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Sustainability of Large Scale Experiments

WLCG operates 1.4 million CPU cores worldwide

1.5 exabytes of storage from over 170 sites in 42 countries

Spread over 100 sites (including UoM)

LHC expected to run until 2041 with ever-increasing compute demand

Sustainable strategy crucial for operation of experiment
o Pilot studies at local sites (e.g. UoM, Tier-3 but also Tier-2) could help working
towards recommendations
ATLAS

Data: home.cern/science/computing/grid
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Why do we study this?

e Not necessarily to propose immediate changes
o  Butto assess and understand our current environmental impact
o  And to build expertise on these topics in our field and university
e We want to help making it easier for others to estimate impact and act to make computing

more sustainable (— everything we do is open source)
o  Computing is featured in European Strategy Update submission on sustainability and HECAP recommendations

e Negative environmental impacts of particle physics computing be quantified and reduced by

integrating sustainability into hardware and software practices. Recommendations — Computing

The computing demands of particle physics continue to increase, resulting in significant and grow- Individual actions:

ing GHG emissions, not just due to energy consumption of computing infrastructure, but also gJiiace sustahabiabersonal compilng cholces
hardware production. Integrating sustainability into computing practices will allow for a signi- S tonmental crosemals of suppters and theic

. . . . . . . . . . products.
ficant reduction of emissions without impacting scientific progress. These considerations are not . . .
« Assess and improve the efficiency and portabil-
ity of codes by considering, e.g., the required
resolutions and accuracy.

e Funding bodies are increasingly prioritizing sustainability P —
o Better to be prepared... with data oot i i opn s st
o  So that we as scientists can help make decision, not leave them to external bodit ropen proeseing. T o e

+ Read the section on E-waste (Section 7).

e We value our current infrastructure
o  And want to make sure we can keep it and improve it for the future

Further group actions:
+ Right-size IT requirements and optimise hard-

ware lifecycles.

» Schedule queueing systems with environmental
sustainability in mind, so as to maximise the
use of renewables, accounting for the geo-
graphical location of servers/data centres.
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https://indico.cern.ch/event/1439855/contributions/6461665/
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Project Description
UMRI Pump-Prime “Tackling the energetic cost of
computing at the University of Manchester”
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MANCHESTER

Tackling the energetic cost of computing at the 1804
UniverSity Of ManCheSter The University of Manchester

e Funded by University of Manchester Research Institute (UMRI) Pump-Prime scheme

Part of Sustainable Futures group of projects

Seed-funding for projects with up to 50k £

This project: 01 Aug 2024 - 31 July 2025

Estimate and improve the energy efficiency of computing hardware and software at the UoM
Big picture: Pilot studies at local sites (UoM) help to work towards strategies on larger scale

o O O O O

Interdisciplinary team across University of Manchester

Engineering/Materials Particle Physics

Pl: Ben Parkes (Lecturer) Co-PI: Tobias Fitschen (PDRA)

Nicolas Labra Cataldo (PDRA) Caterina Doglioni (Prof.)

Alejandro Gallego Schmid (Sen. Lecturer) James Smith (PDRA)

Jack King (Res. Fellow) Alessandra Forti (Res. Fellow)
Luis Villar (MPhys student)

Michael Sparks (SRSE)
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https://www.manchester.ac.uk/about/news/funding-call-pre-announcement--umri-pump-priming/
https://www.sustainablefutures.manchester.ac.uk/

Benchmark Hardware at UoM: Noether Tier3 BYEWG5125552128

1824
> CPUs . GPUs The University of Manchester
= 8 nodes with 96 processors - 3 nodes, each with 3 V100 GPUs
each « 1 node for interactive use, GPUs )
« batch use only (HTCondor) are shared amongst 12 jobs S
= 20 nodes, 16 processors each « 2 nodes for batch use E
. 3interactive, 17 batch nodes = 32 CPU threads on each node -
= 4 GB memory per CPU thread = 4 GB memory per CPU thread o
= 6 TB total scratch disk space on = O TB scratch disk space on each =
each node node 3
230 TB shared storage oy ot
Noether Is separate from the UoM WLCG site (Tier2)
One of the largest Tier2 sites in the UK g
~13000 processors (3-4 GB memory each)

A

10 PB of usable storage
Support for ATLAS, LHCb, DUNE and other ~10 groups

o Noether uses hardware passed-down from Tier 2 after upgrades
L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 !



https://www.google.com/url?q=https://docs.google.com/presentation/d/1gqKbHiqRkn3inNrpdEr_LM_aDX37Lhpr&sa=D&source=editors&ust=1746536263543064&usg=AOvVaw1rFrL_3hDOVu4_b3xE9Y22
https://www.google.com/url?q=https://manhep.github.io/maf-helpdesk/noether_faq/%23section-d-resource-limits&sa=D&source=editors&ust=1746536263541722&usg=AOvVaw2CCFVQjHZPha4tZs8YMTFe
https://en.wikipedia.org/wiki/Emmy_Noether
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Benchmark Software: Herwig

Herwig 7.3: multi-purpose HEP event generator Herwig 7
e Benchmark representing typical software used by
LHC experiments MC generation sizable part
e 2 steps with very different performance of compute budget
characteristics ATLAS Preiminary

2022 Computing Model - CPU: 2031, Conservative R&D
24% Tot: 33.8 MHS06*y

o Phase space integration: single-threaded
o Event generation: multi-threaded

e In this study: Drell-Yan process at next-to-leading
order (NLO)

mmm Data Proc
gy mE MC-Full(Sim)
MC-Full(Rec)
. MC-Fast(Sim)
mm MC-Fast(Rec)
s EvGen
Heavy lons
B Data Deriv
s MC Deriv
Analysis

1%

8%

LHCC-G-182

L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 7

Image: Stephan Gieseke MPI@LHC'16


https://herwig.hepforge.org/
https://cds.cern.ch/record/2802918/files/LHCC-G-182.pdf
https://indico.nucleares.unam.mx/event/1100/session/3/contribution/29

Results by: Luis Villar (Master’s student)
input by
Caterina Doglioni,
Tobias Fitschen,
Michael Sparks,
Siddharth Sule

Software Studies
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Software Profiling: Methods/acronyms

e RAPL: Intel processor feature for
real-time monitoring of CPU and RAM
(Running Average Power Limit)

from codecarbon import track_emissions
@track_emissions()
o CodeCarbon: Provides Simple python def your_function_to_track():

Interface based on RAPL and net-carbon-
Intensity by country (methodology)

e ATLAS uses PanDa to manage and monitor grid jobs . falled
o Each job provides a CO2 estimate (methodology)
e HepScore: Benchmark running on each WLCG Tier2 node 3kg
o We’'re testing integration of energy monitoring 3kg
165g

® Green Algorithms: Online calculator (can be integrated with SLURM too)
o Based on CPU model and run time

e We use Prometheus to monitor power supply directly on Noether

e Important: not all tools include the same components!
L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 9


https://greencompute.uk/Measurement/RAPL
https://github.com/mlco2/codecarbon
https://mlco2.github.io/codecarbon/methodology.html#calculation-formula
https://twiki.cern.ch/twiki/bin/view/PanDA/PanDA
https://panda-wms.readthedocs.io/en/latest/advanced/carbon_footprint.html
https://gitlab.cern.ch/hep-benchmarks/hep-score
https://calculator.green-algorithms.org/
https://prometheus.io/

Measuring with Prometheus (we have no IPMI access)

Funded by
the European Union

PDU

Prometheus sits within.

Y} ‘7 This is the context that
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https://prometheus.io/

Measuring with Prometheus (we have no IPMI access)

This is part of the system
we’re measuring.

Node 1 ——

!
tore | — |- -

|f by |

RAM Store [Nl=—= == PU : PU n

Funded by
the European Union
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Measuring with Prometheus (we have no IPMI access)

Power usage probe to each BMC
(Baseboard Management Controller) haS thlS SCOpe

PSU N

Node 1

RAM | Store

CPUs | , GPU |
e’ \ = - _|
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Measuring with CodeCarbon (we have no IPMI access)

CodeCarbon’s estimate
covers this subsystem

| CPUs

Funded by
the European Union

L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 13




Software Profiling: Energy Consumption

Energy (kWh)

10°

107!

Results by: Luis Villar

e Benchmark: Drell-Yan pp —e+e— with Herwig 7.3
e Processor (on Noether): Intel Xeon Gold 5220R
e Differentiate between steps:

©)
©)

Integration (single-threaded)

Generation (parallel 96 threads)

Total CPU Energy
Drell-Yan pp—-e*e- at Vs=13TeV

Normalized Residuals
o

Number of Events (n)

generation (Prometheus)

generation (CodeCarbon)

_i- E:’u Energy + error 1 integration (Prometheus)
| [y=441x10"8n%°+206x103]
e /./' integration (CodeCarbon) 96.1
,,,,, % 0 200 400
5 U . Power [W]
A 3 Observations:
. w0 e Consumption grows linearly with
g | 1 number of generated events
-y o termales st e Prometheus reports significantly
e © e higher consumption
10! 10° 10° 10 L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 4



Software Profiling: Regional Differences Results by: Luis Villar

CO2e Emissions Rate during generation phase (gCO2z/sec)
Drell-Yan Process (Assuming Power measured by Prometheus Data)

.
~: % -

e Emissions depend significantly

on energy mix

o UK: 238 gCO2e/kWh

o Germany or US: factor 1.6
higher impact

o France: factor 0.24 lower

Data status
BZE No data

Data: Ember (2024); Energy Institute - Statistical Review of World Energy (2024) — with

major processing by Our World in Data

0.02 0.04 0.06 0.08 0.10 0.12
gCOz/sec at 362.76 W
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Software Profiling: Extrapolation to LHC Scales et btus Vi

e Extrapolation to LHC scales (10716 events)
o LHC (13 TeV): 6.75e+04 t CO2e
o FCC (100 TeV): 2.86e+06 t CO2e

Extrapolation to n = 10 events for Drell-Yan process in Herwig 7.3:
pp—ete~ atvVs =13 TeV and Vs =100 TeV

10" 1 oy 13 TeV Emissions 10
100 TeV Emissions +10 _-7f1o
=== 13 TeV Emissions Fit s
10°1 -—- 100 TeV Emissions Fit 7
L 1012
10°-|2.86e+06 t COze S

[100 TeV at n =106

8.51e+06 years in a single Intel(R) Xeon(R) Gold 5220R CPU @ 2.20 GHz L 1010

9 i
e
S . . |[13Tevatn=10 <
o 10%716.75e+04 t COze 7 g
= 1.05e+05 years in a single Intel(R) Xeon(R) Gold 5220R CPU @ 2.20 GHz | _~* L 108 &
c ¢ g
o =
8 1071 3
£ g
“ L 108 O
100 4
F 104
10—2 -
- 102
* * %
* * 1 T T T T T T
A 10° 102 104 10° 108 101 1012 10 1016
* 5k

Number of Events (n)
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Software Profiling: Laptop vs Tier3 (Noether)

w
v

w
o

Events / Energy [x103 1/Wh]
N
o

Results by: Luis Villar

“Fun” fact: Laptop appears to consume less energy per generated event
o Laptop: Intel Core i7-11800H 2.30 GHz; 8 cores, 16 threads

o Noether: Intel Xeon Gold 5220R @ 2.20 GHz; 48 Cores, 96 threads
Laptop loses on speed after 10*4 events (not many!)

Events over Energy Consumed in Event Generation:

pp-ete” atvs =13 TeV

(Energy measured by CodeCarbon)

1 & Noether Cluster

N
wv

¢ Laptop +

41¢=0.210£0.012

Laptop
a=6.47+0.18

4

;

X = 1706 A
/

fury
wv

=
o

Noether Cluster
a=0.48+0.01
¢=0.018+0.001

X = 0484

._-----:=.=:::::::3:::::_--—0—"‘/

10° 10?
Number of Events [x103]

10

L. Villar, T. Fitschen,

Events / duration [1/s]

M

Events over duration in Event Generation:
pp-ete” at Vs =13 TeV
(Durations Measured by CodeCarbon)

2500
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Results by: Nicolas L. Cataldo

Life Cycle Assessment (LCA)
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. PR R | - Nicolas L. |
Life Cycle Assessment: \What does it involye? " by icolas L Cataldo

e Considered “common university” setups o, o
o Desktops (with screen) eC //// I nve nt
o Laptops p
o HPC/clusters (here: Tier 3 Noether) RS
e Software: SimaPro 9.8, Ecolnvent v3.10 database Iso SI ma Pro
e Consider 5 years of use (cradle-to-grave approach)
e Standardised approach following ISO 14040:2006

e Herwig energy consumption is proportional to number of events
‘E o Runtime can be used as input for LCA
o o Other input: Power (Watt) when running Herwig
o Can be measured in various ways (see later)
A ool ®  Challenges introducing uncertainties:

Electricity

y \‘— @ Power Supply

)|
(o]
[e]
~)
=
Steel CD-ROM Drive @
3
(1]
(O]
o)
(e
O
©
(=]
S
S
(o]
5
Ol

o Vendor’s environmental impact reporting not standardised
m would have to do a similar LCA for each type of
model/brand, including the dismantling of each device
o Most components in Ecolnvent are from early 2000s

m Use available parts as proxies for real parts
L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 19
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https://simapro.com/
https://ecoinvent.org/
https://www.iso.org/standard/76121.html
https://doi.org/10.1609/aaai.v25i1.7805

Results by: Nicolas L. Cataldo
Life Cycle Assessment: Goal and Scope definition

System boundaries diagram
y J e System boundaries:

Eriergy Materials o Component production
. y o Consumption during use
e Can be very difficult to assess what
> " hardware is being used
Lapt —
; PP N 8 o Product IDs by vendors often
— Desktop by (B2 specify capabilities, not exact
» Cconsumptiontor End-of-Llif
manufacturing [ ¢ Compurer sotvars and s nerore components or even producers
2 coolingfor HPC e At UoM end-of-life equipment recycled
@© —
= HPe by contractors (see here)
o According to UoM this saved 4.29
System boundaries : :
Y ! _ tonnes of waste from landfill,
Intermediate flows —— .
Environment Elementaryflows — ——»  S@ViNg over 453 tonnes of CO2

during the 22/23 teaching year

L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 20



https://www.itservices.manchester.ac.uk/aboutus/sustainability/old-equipment/

Results by: Nicolas L. Cataldo
Life Cycle Assessment: Preliminary Outcomes

Observations:

e “Global warming impact” of HPC
is dominated by electricity
consumption

B Desktop computer with screen M Laptop ® High perfomance computer e} For deSktOp & Iaptop usua”y
| ' | | production is more important

L L

Some preliminary results with inputs from
CodeCarbon Herwig measurements and
estimated hardware - impact on many aspects

100%
80%
60%
40%
20%

0%

100%
80%
60%
40%
20%

0%

e HPC dominate global warming, stratospheric
ozone depletion, ionising radiation, land use, fossil
resource scarcity, and water consumption

o  Desktops dominate other categories

Terrestrial ecotoxicity EG—— .
Freshwater ecotoricity | G o

Water consumption I ——

carcinogenic IOXiCiW — e ——

Land use I e

Caveats:
e These results are not final

Global warming | =™
Human health _
Marine ecotoxicity |G
_ pe—nrrnn—————)
FOSSII resource SCarCity — L —— ——}

2 c & 5 n c ‘_r: = L §
g ;g 2 g 5“;’ % %% % § - 3 > Sh “ h t Idb du
IERIIRIERE B.ii iz o ow “what could be assesse
22 w 88 9 G5 go 9o =8 e = 8
£ £ 2E3E82 & £E 8% g [
8% £ za:zfsR 2 "% 8 s°5F ¢ rather than concrete values

w Lo [

e \We're still working on providing21
more accurate inputs



Results by: Nicolas L. Cataldo
Life Cycle Assessment: Preliminary Outcomes

Example plot: e Hardware replacement policies can
Impact of replacement policies (5,7,9 years) have large impact

e UoM IT (includes staff/less

I I I I . I - I I Il I i I i I I specialised machines wrt WLCG):

HPC - manufacturing W HPC - use W HPC - cooling

looking for feedback/quidelines
regarding what to prioritise when

buying new equipment
| ‘ | I | ‘ | | | | | e Balance performance with
Pt 5 5.3 25 55§ 5 EE £8P B o5 environmental impact
Eis fPECesi g Bl f B of fiEiRiElof e One goal of our project: inform UoM
TE 2STRRFEs rfpoiEity focd towards updating policies
= N = - & 2
WS5years M7years M9years O  Can we learn from WLCG sites as well?
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The bigger (WLCG / HSF) picture

We're part of a broader effort for environmentally sustainable computing in HEP
The Worldwide LHC Computing Grid (WLCG) organised a workshop + a
session together with the HEP Software Foundation (HSF) dedicated to
environmental sustainability [summary]

o  With contributions from computing sites, experiments and users
Community agrees to estimate the energy/carbon impact of our computing work
and include it into standard benchmarks
Upcoming work (common WLCG sustainability forum will be set up):

o Work together with users and experiments to have robust measurements

o Continue encouraging and enabling move to compute accelerators

o Continue making common software more efficient

L. Villar, T. Fitschen, M. Sparks et al. - Sustainable HEP workshop 2025 23



https://indico.cern.ch/event/1450885/
https://indico.cern.ch/event/1484669/timetable/#b-613148-plenary-environmental
https://indico.cern.ch/event/1484669/contributions/6480468/attachments/3064247/5419745/250509_ENV-Plenary-Summary.pptx-2.pdf
https://indico.cern.ch/event/1484669/contributions/6499544/attachments/3063181/5417266/WLCG_Workshop-Enhancing_Job_Monitoring_with_Power_Consumption-20250508.pdf

Conclusions & Lessons Learned From Our Project

Sustainability analysis and LCA in particular are hard problems
o We have to gain expertise in this soon
o  We want to be prepared for questions from funding bodies
o We are also driven by Net Zero goals ourselves!

Profiling power consumption is surprisingly complex

o Many tools that each measure slightly different things (which components are included...)

o Impact depends on many external factors (energy mix...) that are not always known

Outcomes and goals of this project

Increased awareness (e.g. in UoM undergraduate C++ course)

Plan to inform procurement strategies at UoM (in contact with IT services, Research IT)
Starting to to grow some expertise in HEP community and connections to experts from outside
Longer-term: hope for fruitful discussion with WLCG, HepScore/HEPBenchmarks, experiments

(@)
(@)
(@)
(@)
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