RI.
Can the Nordics Keep Up? S

Power, Cooling and the
'Race for AI Capacity.

: ' DrJon Summers, Scientific Lead,
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AGENDA

* Nordic data center growth story.

* The strengths around energy and
climate.

* Funded projects with RISE.
» Looking at heat recovery potential.
* Focussing on Al.

* Brief look at the Nordic potential.




The story begins with the Greenpeace
whitepaper in April 2011.

How dirty is

your data?

A Look at the Energy Choices
That Power Cloud Computing




The whitepaper highlighted the heavy use
of fossil fuels and lack of transparency.

Company Clean Energy Coal Transparency Infrastructure Mitigation
Index* Intensity Siting Strategy

5 26.8% 28.5% F D D
amazoncom
web services
': 6.7% 54.5% C F C
facaboolk 13.8% 53.2% D F D
GO Sle-- 36.4% 34.7% F ¢ B

(2]

Source: https://www.greenpeace.org/international/publication/7196/how-dirty-is-your-data/
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Resulting in the first hyperscale data

center in the Nordics.

25 https//datacenters.google/locations/hamina-finland/

Milestones of progress

=t ¢

2011 2024
Google opens our first data centre in Hamina, Google announces the construction of a seventh
Finland. data centre in Hamina.

Source: https://datacenters.google/locations/hamina-finland/

=

2024

Google announces €1 billion investment in Finland
toward sustainability and Al goals.

(2]



Construction started October 2011
Operation began in June 2013




EUROSTAT Production of electricity by source 2024.

European Union

Malta
Cyprus
Poland
Ireland
Greece

Italy
Netherlands
Czechia
Estonia
Germany
Romania
Bulgaria
Croatia
Latvia
Hungary
Slovenia
Spain
Belgium
Portugal
Slovakia
Lithuania
Austria
Denmark
France
Xemno (]
Finland
Sweden

Norway
Iceland

0 10 20 30 40 50 60

—
=
[=]

v Fossil fuels v Nuclear ¥ |v Wind & v Hydro ¥ |v
v]® “lve s lvewnds [V @ s v

® Biofuels & Other %

Source: https://ec.europa.eu/eurostat/web/interactive-publications/energy-2026#electricity-production g

Information

Electricity produced in pumped hydro
plants from water previously pumped
uphill and electricity discharged from
batteries is excluded from total
electricity production.

Low carbon electricity in the Nordic grid.



4) A full-scale research data centre and test

L o+ oroiects. f 9 environment with the objective to
. + pr rom .
the gprocﬂﬁﬁ tso tﬁe increase knowledge, strengthen the Al &
cloud, chip to chiller DC ecosystems and attract researchers.
* 24 employees
« 4MEUR turnover 1600m? of laboratory space.
« Established 2016 2 production DC modules.
Multiple testbeds.
. . 2000 physical servers
WWW.ri.se/ice S50
200 TB RAM
10 PB storage
RISE ICE Data Center | so0000cores
240 GPUs
1,1 M cuda cores
HDFS clusters
OpenStack ECC
GLOBAL AWARDS Kubernetes cluster
2019 ICE Connect

2018 - 2022
\ A=, BDV EARTO Innovation

RI
Awards 2022 :
S

gg2017 2019

D C

# 2016, 2017

L
N
4
o}
o
@

= BDV
f_i-space JUSIVER|

Holistic Cooling




Current Official Partners in the
Partner Program

Premium partners:

A AR %
— w QO Meta
ERICSSON VATTENFALL ‘ l. l' VERTIV.

4
F
SCastrol 22 Enu%sms Google

Collaborators:

(intel) € Telia
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Academic:
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Focussing
on energy




The BodenType DC — an EU funded /g
project for efficient and low cost DC. !NE o
" GA 768875

~ Exhaust air

6 EcoCoollng l'h H1 SYSTEMS %Fraunhofer ‘6’:8?.‘:{:55 Rl.

GENCY
ONE STEP AHEAD IOSB




The BodenType DC — an EU funded s
project for efficient and low cost DC. ..N.E
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The BodenType DC — an EU funded
project for efficient and low cost DC.

CUMULATIVE HOURS " GA 768875

Hours

G ECOCOO“ng H‘I ONES:vai:nga a1 GAUIINIVIGT ‘6’22?&555
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«GA 768875

- ONE
ISO PUE= Ep

707.46MWh equivalent to 8 1kW of continuous power consumed.

From 12/5/2019to0 11/5/20201SO PUE = 1.0118
Facility consumption was 8.35MWh.

1.02

Rolling ISO PUE based on 1 year of data
o)
1.005

before date.

Nd OS] 8uljjoy



Holistic air-cooling control.

200.000 kW

150.000 kW

100.000 kW

50.000 kW

ow

16:30

-
. Supply and ceE==% o
return temps - W -
y -]
20 e ———— . — 20 -
1= 16:30 16:40 16:50
16:30 16:40 16:50 17:00 1710 1720 1730 1740 : : :

Standard cooling

16:40

IT vs. Facility

17:00

17:05

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°768875.

Holistic cooling

17:20
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Rack inlet and
outlet temps

e NN

;-...—_—_-__—_— [ S

17:00

1710 17:20 17:30

e ]

17:50

CroeEc
LI |

T

RI.



Results of targeted air flow thermal management.
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Bl This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°768875.
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Results of targeted air flow thermal management.

Aug 05 05:() Aug 05 1600 Aug 06 000 Aup 06 0500 Aup 06 16.00 Aug 07 0000 Aug 07 03.00 Aup 07 16:00 Aug 08 0000 Aug 08 0800 Aug O8 16:00

Constant A

Oot 07 12:00 Oct 08 00:00 Oct 08 12:00 Oct 09 00:00 Oct 09 12.00 Cet 10 00:00 Oct 10 12:00 Oct 11 00:00 Oct 11 12.00

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°768875.
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The extreme case of PUE optimisation.

S IT Power Facility Total Instantaneou
M i B el I GA 768875

Factory 43°C Pa 40.110 kW 965 W 41.075k 1.0241

68°C 1Pa 41.087kW  972W  42.059 kW
+25°C +1Pa +977 W +7 W +984 W

CPU Temp IT Power Facility Total Instantancou
Power s PUE

68°C 1Pa 41.087kW  972W  42.059 kW 1.024
73°C OPa 41.698 kW  637W  42.335kW 1.015

+5°C -1Pa +611W -335 W +276 W -0.009 in power
Power s PUE
[ 22°C [NEwpNe 02Pa  41.602kW  641W  42243kW 1.015
72°C OPa  41647kW  418W  42.065k 1.010
B o« -0.2 Pa +45 W -223W -178 W -0.005

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°768875.
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1.38% drop in iPUE
Fora2.41% increase



Consequence of trends in processing data

o Energy value of data
ig‘:g'on times , stream has gone from
2. 0.00000001% (1970)

efficient like <
doubling MOdaY)

)
every 2.5 years. ©
.

70,“»\“5\ ‘
m —— Waste Heat
———

Based on: Today 99.97% of input

Rolf Landauer, “Irreversibility and Heat Generation in the Computing

Process,” IBM J Res. Dev. 5, 183 (1961) energy is in the thermal R
http://dx.doi.org/10.1147/rd.53.0183
stream. S



http://dx.doi.org/10.1147/rd.53.0183
http://dx.doi.org/10.1147/rd.53.0183

GPUs in POD2 used for biomass drying.

Conclusions

8% reduction of
moisture content

42 % ERF (Energy
Reuse Factor)

8 year for return of
investment

GA 768875

/ BODEM
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Evolution of District Heating

Industrial

waste heat

Blomass

CHP

Heat Heat

storage storage

CHP coal, CHP coal

CHP oll | 0% CHP oll

Coal, Waste, oll

Waste | | | gas, coal
|

| <100°c

g s

@

Geothermal

Large-scale
solar thermal

Industrial
waste heat

Biomass
CHP

Seasonal
heat storage

CHP waste
CHP gas

@
@

-
-
=

&

5-35°C

Reversible

Geothermal alr source

@
2

Commercial
bulldings

Large-scale
solar thermal

Swimming
pool

Industrial
waste heat

Source: Wirtz, M.; Kivilip, L.; Remmen, P.; Miiller, D. Quantifying Demand Balancing in Bidirectional Low Temperature Networks. Energy Build. 2020, 224, 110245

1st Generation
1880-1930
Steam system:
Steam pipes in
concrete ducts

2nd Generation
1930-1980
Pressurized

hot-water system
Heavy equipment

3rd Generation
1980-2020

Pre-insulated pipes

Industrialized compact

substations

Low energy demands
Smart energy: Optimum
interaction of energy sources,
distribution and consumption

4th Generation
2020-2050

Waste water Data
heat recovery a" center Heat Su pply

Seasonal Space
heat storage cooling

River and Space

sea water heating

|
-~
5th Generation
>2020
Bidirectional:

Heating & cooling supply

Almost no thermal losses

Uninsulated plastic pipes
Modular expansion

(2]



DH market shares within DH areas

100%

90%

80%
70%
60%
50%
40%
30%
20%
10%

0%

IE ES BE FR IT NL LU EL DE HU PT HR RO CZ PL SI AT LV E GSKL

DH market share within DH areas

w2020 = 2050

Source: Mostafa Fallahnejad et al, District heating potential in the EU-27: Evaluating the impacts of heat demand reduction
and market share growth, Applied Energy, Volume 353, Part B, 2024

(2]



The EU funded WED:istrict: Lulea demo

W.E.
DISTRICT

=0

Solide oxide fuel calls

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°857801.
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Data Centre and Fuel Cell container setup

Exhaustgas * !*

Fuel Cell Module (TOP) ; Main building

T T 1T 1T 1T 11
O O O O O O O Water
Ll L Ll Ll .

h-pammanee. L o
i

Biogas
District heatmg

Space heating

Data Center Module (BOTTOM)

] >

LA -
* ¢ —Immersion cooled L3

Data center Power grid

Dry cooler

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°857801. S
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Inside the Fuel Cell container

W.E.
DISTRICT



Inside the Data Center containr

'l"é_ ",{”-

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°857801. S

W.E.
DISTRICT



Normalized power consumption [%]

Controlled tests of immersion cooling

P-

real/P_rated = 0.00004 * T_equip™2 - 0.00181 * T_equip + 1.01298

P_real/P_rated = 0.00004 * T_equip”~2 - 0.00181 * T_equip + 1.01298

Around 6.5% increase in power draw

when letting the tank temperature
rise to nearly 55°C.

R*2=0.9988 R*2=0.9988
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W.E.
DISTRICT

IT equipment average temperature [°C]

(a)

Increased power draw as a function of the average
CPU temperaturein (a) and as a function of the tank
coolant temperature. Running hotter consumes more
power.

Oil average temperature [°C]

(b)

Applind Thewmal Bagprsewring 254 (202 2100

x ,‘;,
Py
& Eg ak

ElSEVIER

Contents lists avsilable at Sornoelioect
Applied Thermal Engineering

journal homepaga: wasw eny i Lo locati i

Research Paper

Experimental and numerical analysis of the thermal behaviour of a

single-phase immersion-cooled data centre

Paolo Taddeo ', Joaquim Roman{

Jaume Salom

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°857801.

, Jon Summers “, Jonas Gustafsson ", Ingrid Martorell ',

(2]



Energy flows during monitored period.

Complete operational datasets from 11/01/2023 to 16/06/2023

0.84MWh [NEEE
Airflow

FC Container

Meter 4 39.4MWh
uEEE 38.51MWh

Solid Oxide Fuel Cells

72.16MWh

48.65MWh [ETE

DC Container

Dry
41.87MWh RIEC® IT Equipment  DCtobryC | Cooler

54.6% | 79.2% |iPUE=1.16 | [IERF=9:5%

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°857801. S

.
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LUMI: Excess Heat Utilization Process Overview

d’ooéq

20IH>30 ;
e

Qo
]

Annual CO, savings around 6.000 tonnes

DRY AIR COOLING _ DISTE o
FOR BACK UP : v

-Renforsin Ranta Business Park
~ 10 MW -CITY of K3jaani

+80 °C Service demarcation point
e w w e eXcess heat utilization

<—

Heat pumps use renewabl

+31°C

In addition of Direct Liquid Cooling there is
approximately 1 MW of capacity for the air-cool RI_

servers (e.g. storage and management servers). SE
Source: https://kamk.fi/en/



LUMI: Excess Heat Utilization Process Overview

LUMI data center statistics for 2023

Free cooling PuE <]1.05
PuE with heat re-use 131
Heat re-use COP 4
ERE Q.52
ERE =(1 - ERF) X PUE
ERF D57

In addition of Direct Liquid Cooling there is
approximately 1 MW of capacity for the air-cool RI_
servers (e.g. storage and management servers). SE
Source: https://kamk.fi/en/
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Al compute demand & hardware capability

3(\(’6 «\a“d FLOP = Floating Point Operations
et ol 4 0% P
° (’\’O\)‘ e\
1016 Al compute demand
1015
Gap > More hardware &
» data centers needed
10
Al compute hardware
1013
1012

Message: The widening gap between Al compute demand and the pace of hardware performance
improvements is a key driver behind rising energy use and the surge in data center investments.

Sources: Data and graphs from Epoch.Al website.

(2]



Data center demand by application 2025

Global data center demand by workload, 2025-30, gigawatts
Alcompute [l Non-Al Al inference [l§ Al training

+22% p.a.’ : CAGR,
219.0 2025-30

22%

180.5

35%

1%

2030

(2]

Source: McKinsey 2025



Al model inference energy requirements

@ = Al model* | =Mean 22 Wh 1,000 Wh
The energy required A battery with this much energy
to fully charge a smartphone could run a laptop for 20 hours
Type of task ! '
L : : : : : 477
Image generation - : @ede eo
e : : : : 109
Image captioning - ® a ®
2 | i : 126
Automatic speech recognition - e e oh o om:
: ; 1 : :
Question answering - o @oape o
; o5
Text classification - . oa] &
[ lIlIIIé | IIlIIIlé | lllllllg | Illllllé I Illllllé [ | IIIIII: vl llllllg
0 0.01 0.1 1 10 100 1,000 10,000

Total energy consumed (in Wht) to perform a task 1,000 times

"Tests conducted on 20 popular open-source models. Each dot represents one model: 11 Watt-hour represents power consumption of 1 W axtended over 1 hour.

(2]

Source: Luccioni, Sasha, et al. "Light bulbs have energy ratings —so why can’t Al chatbots?." Nature 632.8026 (2024): 736-738.



The Environmental Cost of Al is high on the agenda.

Home -» UNU-INWEH

Collection

The Environmental Cost of
Artificial Intelligence: Carbon,
Water, and Land Footprints

Al’s rapid growth drives huge energy, water, and land use, raising
environmental and equity challenges across its global

infrastructure.

DatePublished 2 Jun 2026 iy LS

UNU-INWEH Report: Aczel, M., Chamanara, S., Matin, M., Farsi, A., Marwala, T.,
Madani, K. (2026). Environmental Cost of Al's Energy Use: Carbon, Water and
Land Footprints. United Nations University Institute for Water, Environment and
Health (UNU-INWEH), Richmond Hill, Ontario, Canada. doi:
10.53328/INR26RMA002

(2]



The challenges with Al data centers.

Power density Load variability
Power distribution Heat density

Source: https.//www.iea.org/reports/key-questions-on-enerqy-and-ai Published 16 April 2026

Energy storage

(2]
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https://www.iea.org/reports/key-questions-on-energy-and-ai

Hitting five walls at the same time!

The scaling wall: pure lithography-enabled scaling is slowing down, and quantum effects begin
interfering with the operation of microchips.

The memory wall: system performance is confronted with data path limitations between the cores and
the memory.

The power wall: it is becoming more challenging to bring power into the chip and extract heat from the
chip package.

The sustainability wall: the manufacturing of semiconductor devices contributes to an increasing
environmental footprint.

The cost wall: chip manufacturing costs may explode with the complexity increase, together with the
costs for design and process development.

RI.
S

Source: https.//www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap



Challenges of thermal management

* How to get the heat out? Sun’s surface

107 N e S N S e e e e e e .
— GPU die size of ~800mm?2

Nuclear blast

— Thermal design power ~1800W 106 -

— Heat flux = 2,25MW/m?2
10°

Rocket motor

2023 2024 2025 2026 2027

Message: Increasing transistor density in next-generation microprocessors leads to extreme
heat flux levels, potentially exceeding those found at the edge of a nuclear blast, and thus
posing significant challenges for cooling and thermal management. R I
]

Source: O Sevgin, R Hannemann, and A Bar-Cohen. "High heat from a small package." Mech. Eng.;(United States) 108, no. 3 (1986).



Further challenges

« ~50°C max

» Stacked High Bandwidth Memory!
Stack of 12 dies.

» Several layers of silicon stacked on top
of each other.

~80°C max

» Heat needs to be conducted through
the stacked layers.

* Silicon top layer must be much colder.

Source: https.//semiengineering.com/knowledge_centers/memory/volatile-memory/dynamic-random-access-memory/high-bandwidth-memory/

(2]



Development of power for Nvidia GPUs

HIGH BANDWIDTH MEMORY

HBM7
- FUTURE GPU

HBMS
i
.

2200W 4400W ..ﬁ

1530w

: R \ '\\‘_ \\\ T 3 N >~

R ™ \ S B : e -
R \\\., -_ B = e -

N - e N e -

Source: KAIST's Memory Systems Laboratory and TERA's Interconnection and Packaging group, 2025
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Temperature Difference (°C)

Roadmap of HBM specifications
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< Thermal Management & Cooling Methods for Next-Generation HBM >

Source: https://tera.kaist.ac.kr/

TeraByte interconnection and Package Laboratory

Ref) Kraus & Bar-Cohen (1582)
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The H-DINI project — The European 1 MW “rack”

TA1: Power distribution TA2: Node/rack design and server cooling Goals
1 be Row/Rack . « The projectgoal is to
s Power Power ™% : T 4
E Distribution Distribution SPOS‘?:; g (SN2 - deVE’/Op tE'ChHO/Og/eS
| system System L Bl and systems for
: ‘?Zfﬁ“ ®@Hitachi Energy TA4: Heat re-use pOWE/’-dE’/?S@ Al
A Z RL > ®®  FliktGroup compute with efficient
meson SE  |[NSSHEENY | chiavers 1 power delivery and
N NIVEMAITY
Stakehold ; crunoros X thermal performance.
akeholders %Emg
GOvL‘-glrfj & [FPerstorp Demonstrate system
T e @ castrol solutions for selected
—
evroc a VERTIV. -:—/70[ L hetissnd ) L S \:l:\ j::‘” teChnO/Ogy areas
o TA3: Coolant distribution * Totalb Udg et E6M

R
S

Funded with helpfrom WVINNOV/A

Source: RISE 2025



Emulators — A tool for R&D and commissioning

CLE Look like a chip, server or rack
Memory Accurately emulating real chip
High power density
CLE.  CLE Compatible with different cooling

EPd Elrg technologies

Modular server design

CLE Can meet future standards
Memory

A server emulator consists of one or more CLE, Chip Load Emulators

(2]

Source: RISE 2025



RISE Chip Load Emulator single unit

Emulating LGA4677-1 Sapphire Rapids form factor

Power (0-2000W)
Temperature (0-100°C)

Integrated control
Built in safety features

Source: RISE 2025



RISE Server Emulator single unit

Power (0-30kW)
Temperature (0-100°C)

Individual load profile
control

Built in safety features

Source: RISE 2026




Test-rig for Hybrid on-chip/immersion cooling — POC 1

Vertical
compute rack

On-chip CDU Immersion CDU PSU
230VAC -48VDC

Control system
Data collection

Source: RISE 2026



Focussing
on the
Nordic
potential.




Where is the power for Al coming from.

90% of Al specialized compute in 2 countries.

B France E&] Brazit

B ynited States - China

O 0 Of

P Fossil B Nuclear B Renewable

Source: Electricity supply mixes in major data center host locations.

Aczel M., Chamanara S., Matin M., Farsi A., Marwala T., Madani K. (2026)
Environmental Cost of Al's Energy Use: Carbon, Water and Land

Footprints, United Nations University Institute for Water, Environmentand ~ Of the top 20 data center hubs, 4 countries RI.

Health (UNU-INWEH), Richmond Hill, Ontario, Canada, doi: have IeSS than 10% Of fossil fuel in their g”d SE
10.53328/INR26RMA002



Headroom for Al data centers — physical and society.

Table 3.

Top Data Center Consumption Levels (% of Grid)

Country % of Grid

L) rland Global Energy Report (2026) o

& gingapore 19.5%

@ Lithuania The Infrastructure Paradigm Shift: From Reversible to 11.1%

- Irreversible Decisions

- Netherlands 8.7%

\» Denmark By Mehdi Paryavi, Roger 8.4%

& Estonia Strukhoff, Mark Thiele, Robert £.09%

r— - = = - Cavey

w Luxembourg | ' : | | : Chairman & CEO, Chief 6.3%

® Germany é—;\‘, | ' %) Research Officer, 6.1%
- — — — Entrepreneurship Counsel,

a Hong Kong Global Head of Strategic 6.0%

& United States Relations 6.0%

Current data center demand of electrical grid in:
Sweden is at around 2.4%, Finland is at around 1.8%, and Norway is at around 1%. RL.

SE



Principles for a Responsible Al Ecosystem

Transparency

Source: Electricity supply mixes in major data center host locations.
Aczel M., Chamanara S., Matin M., Farsi A., Marwala T., Madani K. (2026) Environmental Cost of Al's Energy Use: Carbon,
Water and Land Footprints, United Nations University Institute for Water, Environment and Health (UNU-INWEH), Richmond

Hill, Ontario, Canada, doi: 10.53328/INR26RMA002
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Thanks for listening. ——
jon.summers@ri.se
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