business is certainly much more pronounced — for example, only a few projects
would have the touristic attractiveness, not to mention their technological and scientific potentials.
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Also, by estimating the regional structure of the effects linked to the construction and operation of the FCC,
the analysis has shown that the connection between contribution to CERN, direct contracts, and indirect benefits
is not always clear-cut. For example, China and the United States, which are not member states of CERN, are
estimated to have sizeable economic benefits due to their prominent roles in global value chains. This information
could form the basis for negotiations between CERN and countries such as China on intensifying and formalising
closer collaborations in the future, which would be beneficial for both parties.

Public good value To gauge the volume of the societal benefits, a comprehensive survey was conducted among nearly
10,500 individuals across nine countries [176], including both CERN member and non-member states potentially
contributing to the future particle collider project at CERN. The survey aimed to assess public awareness of CERN
and its research activities, to evaluate the perceived value of a new research infrastructure, like FCC, to the public,
and to compare this monetised value with the per-capita annual contributions made by CERN member states.

The public good value should not be integrated in the estimate of the project’s net present value, since the
perceived value of the project, i.e., the value that taxpayers associate with the project, is orthogonal to the actually
estimated incremental benefits. Measured through the willingness to pay, the public good value also depends on
the knowledge of the project, its costs, negative externalities, and likely incremental benefits. Hence, the value of
it is affected by some cognitive biases, such as, for instance, an information bias. The presence of such bias is not
negative and cannot be avoided. They are part of the mechanism that permits people to associate a value to an
asset to which they have no direct access.

Results indicate that 41% of the respondents are aware of CERN and its mission, which, although lower than
some other international organisations like NASA, remains generally positive. Over 80% of respondents believe that
scientific research at CERN advances our understanding of the universe and contributes to improving quality of
life. The hypothetical willingness to participate financially in the development of the new research infrastructure
project was assessed, revealing varying distributions by country. Median values range from 2 Swiss francs per
person per year in France to 20 Swiss francs in Switzerland, both CERN member states. For non-member states,
the median willingness to pay (WTP) varies from zero in Japan to 24 in the USA (although the mean value for
Japan is 10 Swiss francs, meaning that a significant fraction of the Japanese adult population values that type of
scientific research). The total value was estimated by multiplying the estimated per capita yearly WTP by a total
adult population of about 380 million persons over 30 years in the CERN Member States, starting with the first
relevant investments.

In all observed cases, the perceived public value in CERN’s member states is higher than CERN’s annual
operational budget of 1.4 billion Swiss francs. The average per capita contribution in these states is approximately
2.5 Euro per year or about 5 Euro per income taxpayer per year. The total estimated WTP for a future collider
project at CERN surpasses the estimated total costs of the FCC by a factor of 20 and exceeds its quantified
benefits by over 11 times.

These findings robustly support the conclusion that the decision to invest in a future particle collider programme
at CERN can be considered justified from a societal perspective since the people who potentially fund the endeavour
assign more value to it than it costs in total.

4.8.7 Conclusions

The socio-economic impact analysis is based on a social cost-benefit assessment conducted on the first phase
of the FCC programme, spanning a time frame of 40 years from the financial investment decision to the end
of operation. The FCC-ee has quantified costs, negative externalities and conservative benefit potentials and
wider benefit potentials across various domains. Costs of about 20 billion Swiss francs discounted and negative
externalities of about 354 million Swiss francs can be compared to the benefits that this research infrastructure
can generate. The total present value of the monetised core socio-economic benefits associated with the FCC-
ee research infrastructures has been conservatively estimated at a discounted value of 24 billion Swiss francs.
Additional wider benefits amount to about 7 billion Swiss francs discounted. The infrastructures would represent
a residual value of about 2.5 billion Swiss francs for a subsequent hadron collider, made available as a ‘gift’ to this
second project.

The conservative estimate for the net present value (NPV) of the project over its entire observation period is
about 4 billion Swiss francs, yielding a positive benefit-cost ratio of about 1.20. Including the residual asset values
can bring the NPV to about 6.5 billion Swiss francs. Extending the estimates with wider benefit potentials, the
project provides an opportunity to reach an even higher NPV. However, achieving such a performance requires the
design, planning, and implementation of benefits, as well as generating measures with commitments and continuous
monitoring and tracking at the level of CERN and international collaboration. Proper risk management and cost
control must be in place to manage costs and negative externalities.

Costs were based on the currently available investment cost estimates and on the experience of operating CERN’s
particle accelerator and collider complex over the last two decades. The most noteworthy negative externalities
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were identified, quantified and monetised using lifecycle analysis methodologies and guidelines at the European
level for wider socio-economic impact assessment and project appraisal. Cost values were currency and time value
adjusted for 2024 as the base year.

Benefits have always been appraised through a conservative methodology, drawing on the current understanding
of the project, insights garnered from analogous past research infrastructures, and socio-economic impact analyses
on the LHC [192] and the HL-LHC [118] that were carried out as pre-cursors, anticipating the need to eventually
produce an FCC socio-economic impact study.

Additionally, recent data collected between 2020 and 2024 has played a crucial role in shaping these estimations.
To ensure a comprehensive perspective, data gathering efforts included over 16,000 individuals through online
surveys. This diverse group included members of the public, visitors to CERN, users of platforms like Zenodo and
Indico, as well as former researchers.

In a likely scenario between optimistic and pessimistic assumptions, the quantified benefits exceed the total
costs associated with the design, construction, and operation of FCC-ee, resulting in a net positive socio-economic
impact for the project.

Should a financial investment decision be taken to proceed with a construction project, it will be necessary to
update the assessment during the coming years and to compile all the materials necessary to obtain funding from
participating countries and seek authorisations from the host states.

The approach used in this analysis intentionally entirely excludes the uncertain and unforeseeable impacts of
knowledge increase generated by the science mission on society because of their inherent unpredictability.

The assessment of the public good value of the research infrastructure for the public offers an insight into the
overall benefits of a future particle collider project at CERN for society, gauged through the public’s perspective
and willingness to financially contribute to a project’s implementation. The insight that the perceived value of a
future research infrastructure project exceeds the costs of the FCC is important evidence that the public values
such scientific research more than it actually costs and thus helps obtain the Social Licence to Operate (SLO).

While recognising the need for refinement, this analysis serves as a tool to inform decision-making, optimise
user engagement, identify and mitigate risks, and enhance social acceptability for the FCC-ee project. The findings
emphasise that the FCC-ee project holds the promise of positive impacts not only for the scientific community
but for all of society, thereby contributing to the project’s long-term sustainability.

4.9 Returns to participating countries
4.9.1 Overview

Several economic analysis organisations (e.g., LSE [179], WIFO [238]) have been consulted to analyse how poten-
tially participating nations can increase the likelihood of benefiting from financially contributing to the project.
An example set of those proposals is compiled in this section.

There exists a consensus among experts that international organisations, including CERN, generate significant
economic and societal impacts beyond their core activities in their host countries and their participating nations.

One existing concept to ensure a continuous return to the participating countries is the International Liaison
Officer (ILO) approach for integrating national companies in the procurement processes of the international or-
ganisation. This approach was studied by economists, and it was found that for a future large-scale project, a more
structured and comprehensive approach could lead to better returns for the participating nations.

The recommended measures [179] to ensure good returns to the financially participating nations revolve mainly
around three topics:

1. Industry benefits
2. Training benefits
3. Cultural benefits

One lever to ensure good returns is to increase the sustainability of spreading the benefits of procurement, by
enabling more firms across the various regions to successfully participate in future collider-related procurement
and to tap into the value chain created by the contracts. This concerns:

e Levelling the playing field so that more firms can participate in the procurement process, for example by
adopting standard tendering procedures (e.g., publishing opportunities on the EU TED platform using NACE
codes) or by unbundling large contracts into smaller lots, thereby facilitating the participation of SMEs (see
Sects. 3.3 and 3.5 in Ref. [179]).

e Supporting SMEs as these are the firms that are most likely to face barriers in the procurement process.

o Embedding more firms in the procurement value chain.

e Decarbonising the procurement supply chain through aggregated energy supply contracts or power purchase
agreements (PPAs) and energy communities that permit pooling renewable energy contracts for groups of
suppliers and larger procurements.
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Another lever is to foster brain circulation. CERN is an attractive place for people from across the world to study
and work. However, many of these talented individuals end up remaining abroad once their project involvement
ends, leading to what is often referred to as brain drain for their country of origin. In order to ensure that more
places benefit from human capital formation in a virtuous process of brain circulation, the following policies can
help:

o Understanding the local needs for talent so that Member States and their regions can target the repatriation
of people better.

e Attracting CERN alumni through tailored initiatives.

e Boosting connectivity so that sending and receiving regions benefit from human capital development.

A further lever is to extend the benefits of tourism and to increase it to more regions. With the new Science
Gateway, each year 300,000 to 400,000 people visit CERN. However, most of the benefits accrue in a small
geographic perimeter in Switzerland and France, where CERN is located. One way for more regions to tap into
this is to ensure that the larger FCC perimeter benefits from the on-site visits. Then, further developments can
take place to turn CERN into a gateway for science tourism.

Economists have developed proposals that can be considered in the project development phase to help partic-
ipating nations to reap the most from the opportunities that a new large-scale project offers. One possibility for
a contributing country would be to establish a national organisation with dedicated staff that aims to develop
the most suitable matches between the country’s competencies and interests and the project. This activity goes
beyond classical industrial liaison. It aims to integrate schools, universities, research centres, companies of all sizes
and national funding agencies through development policies and concrete actions with the project. This requires
in-depth knowledge about the project, ensuring that the organisation’s personnel is involved long-term to be able
to build up durable links and gain comprehensive knowledge of the landscape of national competency and capacity.
While the remit of such an organisation would be broader than existing liaison structures, its format could build
on comparable initiatives such as CERN’s Industrial Liaison Officers (ILOs) and the EU’s National Contact Point
(NCP) networks, which are explicitly referenced in the policy recommendations of both the LSE [179] and WIFO
[238] reports as effective examples of small, dedicated coordination mechanisms.

The direct revenue from procurement contracts is only considered the tip of an iceberg of potential impacts.
Long-term returns can exceed those from direct contracts by far. They include:

o Repatriation of people and acquisition of highly skilled and trained personnel from the project.

o Training nationals at all levels for limited periods abroad.

o Using the project as a pilot factory, demonstrating technologies, bringing technologies to market and entering
new markets.

e Build durable transnational value chains, using the project as a motor for national innovation, leveraging
national funds.

e Connect companies of different sizes.

e Break up research silos by bringing universities and institutes from different disciplines together around a single
science project.

The entire concept aims to overcome the information asymmetries that privilege only a few companies and
universities that benefit from historical links, which enable them to benefit from CERN’s large-scale science
projects.

All efforts to plan for a good return on investment for financially participating countries rely on a systematically
established analysis, tracking, and regular evaluation of socio-economic performance that can adapt the project.
Sufficient evidence exists regarding the socio-economic benefits of CERN’s activities through various pathways;
however, a gap remains in understanding what is needed to increase and sustain these effects. Making data gathering
and evaluation an integral part of the FCC project can help set goals for data collection and the methodological
approaches to measure these effects.

The recommendations documented by LSE and WIFO for ensuring good returns for participating nations
provide specific and tangible examples of successful cases for each policy recommendation based on past initiatives.
A significant advantage of several proposals is their standalone nature: they can be implemented individually. Many
of them can also be implemented independently by countries and regions, allowing them to reap benefits from a
project without involving other participating nations.

4.9.2 Local employment opportunities
A future research infrastructure with additional territorial development can lead to territorial benefits through
direct employment, goods and services supply, as well as indirect and induced job opportunities in a wider perimeter

than currently covered by CERN’s activities. Indirect and induced impact not only concern the value chain
of regionally supplied goods and services, i.e., further materials and service suppliers to satisfy the needs of
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FCC suppliers and jobs that satisfy the needs that emerge from the presence of personnel associated with FCC
construction and operation in the vicinity of the surface sites. The federation of certain activities that relate to
the construction and operation, i.e., services that are research infrastructure enablers at certain locations, can
also create new and durable territorial employment opportunities. Such services include, for example, during the
construction project planning, project management, construction site preparation and operation, and business
services (e.g., accounting, human resources, IT, land plot management). Services for the operation phase include,
for instance, surface site surveillance and safety, technical operation services, technical maintenance, operation of
visit facilities and general business services, as is the case with the construction phase.

The economic impact potentials, in particular the employment-related effects, are still under study and devel-
opment of the relevant supplies and services as well as the locations where they would be supplied. Preliminary
analysis points to opportunities in the range of 1000 to 2000 jobs over a sustained period of time until the end of
the century. The effects are mainly linked to household expenses generated by those persons, representing per year
about 219 million euro for the region Auvergne-Rhone-Alpes. Direct tax-related benefits are estimated to be in
the range of 2.6 (regional) to 3.3 (national) million euros per year. Indirect and induced tax-related impacts range
between 3.6 (regional) and 4.1 (national) million euros. The main sectors that would benefit from these are trade,
housing, specialised construction works, civil engineering and public works, commerce, manufacturing and spe-
cialised equipment, materials processing, financial and insurance services, chemical processing, energy production
and distribution, cultural goods and services, restoration, and telecommunications.

These preliminary results should be taken with caution, as the project scenario, construction, and operational
organisation are at a very early stage and are subject to ongoing development.

4.9.3 Opportunities for impact generation

The following policy recommendations to generate regional returns in a global project are examples drawn from
studies conducted by independent economic research organisations.

o Participating nations build up national support organisations to connect various actors (companies, universities,
research centres, innovation hubs, national funding agencies) to the new research project to leverage beyond
pure contract acquisition as much as possible:

— Piloting technologies.

— Bringing technologies to market.

— Training people.

— Exploit the scientific research opportunities.

— Leverage national funding for developments motivated by the new project.

Attracting highly qualified and trained people via job fairs.

— Transferring knowledge from the project to universities and companies.

e Move to a standard tendering approach, which includes adopting standard keywords and codes and publishing
tendering opportunities to a wider audience, such as in the Supplement to the Official Journal of the European
Union (TED). This can reduce search costs for firms and increase the opportunities for small and medium
enterprises (SMEs).

« Use the standard international NACE?? code system to ensure that companies receive requests for partici-
pation that match their competencies well and to ensure that countries can make an efficient match of their
specialisations to the project’s needs.

o Establish dedicated support centres within local business association offices in regions with concentrated clusters
of firms active in the project relevant sectors. These centres will offer specialised support to regional SMEs
aspiring to engage in the procurement process.

e Unbundle large contracts to enhance the possibility of SMEs to participate in the procurement process while
making the supply chain more resilient.

e Set aside lower value contracts for SMEs, if they meet competitiveness criteria for quality and price.

e Conduct value chain mapping for the different technologies required to understand the spatial distribution of
procurement activities and for regions to better understand the local competitiveness opportunities.

e Set up Local Content Units (LCUs) as separate bodies or functions to be developed within existing regional
development agencies in areas where important CERN suppliers are located. They may also be established and
coordinated directly by CERN as a ‘local economic impact acceleration unit’.

e Create alliances between regions with project-relevant sectors to facilitate interregional collaboration and the
sharing of knowledge.

22The Statistical Classification of Economic Activities in the European Community, commonly referred to as NACE (for the
French term ‘nomenclature statistique des activités économiques dans la Communauté Européenne’), is the industry standard
classification system used in the European Union.
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o CERN could facilitate energy supply contracts or aggregate power purchase agreements (PPAs) by acting as
an anchor tenant or encouraging the creation of consortia. Alternatively, energy supply contracts or PPAs
can be created for larger procurements and groups of suppliers can be created in the frame of dedicated
supplies. Also, energy communities that exist in other countries are an effective example of obtaining electricity
for production and manufacturing purposes from renewable energy sources. Conditions can be included in
procurement requirements.

« Regions identified as talent contributors should conduct a comprehensive analysis of the type of skills that the
region needs to attract with a special focus on profiling homegrown talent that has left the region to join CERN.

e Create and promote opportunities through grants and fellowships targeting high-skilled individuals to move to
their regions.

» Provide repatriation incentives to return to their home region for individuals who stayed at CERN.

e Engage with CERN staff and alumni abroad through knowledge exchange and entrepreneurship programmes,
mentorship schemes and awards.

e Together with tourism boards and other research facilities, develop science tour packages that feature additional
scientific attractions across Europe and technology hubs in combination with other activities.

o Establish a funding stream for sustained socio-economic impact evaluation and data collection from the outset
of the FCC project.

e Operate an Open Data portal that attracts social scientists to use CERN to continue to evaluate the socio-
economic impact of investment in science.

4.10 Requirements and constraints for a preparatory phase

The subsequent design and preparatory phase requires a more detailed design of the technical infrastructures,
based on systematically identified and properly structured and documented requirements for the particle collider
and the experiments. This documentation must be used to conduct a life cycle analysis (LCA) in accordance with
the standards and best practices already employed for the analysis of the construction footprint.

Due to the absence of a detailed design, the long time scales, and the need to develop a particular procurement
scenario for a study, a more high-level approach can be taken for the estimation of the potential climate effects
of the particle accelerators and experiments. However, much care must be taken to avoid an approach that is
too simplistic and only focuses on the generic analysis of the carbon footprint of the assumed materials. As
far as possible, full systems should be considered; where this is not feasible, reasonable assumptions about the
manufacturing, assembly, and installation processes must be made and included in the analysis.

Concerning the use of renewable energy, it is important to establish an energy procurement team that can
anticipate the development of supply contracts or purchase agreements. The team needs to develop a strategy and
prepare for establishing an energy supply portfolio, taking into account the test, commissioning, and operational
phases. The preparation for procuring energy for the construction phase is to start as soon as possible. A time
frame of ten years is considered adequate for the preparatory and procurement process of renewable energy for
the operation phase.

The potential of waste heat supply and reduction of water consumption depends on national stakeholders putting
district heating networks in place and working with CERN on water treatment and supply of treated water at a
regional level. Therefore, dedicated local designs, operational plans and pilot schemes will need to be put in place
before the research infrastructure is assumed to enter the operation phase. A time window of 20 years is adequate,
considering authorisations, financing, the establishment of local operators and the connection of consumers to the
district heating network.

With respect to landscape integration, the development of rewilding projects, the use of excavated materials and
the design of compensatory actions need ample time for working with local and regional stakeholders. This also
requires the allocation of dedicated project-internal resources to establish contracts with external partners and to
work together with them, the communities, and public administration. Several years should be allocated for building
up these capacities. Hence, a schedule that provides flexibility in working with local and regional stakeholders is
needed, thereby avoiding the build-up of excessive pressure. Such pressure can be counterproductive to achieving
mutual agreements and consensus on territorial development projects, as well as generating socio-economic benefits
at all levels.

4.11 Recommendations for a preparatory phase project

This section presents a set of recommendations that have been derived from the work presented in this analysis.
Their purpose is to ensure that the benefits can be monitored and regularly reported so that the updated findings
can be integrated in the infrastructure’s design, construction, and operation phases.

The socio-economic study showed that a break-even of costs and benefits can be achieved with the FCC-
ee research infrastructure with the impact pathways documented so far. However, the potential can only be
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fully exploited if a continuous tracking of socio-economic impacts is integrated in the infrastructure’s design,
construction, and operation phases. To achieve this objective, nine recommendations have been made to the FCC
project owners by the expert group of economists (CSIL, LSE, WIFO, University of Milano, Economic University
of Vienna) who have been involved in the socio-economic studies so far.

1.

Allocate adequate personnel and material resources for the impact identification, design, planning, implementa-
tion, monitoring, and assessment to help fully leverage the impact potentials and make FCC a socio-economically
sustainable endeavour. The personnel need to be empowered so that the results of the impact assessment and
the impact generation recommendations are accommodated in the design where appropriate, that they are im-
plemented, and that they are continuously and systematically monitored. Also, the analysis should be carried
out with the help of all participating project members. This requires that the socio-economic impact assessment
is implemented across the entire organisation, with the direct involvement of the highest managerial level and
reporting directly to CERN’s key stakeholder, the Council. This approach is expected to secure the sustainabil-
ity and effectiveness of the process, as well as help enhance project acceptance among financially contributing
countries.

. Encourage participants to publish scientific and engineering works via gold open access channels (as opposed

to self-publishing) and reputable outlets (as opposed to depositing information in preprint servers only). This
ensures proper identification of work for tracking purposes and increases the likelihood of their uptake. This
socio-economic impact assessment study has revealed challenges in identifying all the scientific output associated
with the research infrastructure activities. It is essential to track the scientific production of researchers involved
in experiments and monitor citations across papers and other scientific products. However, scientific outputs
lacking proper unique digital identifiers and citation references, as is often the case with workshop proceedings
and presentations available on platforms like the CERN-developed Indico [239], cannot be adequately identified
and considered for socio-economic valuation. These types of outputs should, whenever possible, be replaced
or supplemented by citable reports or papers. Establishing strategic partnerships with leading publishers, as
exemplified by the SCOAP3 [240] project, is a suitable approach to ensure the presence of citable publications.
Open-access platforms used for dissemination could integrate download, citation and reference tracking if they
do not already offer those functions (e.g., Zenodo [241] and ArXiv [242] currently lack these functions). Fur-
thermore, additional research is necessary to expand the monitoring and tracking of scientific content beyond
scientific and engineering articles and presentations to include books to better understand the societal uptake
of knowledge acquisition within the FCC programme.

Foresee a framework to monitor the movement of people after they leave the project, to facilitate the analysis
of future career developments. Every individual contributing to the project for a minimum duration should be
encouraged, on a voluntary basis, to engage in a comprehensive monitoring programme. Thanks to mechanisms
to reconnect with them periodically, this initiative would entail long-term follow-up and periodic collection of
a set of basic information concerning their current work position.

To ensure the effective analysis of industrial spillovers generated during project implementation, incorporate
systematic monitoring of the incremental economic impacts on suppliers resulting from procurement actions
over multi-year periods. Given that these effects may not manifest immediately and can extend beyond the
duration of the procurement contract, it is crucial to obtain feedback from the companies involved. This ne-
cessitates the establishment of a comprehensive procurement monitoring framework that facilitates ongoing
engagement. Such a framework should include provisions for storing information on the individuals initially
involved in the contract, enabling periodic follow-up after the contract’s conclusion. Additionally, it should
facilitate the collection of essential information regarding the spillover effects on the company generated by the
procurement experience with CERN. This can be achieved through mechanisms such as short online surveys
designed to gather pertinent data. By implementing this approach, the FCC programme can gain valuable
insights into the long-term economic impacts of its procurement activities, fostering continuous improvement
and enhancing collaboration with industrial partners.

. Information and Communication Technologies (ICT) have been identified as a key impact pathway that should

be better leveraged through society-targeted transmission actions, accompanied by systematic monitoring of
uptake. CERN and the FCC represent a globally unparalleled environment for the development of software and
platforms to serve the needs of global collaborations, which are in high demand across societal and industrial
sectors as well. By identifying the specific requirements of such collaborations and initiating dedicated develop-
ment projects, the potential for widespread adoption beyond the FCC project can be created. Examples include
collaborative event management, document creation, communication (both one-to-one and one-to-many), file
sharing, information management, social networks, remote operation, cybersecurity, distributed computing, and
data processing. CERN and its member states should ensure that the technologies developed are accessible at
no charge to users outside the high-energy and particle physics community, while also guaranteeing long-term
maintenance and improvement. This requires making software and tools available on platforms that support
download and installation tracking. The lack of such data has been identified as one of the limiting factors
hindering the accurate estimation of ICT impacts.
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6. With respect to the impact of spin-off companies, there is a need to establish a systematic method for tracking
companies founded by former participants in the FCC programme, monitoring their evolution over time,
and assessing their economic value. The establishment of new companies that leverage knowledge acquired
through the FCC programme represents a significant societal benefit. Notably, spin-offs often emerge from
participants’ amalgamation of different skills and experiences rather than the direct exploitation of a single
licensed technology. In particular, the technologies developed in collaborative R&D projects cannot be attributed
solely to CERN, and CERN does not track the technologies of its collaborating partners. However, to accurately
gauge the economic and societal benefits generated, a voluntary, systematic tracking mechanism is essential.

This tracking framework should facilitate a comprehensive assessment of the impact of spin-off companies. It
could include the establishment of a centralised database to record information about spin-off companies (such
as their founders, country, industry sector, products/services offered), and have the possibility to periodically
contact them to provide updates on their companies’ progress.

7. The study revealed the relevance of economic benefits due to on-site visitors. To ensure sustainable monitoring
of the on-site tourism impact pathway, CERN and the FCC collaboration should establish a unified framework
to continuously collect essential data on visitors to CERN’s exhibition centres, the experiments and any other
relevant visit site. A systematic tracking mechanism for visitors is indeed necessary to accurately report on the
effects of on-site visitors. Visitors should be requested to provide a small set of basic information, including
their country of origin, mode of transport to Geneva, the main purpose of the visit, duration of stay, visitor
spending, and feedback on the exhibitions and the visit sites (e.g., their level of satisfaction). By implementing
this monitoring framework, it will be possible to effectively track and evaluate the cultural impact of on-site
visitors, as well as enable continual enhancement of visitor experiences.

8. The identification and quantification of environmental benefit potentials and the development of dedicated
projects should be intensified. The identification and analysis of environmental benefits are important for social
acceptability and for achieving a net-zero balance of the scientific research activities for society. This requires
the establishment and empowerment of economic and environment experts in the upcoming project preparatory
phase, as well as intensified cooperation with industrial partners and Host State services, to ensure a reliable
identification of potential environmental benefits and costs associated with the project. In addition to the cre-
ation of renewable energy sources and the reuse of waste heat and excavated materials, further opportunities
may be uncovered through additional research and extended discussions with project stakeholders. For instance,
impact pathways related to water usage, land management, biodiversity conservation, and transport infrastruc-
ture need thorough investigation. Assessing potential negative environmental impacts is equally important.
Understanding and mitigating adverse effects, such as pollution, is critical for achieving sustainable outcomes
and ensuring the responsible use of natural resources.

9. Continuous monitoring of the so-called ‘common good value’ has been identified as a suitable approach to
validate the investments against the expectations of funders, ultimately the taxpayers. This effort should
be strengthened by conducting regular surveys across all potential funding countries, thereby deepening the
understanding of how social acceptance can be not only sustained but also enhanced.

A framework for streamlining this process has been developed within this project, enabling the activity to
continue with only marginal additional resources. Expanding data collection to additional countries beyond those
already surveyed can provide insights into the factors influencing the people’s perception of the FCC science
mission. The findings should be regularly shared with CERN management and the Council and summarised for
broader dissemination to all stakeholders, including the public, through channels such as CERN’s social media
platforms and its main websites.
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