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Human life on earth as we know it is endangered by 
the unsustainable exploitation of many natural 
resources.
Maybe most importantly, over the last 250 years the 
availability of essentially unlimited amounts of fossil 
energy has resulted in rapid population growth and 
unsustainable use of many natural resources. 
The most urgent issue but not the only one: CO2 from 
burning fossil fuels accumulates in the atmosphere and 
leads to increased global temperatures and extreme 
weather events.
More and more climate scientists are calling this a 
“climate emergency”. The world needs to stop 
extracting and burning fossil fuels as soon as possible.
The future large high energy collider projects will 
overlap in time with increasingly more extreme weather 
events around the world and urgent demands to cut 
CO2 emissions.

Thoughts on sustainability
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420 ppm now

Human-caused CO2 emissions are mainly the product of 
three factors: 

1. Number of people x 
2. Energy consumption per person x 
3. CO2 emission per energy produced.
It is important to start doing something. Actions on each of 
these factors are urgently needed: 

1. Slowing population growth (mainly cultural change, has started)
2. Reduce energy consumption per person by increasing energy 

efficiency for all activities (cultural change and technological 
innovation)

3. Switch to carbon-neutral energy sources on a large scale. 
(technological innovation)

Note: increased energy efficiency AND carbon-neutral 
energy sources are both required. Transitioning to carbon-
neutral energy sources alone would be much too late and 
also would further increase the use of natural resources 
unsustainably whereas increased energy efficiency can be 
achieved on a shorter time scale.

How can we reduce CO2 emissions?
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For population growth: It Is slowing. A historically successful approach is supporting women rights and 
education worldwide.
For energy efficiency: we need to focus on the development of energy efficient accelerator technologies 
with the same or higher performance. Every new facility should be as energy efficient as possible, even if 
it means that it is delayed to do the necessary R&D. Accelerator facilities need to produce high energy 
conditions. This means that energy efficiency often requires some form of energy recovery.
More efficient power converters to DC and RF (incremental)
More efficient refrigerators (limited by Carnot)
Recovery of process heat using heat pump technology
Energy efficient components (Superconducting technology, permanent magnets, HTS, …)
Compact accelerators with high accelerating gradient (Wakefield Accelerators, …)
Energy efficient accelerator concepts (Storage rings, Energy Recovery Accelerators, …)
…

For Carbon-neutral energy source: Besides hydropower, biomass (wood), and geothermal, all of which 
cannot be expanded significantly, nuclear power is the only proven carbon-neutral energy source that is 
scalable. The main obstacle is the treatment of the radioactive “waste”. Accelerator Driven Systems
(accelerator driven sub-critical reactors) can transmute this waste and also generate more energy. The 
accelerator must be highly reliable and very energy efficient. The accelerator community can do this!

What can the Accelerator Community do?
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Snowmass 2021 Accelerator Frontier 
Collider Implementation Task Force

The Collider Implementation Task Force (ITF) was charged 
with the evaluation and fair and impartial comparison of 
future collider proposals, including R&D needs, schedule, 
cost (using the same accounting rules), and environmental 
impact and sustainability. 
The full report is published in Journal of Instrumentation 
(TR et al, 2023 JINST 18 P05018).
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Implementation Task Force

• The Accelerator Implementation Task 
Force (ITF) is charged with developing 
metrics and processes to facilitate a 
comparison between collider projects. 

• 10 int’l experts, 2 Snowmass Young’s, 
3 liaisons to Energy & Theory Frontiers

• ITF addressed (four subgroups):
➢Physics reach (impact), beam parameters
➢Size, complexity, power, environment 
➢ Technical risk, technical readiness, 

validation and R&D required
➢Cost and schedule 34
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FCC-ee 0.24 TeV
FCC-hh 100 TeV
FCC-eh 3.5 TeV

12

CERC recycles (polarized) electrons and positrons
After acceleration, collision, and 
deceleration all electrons and positrons 
are reinjected into the cooling rings. Only 
beam losses must be made up through 
top-off injection.

Depolarization during acceleration, 
collision, and deceleration is expected to 
be minimal. 

Simulations by Francois Meot (Zgoubi): 
no depolarization from 100 km, 220 GeV 
transport (last turn)

If this depolarization is less than the 
polarization build-up during the 4 ms 
time in the cooling rings, the electron and 
positron beams will eventually be 
polarized.

Interaction Regions

SRF lin
ac 1 SRF linac 2

2 GeV positron ring2 GeV electron ring

CERC 0.24 TeV

Future collider proposals: 0.125 – 500 TeV; e+e-, hh, eh, µµ, gg,…

ILC 0.25 TeV

Storage ring 
colliders

Linear 
colliders

ERL 
colliders

Muon 
collider

Wakefield 
colliders

CCC 0.25 TeVCLIC 0.24 TeV

MC 10 TeV 10 km
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• 8 km footprint for 250/550 GeV CoM - > 70/120 MeV/m
• 7 km footprint at 155 MeV/m for 550 GeV CoM – present Fermilab site

• Large portions of accelerator complex are compatible between LC 
technologies

• Beam delivery and IP modified from ILC (1.5 km for 550 GeV CoM)
• Damping rings and injectors to be optimized with CLIC as baseline
• Costing studies use LC estimates as inputs

C3 – Accelerator Complex

are decelerated SRF linacs and injected into the damping rings on the opposite side of the collider. 
After 2-3 damping times in the damping ring, the same particles travel in the opposite direction, 
collide in the second detector and finish in their origin. Few particle lost in the collisions’ burn-off 
and scattering on residual gas are replaced – topped off – from the injectors. 

 

 
Fig. 2. Schematic of the linear energy recovery e+e- collider with center of mass energy from 90 
GeV to 1 TeV or above.  

Using two detectors to collide electron and position beam propagating in opposite direction is 
crucial part of the concept. This allows to use magnetic elements in final focus for flat-beam 
collisions.  In fact,  this is the only viable option for TeV scale colliders. 

In ReLiC the beams propagate on axis of SRF linac and this concept does not require development 
of new SRF technology. To avoid parasitic beam collisions outside the detectors, trains of bunches 
are separated by periodically placed separators. Timing of the bunch train is selected in such way 
that we are separating contra propagating electron bunches, or contra propagating positron 
bunches, from each other – see Fig. 3. Such separators are provided for identical optics for all 
(electron, position, accelerating and decelerating ) bunches and allow to use magnetic fields1. 

 

 
Fig. 3. Separation for trains of electron and positions bunches between sections of SRF linac.  

In these limited studies, I assume that collider structure (except detector and injection) is spilt in 
200-meter sections. Each section includes potion of a linac and a separator. Length of separators  
is proportional to the beam energy at their location and I choose it to be 100 m at 500 GeV. 
Separation of the beams is horizontal and distance between beams exceeds the beam size, which 
is inverse proportional to the square root of the beam energy, by two orders of magnitude. 

In this scenario, I found that effects from the separators is negligible both in term of power of 
synchrotron radiation and induced energy spread and emittance for all c.m. energy up to 1 TeV. In 

 
1 Separating counterpropagating electron and positron beams requires use of transverse electric field.  
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ReLiC 0.24 TeV

To solve this problem we propose a twin linear collider in which the beams are acceler-
ated and then decelerated down to E ⇡ 5 GeV in separate parallel linacs with coupled RF
systems, see Fig. 2. RF power is always divided equally among the linacs. RF energy comes
to the beams both from an external RF source and from the decelerating beam. These can
be either two separate SC linacs connected by RF couplers at the ends of multi-cell cavities
(9-cell TESLA cavity), or one linac consisting of twin (dual) cavities with axes for two
beams. Such cavities have been designed and tested for XFELs [9–12].

Figure 2. The layout of the SC twin linear collider.

The collider would operate at an energy 2E0 ⇡ 250 GeV in a semi-continuous mode
with a duty cycle: collisions for a few seconds (depending on the heat capacity of liquid
He system), then a break to cool the cavities. In one cycle, the beams make about 10–30
thousand revolutions.

During collisions, beams get an additional energy spread that is damped by wigglers
installed in the return pass at the energy E ⇡ 5 GeV. The relative energy loss in wigglers
is about �E/E ⇠ 1/200. We require that the steady-state equilibrium energy spread at the
IP due to beamstrahlung is �E/E0 ⇠ 0.2%, the same as at the ILC and CLIC before the
beam collision. Such a spread would be sufficient for beam focusing.

When the beam is decelerated down to 5 GeV, its relative energy spread increases by
E0/E ⇠ 25 times to �E/E ⇠ 5%. To make it acceptable for travel without losses in the
arcs, its energy spread is reduced by 10–15 times with the help of the bunch (de)compressor;
then, the relative energy spread in the arcs will be less than 0.5%. The beam lifetime will
be determined by the tails in beamstrahlung radiation. This loss should not exceed 1-2%
after 10000 revolutions. The IP energy spread, beam instability and beam losses determine
the IP beam parameters, and hence the luminosity.

An important question is the injection and removal of the beams. When the collider
is full, the distance between bunches is 1.5–3 meters; they are accelerated and decelerated
due to the exchange of energy between the beams. External RF power is required only for
energy stabilization and compensation for radiation and high order mode (HOM) losses.
During the injection/removal of the beams, normal energy exchange does not occur until the
bunches fill the entire orbit, so the external RF system must work at full power. However,
at the ILC, the power of the RF system is only sufficient to accelerate beams with a bunch
distance of 100–150 m. In our case, with energy recovery, we need a much shorter inter
bunch distance. To solve this problem, one must first inject the bunches with a large interval

– 4 –

ERLC 0.24 TeV

CEPC TDR Layout

CEPC collider ring (100km) CEPC booster ring (100km)

H/tt-bar

W and Z

CEPC as a Higgs Factory：H, W, Z, upgradable to tt-bar, followed by a SppC ~125TeV

Injection energy 20GeV

July 18, 2022 J. Gao

30MW SR power per beam (upgradale to 50MW)

CEPC MDI

CEPC Civil Engineering
CEPC TDR S+C-band 20GeV linac injector

2Seattle Snowmass Summer Meeting 2022, USA
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FIG. 2. Schematic of an LPA-based linear collider.

TABLE II. High-level electron-positron collider parameters

Center-of-mass energy [TeV] 1 3 15
Beam energy [TeV] 0.5 1.5 7.5
Luminosity [1034 cm�2 s�1] 1 10 50
Particles/bunch [109] 1.2 1.2 1.2
Beam power [MW] 4.4 13 65
RMS bunch length [µm] 8.5 8.5 8.5
Repetition rate [kHz] 47 47 47
Time between collisions [µs] 21 21 21
Beam size at IP, x/y [nm] 50/1 10/0.5 4/0.25
Linac length [km] 0.22 0.65 3.3
Facility site power (2 linacs) [MW] 105 315 1100

Note that initial studies indicate that beam depolariza-
tion during the acceleration in plasma accelerators is low
for collider-relevant beam emittances and fulfills the re-
quirements for high energy physics experiments [49].
In Table II the stated linac length is for each arm

of the accelerator. The AC power listed in Table II
is for acceleration in both of the two linac arms. The
overall wall-to-laser e�ciency was assumed to be 50%.
This laser e�ciency is challenging, but recent R&D (see
Sec. VB) indicates that this is technically possible by co-
herent combining of fiber lasers with electrical-to-optical
e�ciency of the diode-pump lasers ⇠65%, the optical-
to-optical e�ciency of the fiber lasers ⇠90% (owing to
the low quantum defect), and the e�ciency of combin-
ing/stacking fibers ⇠85%.

B. Example: gamma-gamma collider withp
s = 15 TeV

In this section we present an example of a �� collider
using electron beams accelerated by LPAs in the non-
linear regime. There are several regimes of laser-driven
plasma acceleration that may be accessed based on the
intensity of the laser pulse. Section IVA presents collider
designs based on operation in the quasi-linear regime.
For high laser intensities, the LPA can operate in the bub-

TABLE III. LPA stage laser and plasma parameters, oper-
ating in the nonlinear bubble regime

Laser pulse energy 50 J
Laser (FWHM intensity) pulse duration 70 fs
Laser spot size 31 µm
Laser strength parameter, a0 4.5
Laser pulse peak power 0.43 PW
Laser wavelength 0.8 µm
Plasma density 4.6⇥ 1017 cm�3

Plasma cell length 3.1 cm
Bunch charge 1.2 nC
Bunch number 7.5⇥ 109

RMS beam length 2.2 µm
Loaded accelerating gradient 117 GV/m
Particle energy gain per stage 3.2 GeV

ble regime, where (almost) all the electrons are expelled
by the laser ponderomotive force, forming an ion cavity
co-propagating behind the laser. In the bubble regime,
the accelerating field is independent of the transverse po-
sition and the focusing field is linear with respect to the
transverse coordinate and independent of the axial posi-
tion (conserving the electron beam transverse normalized
rms emittance). Note that the transverse fields in the ion
cavity are defocusing for positrons; hence, stable positron
acceleration is problematic in the nonlinear regime in a
uniform plasma. Wakefield excitation in plasma columns
have been proposed for modifying the wakefield to allow
for positron focusing and acceleration [50]. In the bub-
ble regime, the laser e↵ectively creates a plasma channel
and can self-guide over a distance corresponding to many
Rayleigh ranges.
Table III shows an example of single-stage LPA param-

eters operating in the bubble regime. This single-stage
LPA example is based on PIC modeling of the nonlinear
laser-plasma interaction [51]. The laser energy depletion
at the end of the stage is 20%. (In principle, the major-
ity of the remaining laser energy could be recovered with
a photo-voltaic.) The wake to beam energy e�ciency of
this example is 43%.

LWFA 15 TeV SWFA 3 TeV

Collider-in-the-sea  500 TeV
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Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

focused on improving energy efficiency throughout the facility and on developing more energy efficient
accelerator concepts, such as energy recovery technologies, has the potential to reduce the electric
power consumption below the values listed in the tables.

Any of the future collider projects constitute one of, if not, the largest science facility in particle
physics [1]. The cost, the required resources and, maybe most importantly, the environmental impact
in the form of large energy consumption will approach or exceed the limit of affordability. ITF suggests
that Snowmass CSS recommends that R&D to reduce the cost and the energy consumption of future
collider projects is given high priority.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
FCC-ee1,2 0.24 7.7 (28.9) 0-2 13-18 12-18 290

(0.09-0.37)
CEPC1,2 0.24 8.3 (16.6) 0-2 13-18 12-18 340

(0.09-0.37)
ILC3 - Higgs 0.25 2.7 0-2 <12 7-12 140
factory (0.09-1)
CLIC3 - Higgs 0.38 2.3 0-2 13-18 7-12 110
factory (0.09-1)
CCC3 (Cool 0.25 1.3 3-5 13-18 7-12 150
Copper Collider) (0.25-0.55)
CERC3 (Circular 0.24 78 5-10 19-24 12-30 90
ERL Collider) (0.09-0.6)
ReLiC1,3 (Recycling 0.24 165 (330) 5-10 >25 7-18 315
Linear Collider) (0.25-1)
ERLC3 (ERL 0.24 90 5-10 >25 12-18 250
linear collider) (0.25-0.5)
XCC (FEL-based 0.125 0.1 5-10 19-24 4-7 90
�� collider) (0.125-0.14)
Muon Collider 0.13 0.01 >10 19-24 4-7 200
Higgs Factory3

Table 1: Main parameters of the submitted Higgs factory proposals. The cost range is for the single
listed energy. The superscripts next to the name of the proposal in the first column indicate (1)
Facility is optimized for 2 IPs. Total peak luminosity for multiple IPs is given in parenthesis; (2)
Energy calibration possible to 100 keV accuracy for MZ and 300 keV for MW ; (3) Collisions with
longitudinally polarized lepton beams have substantially higher effective cross sections for certain
processes

Page 5
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Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

Figure 4: Figure-of-merit Peak Luminosity (per IP) per Input Power and Integrated Luminosity per
TWh. Integrated luminosity assumes 10

7 seconds per year. The luminosity is per IP. Data points are
provided to the ITF by proponents of the respective machines. The bands around the data points
reflect approximate power consumption uncertainty for the different collider concepts.

4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 16. Collider
Size refers to either the length of a linear collider (main linac plus final focus) or the circumference of a
circular collider main ring, without the injector complex. The ITF defined four size categories (shown
in Tab. 16): light blue (1) for colliders that are designed to be shorter then 10 km, medium blue (2)
for colliders between 10-20 km, blue (3) for colliders between 20-50 km and dark blue (4) for machines
with a length or circumference larger than 50 km.

The length of HEP linear colliders is typically dominated by the distance required for particle ac-
celeration and is proportional to final beam energy (approximately the product of 2⇥ the final beam
energy and the accelerating gradient). Using acceleration technologies with higher accelerating gradi-
ents allows to decrease acceleration length and is responsible for the different lengths of similar energy
linear colliders. For example, superconducting radio-frequency cavities accelerate with a gradient of
⇠ 30 MV/m (ILC), CLIC is based on the two-beam acceleration scheme with copper cavities and ac-
celerates with ⇠ 100 MV/m, while plasma-based accelerators can provide peak gradients of 103 � 10

5

MV/m (LWFA, PWFA). Adding to the length required for acceleration is the length required for the
beam delivery system (final focusing), which also increases with increasing with beam energy.

Overview of linear collider sizes:

• < 10 km, Category 1: CCC (0.25 TeV), XCC (0.125 TeV), LWFA (3 TeV), LWFA (15 TeV)

• 10� 20 km, Category 2: ReLiC (0.24 TeV), ILC (0.25 TeV), CLIC (0.38 TeV), PWFA (3 TeV),
SWFA (3 TeV), PWFA (15 TeV)

• 20� 50 km, Category 3: ERLC (0.24 TeV), CCC (3 TeV), CLIC (3 TeV)

Page 24

Peak luminosity per power consumption
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All new projects and efforts needs to be analyzed in terms of total lifecycle energy consumption and 
CO2 emissions (carbon footprint). This is especially important for energy production projects!
All future high energy collider proposals also need to be analyzed for total lifecycle energy 
consumption and CO2 emissions. Such analyses should play an important role in selecting the next 
high energy collider project.
Some collider proposals (FCC, ILC, CLIC, CCC) have already prepared such lifecycle analyses. 
They cover or should cover construction of infrastructure, accelerators, and detectors, operation and 
appropriate decommissioning. (Recent report: M. Breidenbach et al., PRX Energy 2, 047001)
ICFA could take a leading role in organizing such analyses of all major proposals by identifying the 
main parameters to be used such as total operating time of the facility, CO2 emission and energy 
consumed per ton of concrete, steel, and aluminum used, CO2 emission per GWh used (~ 400 
tCO2/GWh for natural gas, ~ 40 tCO2/GWh for solar energy), level of decommissioning required, …
Note that I propose here to not include total integrated luminosity in the parameter list. This is 
because utilization of such a large and expensive research facility would require operation for a 
minimum number of years (20?) independent of achieved peak luminosity.

Lifecycle analyses

https://journals.aps.org/prxenergy/abstract/10.1103/PRXEnergy.2.047001
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ICFA Panel on Sustainable Accelerators and Colliders

Panel members:
Europe: Mike Seidel (PSI, Switzerland), Andreas Hoppe (DESY, Germany), Jerome Schwindling (CEA/IRFU, 
France), Ruggero Ricci (LNF, Italy), Peter McIntosh (STFC, UK), Roberto Losito (CERN, Switzerland)
Asia: Takayuki Saeki (KEK, Japan), Yuhui Li (IHEP, China), Hiroki Okuno (Riken, Japan), Jui-Che Huang 
(NSRRC, Taiwan), Eugene Levichev (BINP, Russia)
America: John Byrd (ANL, USA), Soren Prestemon (LBNL, USA), Thomas Roser (BNL, USA), Andrew Hutton 
(JLAB, USA), Robert Laxdal (TRIUMF, Canada), Vladimir Shiltsev (FNAL, USA), Emilio Nanni (SLAC, USA)

Mandate:
Assess and promote developments on energy efficient and sustainable accelerator concepts, technologies, 
and strategies for operation, and assess and promote the use of accelerators for the development of Carbon-
neutral energy sources. The panel will formulate recommendations on R&D and support ICFA with networking 
across the laboratories and with communications. The membership will ensure a broad regional participation 
and coverage of accelerator technologies and concepts, relevant in the context of energy consumption and 
production.

Many laboratories are expanding their use of Carbon-neutral energy sources. Whereas this is a 
highly welcome development it does not replace or obviate the need for increased energy efficiency 
and reduced energy consumption, which is the focus of this panel.
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ICFA Panel on Sustainable Accelerators and Colliders

Recent activities:
Members of the panel have prepared summary slides of the energy efficiency efforts and plans at their labs 
and update them periodically. They are attached to this presentation file.
The panel chair was invited, as a representative of the ICFA Sustainability Panel, to join the IOC of the 7th WS 
on Energy for Sustainable Science at Research Infrastructures (ESSRI), to be held in Madrid on September 
25-27, 2024. ESSRI is the premier European WS on energy efficiency at accelerator laboratories. Long term, 
this workshop could either be expanded to be held more internationally or similar workshop series could be 
established outside Europe.
Such workshops, as well as all other meetings where feasible, should be held in a sustainable manner. One 
possibility is to limit in-person attendance to participants that can reach the site without needing a plane ride 
and offer equivalent participation for remote attendees from overseas. It will require a concerted effort to 
develop tools and organizations that can make such hybrid meetings successful.
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Summary

The worldwide “Climate Emergency” requires everybody to take urgent action, including the HEP 
community. Future HEP facilities will need to minimize resource use, especially energy consumption, 
and CO2 emissions throughout their lifecycle from construction, operation, to decommissioning.

Comparative lifecycle analyses of total energy consumption and CO2 emissions should be 
completed for all future collider proposals.

R&D of increased efficiency and new more efficient concepts to reduce energy consumption and 
CO2 emissions should be prioritized at least as high as performance and cost reduction R&D.

Air travel in our community should be minimized as much as possible. Remote meetings are already 
very common, but to make further progress will likely require new and creative approaches that treat 
remote participants on equal terms with the in-person attendees.
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Energy efficiency efforts and plans at accelerator labs



• CERN is managing its energy use responsibly since at least 10 years, well before the 
establishment of the UN SDGs.

• Recently issued an Energy* policy with three pillars:

• LESS :   Reduce consumption (consolidation & operation)

• BETTER :

• RECOVER :  Waste energy

*Energy is not only electricity…

CERN for SDG 7: Affordable and clean Energy

29 August 2023 R. Losito, Sustainability and future accelerators, challenge or opportunity? 14

• Precise Forecasting & 
Measurement

• Raising awareness



CERN’s Action Plan (in the frame of ISO 50001 certification)

24 January 2023 15

Energy saved
Cooling and ventilation consolidation projects 6 GWh/year
75 consolidation projects for buildings 10 GWh/year
Science Gateway 200+ MWh/year
Optimisation of Cryo operations mode 25 GWh/year
Heat recovery projects

Meyrin and Prévessin 30+GWh/year
Ferney-Voltaire 20 GWh/year (for the neighbors)



• CERN’s Directorate adopted in July ‘23 a new policy on responsible procurement

• The policy objective is to limit Scope 3 emissions from procured material and services. 

• Implementation will take time, as one needs to balance with readiness of the market. 

• Our action will be based on ISO 20400:2017

Responsible Procurement at CERN

29 August 2023 R. Losito, Sustainability and future accelerators, challenge or opportunity? 16
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Energy efficiency efforts and plans at BNL

NSLS II: upgrade plans include replacing large parts of the ring with “complex 
bends” using permanent Halbach or hybrid magnets. Power
consumption could be up to 80% lower.

RHIC (mature facility): many upgrades to improve efficiency 
(variable speed cooling systems, etc., also careful maintenance 
to increase equipment lifetime); efficiency upgrade of helium refrigerator

EIC: RHIC/EIC Helium refrigerator efficiency upgrade; use of Energy Recovery
Linac for high intensity electron beam for proton beam electron cooling; efficient
reuse of process heat using heat pumps
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Sustainable Accelerators 
R&D at Fermilab 

High Q0 SRF cavities:
> 1e10 for current projects (ILC, LCLS-II, etc)
> 3e10 for future projects (FCCee, Muon Collider, etc)
And high gradient > 45 GV/m

HTS high field magnets:
High field solenoids >30 T, inserts (with NHMFL)
Economical 0.1T HTS dipoles for FCCee
Up to 50 T solenoids for muon colliders (in plan)

HTS fast cycling magnets:
For RCS and muon colliders
ReBCO ~1m magnet 300 T/s (record)
Plans for 1000-3000 T/s prototypes

V.Shiltsev and S.Posen



Energy Saving at NSRRC
Reduce annual power consumption by ~ 5 %, from 72.7 GW·h in 2019 to 69.1 GW·h in 
2022, despite the increasing beam current (400 mA --> 500mA) and 7 % of beam time.

l Starting machine learning to improve the energy efficiency of the chilled water system, 
which constitutes up to 22% of our annual energy consumption.

l Renovating our existing buildings (~ 30 yrs) to attain green building certification. 
l Improve the energy efficiency of solid-state RF power chips
l Planning the permanent magnets (PMs) for transfer line at TPS , and permanent dipole 

magnets at TPS-II Project.

Machine Learning
On chilled water system
 à Python-embedded controller 

established, enabling automatic control 
following algorithm execution.

NSRRC, Taiwan
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Energy efficiency efforts and 
plans at TRIUMF

March 22, 2023

• The 500MeV cyclotron is now 50 years old and 
ISAC is 25 years old - refurbishing efforts are 
being done on both systems to improve electrical 
efficiency with partial financial incentive from the 
local power utility – they help fund a portion of a 
portion of an FTE to think energy efficiency

• New higher efficiency power supplies for 
magnets

• All new purchases for upgrades are reviewed 
for power efficiency

• TRIUMF site – exploring the use of heat pumps 
for future operation together with the local 
university community

• Sustainability is a new platform of TRIUMF focus 
for our next FYP starting in 2025

• Lead institute to discuss ADS for Canada



RF Source Efficiency is a Limiting Factor for Sustainability of Facilities
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SLAC Sustainability and RF Sources

• For pulsed systems solenoid often uses the most 
average power

• Restarting production of PPM 75 MW klystrons
• Incorporating higher efficiency bunching 

mechanisms in new designs (BAC/COM) developed 
under HEIKA

• Energy recovery for rf sources – Green RF 
• Goal to reach 65-80% electrical efficiency

https://indico.cern.ch/event/39372/contributions/1829827/attachments/787
979/1080133/AVlieks-X-Band_Klystron_Development_at_SLAC-final.pdf

Power Supply Energy Recovery 

J. Neilson

M. Kemp

Depressed Collector on 
VKS-8262

“Inverse” Marx power 
recovery module

Energy Recovery

PPM High Power Klystron



PSI Energy Consumption

HIPA
SµS, SINQ, CHRISP

PROSCAN
G2, G3, OPTIS

SLS
16 beamports

SwissFEL
ARAMIS, ATHOS

Total PSI:   139 GWh/y (2022)

Proton 
Accelerator

51%

Swiss Light Source
16%

SwissFEL
13%

Proton Therapy
4%

SULTAN (s.c. 
tests)

3%

Labs & Office
13%



Swiss Light Source SLS and its Upgrade @ PSI

Brilliance x 35 for users
Less electricity consumption

Key savings:
   Electromagnets  ®  Permanent magnets
               Klystrons  ® Solid state amplifiers (63%)
   standard pumps ® modern pumps for cooling

-29 %

» 3.3MW

SLS2.0: Grid to user X-rays
Ptot  =  2.4  MW 
PRF  =  0.82MW 
Pg (undulators) =     91 kW

[courtesy M.Jörg, PSI]

planned photovoltaics on roof 
energy: 0.9 GWh / year  = 5 % of SLS consumption



High efficiency klystron for CEPC

• 70% already reached, 80% still need to develop

CEPC at 800 RMB/MWh and 6000 hours/year
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1 year

Efficiency, %

90 M RMB

130M RMB

NOW
COMING

FUTURE

Save Money



Heat pump schematic diagram                                    Working principle of air energy heat pump

• We plan to use heat pump to reuse the waste energy. 
• Heat naturally flows from high temperature to low temperature, but not 

in the opposite direction. A heat pump can reverse the flow of heat from 
lower temperatures to higher temperatures with minimal added energy.

Heated temp. Th

Heat 
pump

W

Ambient temp.Ta

refriger
ator

W

Cold temp. TL
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Waste energy reuse plan @ CEPC

refrige
rant

Heat 
exchanger

compressor

Cold water 
in

Hot water 
out



u It is possible to reuse waste energy of 282 MW, which corresponds to 2.92million-GJ per year (assuming an annual 
heating period of 2,880 hours).

26 / 26

Waste energy reuse plan @ CEPC

u We plan to reuse the waste energy by “cold-warm 
switchable heat bump”

u In winter, it generates hot water at 80 ℃ for civil heating 
purposes. In summer, it is switched to generate cold 
water at 10 ℃ for air conditioning.

cold-warm switchable heat bump Refrigerator + absorption heat bump

Refrigerator

Waste energy

absorption 
heat bump



Energy Efficient Efforts at Daresbury Laboratory
§ SRF Thin Films:

§ Extensive R&D programme underway 
with Horizon Europe IFAST programme.

§ Aim to demonstrate high-Tc SRF cavity 
performance (Eacc and Qo) capability.

§ Technology solutions to be developed 
for future UK-XFEL and ISIS-II facilities.

§ ZEPTO Permanent Magnets:
§ Tuneable quadrupole and dipole 

prototypes developed for CLIC.
§ Quadrupole prototype developed and 

installed on Diamond synchrotron.
§ Technology solutions to be developed 

for CLARA and future UK-XFEL.

§ High Efficiency Klystrons:
§ Strong collaboration with CERN to optimise 

designs for higher efficiency.
§ First prototype demonstrated by Canon – 8 

MW, X-Band at 53.5% efficiency, compared 
to ~40% typical.

§ Technology solutions being developed for 
HL-LHC and FCC

§ Fast Reactive Tuners:
§ Strong collaboration also with CERN, to 

develop viable technology to more optimally 
match RF power to SRF cavity.

§ Factor of >10x RF power reduction 
potentially feasible.

§ Recent Horizon Europe innovative 
Sustainable Accelerator Systems (iSAS) 
proposal submitted, is a mechanism for 
integrated capability demonstration.

https://ifast-project.eu/
https://xfel.ac.uk/
https://www.isis.stfc.ac.uk/Pages/Next-Generation-Capabilities-for-the-ISIS-Neutron-and-Muon-Source.aspx
file:///C:/Users/pam53/Downloads/A%20Bainbridge%20(1).pdf
https://accelconf.web.cern.ch/ipac2021/papers/tupab365.pdf
https://indico.cern.ch/event/980103/contributions/4128650/attachments/2181652/3685473/2021-02-01%20BJAS%20-%20Adjustable%20Permanent%20Magnets.pdf
https://xfel.ac.uk/
https://cerncourier.com/a/cern-and-canon-demonstrate-efficient-klystron/
https://hilumilhc.web.cern.ch/article/cern-designed-high-efficiency-klystron-successfully-tested
https://link.springer.com/article/10.1140/epjp/s13360-021-02228-8
https://inspirehep.net/files/73e6463e7e8973cb39fc8743056bbd3f

