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People spend ~90% of daily lives indoor

NHAPS - Nation, Percentage Time Spent
Total n=9,196

TOTAL TIME SPENT
INDOORS (86.9%)

IN A RESIDENCE (68.7%)

OUTDOORS (7.6%)

IN A VEHICLE (5.5%)

OTHER INDOOR LOCATION (11%)

OFFICE-FACTORY (5.4%) BAR-RESTAURANT (1.8%)

Klepeis, N. E. et al. J. Expo. Sci. Environ. Epidemiol. 11, 231-252 (2001).
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Buildings account for ~30% of global
energy end uses

Non-Energy: 10% \

Other: 2%
Agriculture / Forestry: 2% ‘\
Commercial: 8% \

Residential: 20% —

Industrial: 30%

\ Transportation: 28%

IEA (2023).



innovair.com

Most life-cycle energy use occurs
during operations, consumed by
building service systems: HVAC,
lighting, and equipment

Over 40% energy saving potential in

intelligent and efficient building
operations?

Ding, C. et al. Nat. Commun. 15, 5916 (2024).



Avoiding unnecessary heating and cooling
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Total cooling energy use from June 26 to August 24 (61 days)
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Avoiding unnecessary heating, cooling, and ventilation
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Optimize comfort and energy through MPC
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Accommodate personal preferences through RL

Coordinated multi-agent RL

10% better individual thermal
sensation

14% cooling energy reduction
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California's duck curve hits record lows
Lowest minimum net load day each year in CAISO, 2015-2023

Towards a zero-carbon future

Evening
peak

Morning
peak

Increasing renewable integration NI/ -

“neck of the duck”

Midday solar saturation
“belly of the duck”

Demand/generation forecasting

0
2023
12AM 3AM 6AM 9AM 12PM 9PM 12AM

Source: CAISO | @BPBartholomew

The
Note: Net load shown is demand minus utility-scale wind and solar ’ lI Merit Order

Multi-system coordination
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Net zero energy buildings
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MPC to provide energy flexibility

20% more self-consumption
10% more self-sufficiency
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Zhan, S. et al. Energy Build. 278, 112606 (2023).



The other side of the story
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Increasing DC energy demand

TWh
_ _ 1000
* Increasing power density 3
« 60-100W/cm? (chip), 5-10kW/m?2 (DC) g
800
« Over 60% fulfilled by fossil fuel  GPU
600 ,
* Negative environmental impact
400
Other IT
200
Other infra
’ 20|20 20|22 20|24 20|26 20|28 203(|)

Massachusetts Institute of Technology IEA (2025).



Air Pipe/Wall

Server

Cooling technologies

Cold air

----------
-------
-------

* Air-based cooling remains the dominant mg

» Cooling consumes 30-40% of total (a) Air cooling
energy, and often significant water
usage

solution, while liquid cooling expected to Hot air
rise rapidly ‘Q'/“"t e "

Thermal-convection resistance

Cold plate

mmm Coolant

Server

mmm Server surface

Server

Thermal:conduction

res;‘Ftance

(b) Indirect liquid cooling
Kong, R. et al. Energy 308, 132846 (2024).
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Waste heat recovery (WHR) towards sustainable Al

Odense Data Center: Heat Recovery Process ° Meta in Odense Denmark
« Air - water, with heat pump

< I~ _ « 100GWh/yr to warm 6900 homes

3 » 15-25% of total qy
I |
facebook | NI T H (0] O O a e n e r
I X i | i | Il ol

L 1 L Ll Ll ni ]

1 | | 1

Wind turbines add renewable Hot air from the servers is The warm water from the data center The hot water delivers the heat
energy to the electric grid that directed over water coils to coupled with additional renewable energy to the community via the district
supplies our data center and heat water is used in a heat pump facility to create heating network
powers our servers hot water for the district heating network

« Tencent in Tianjin, China |
« Water - water, with heat pump ’-“1.” —{--}= '

! T — !
* Heat nearby office building ! [ s G _ :
« 28% annual savings _,E;.._m ‘ {
- | ' ]
-
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More nuances in WHR

« Many projects have long payback period
« High CapEx (thermal storage, heat pumps,
piping, etc.)
» Feasibility affected by spatial and temporal
distribution

* Liquid cooling provides more opportunity

» Dedicated operation to elevate exergy
(quality of waste heat)

Massachusetts Institute of Technology

\__'
Cooling

T
tower

Recovered heat
reuse application

compressor
chiller

Recovered heat
reuse application

Notations:
CRAH: Computer room air handling
HX: Heat Exchanger

Water to Air

HX

CRAH

Hot air Data

» Cold air

Huang, P., et al. Appl. Energy 258, 114109 (2020).

cooling tech heat source  supply temp (C) returntemp (C) temp rise (C)
air 18-27 30-50 10-20
AHU
liquid 12-20 5-7
o 7-20
liquid 20-30 5-10
rear door HX
coolant 25-30 35-50 10-20
spray cooling liquid/vapor 30-55 35-65 5-10
immersion cooling liquid 30-55 35-65 5-10
single-phase cold plate liquid 20-50 25-70 5-20
two-phase cold plate vapor 40-75 40-80 0-5
heat pipe vapor 40-80 0-5

15



usage technology driving temp (C)

Heat reuse and thermal networks samebuiding

« Match the waste heat supply and demand
« Temperature range

« Spatial and temporal (diurnal/seasonal)
« Reduced DC active cooling

« 5t generation district heating and cooling (5GDHC)
« Adapt to different local climates
« Connect heterogeneous demands

Massachusetts Institute of Technology

heating district heating
5GDHC 15-25
) absorption 65-90
cooling .
adsorption 50-100
power ORC 65-100
] desalination 40-70
production
greenhouse 20-40
1GDHS 2GDHS 3GDHS 4GDHS 5GDHCS
i A -
T L] L] Ll
Timeline 1880 1930 1970 2014
e Steam as heat e Pressurized hot e Pressurized hot e Low-temperature e Ambient water
Key carrier water as heat water system hot water system system
features e Condensation in carrier e Coal/biomass/wast ' e Renewable and e Combined heating
radiators e CHP Utilization e driven heat waste heat and cooling
AOUICES integration e Distributed booster
¢ Compact e Smart energy substations
Supply substations
temperature
Energy 30-70°C Typically
efficiency <30°C
i e s Renewable & waste heat sources M TES
| g& S / 5\ I
J:‘LJ, B Coal CHP .0 [ )l | =2a Hes
Steam boiler Coal/oil CHP A ELRY S GdD  soler Hp Nl
fE1ES Solar Industry Geo
>, -~ ciomase/ L [ | |Supermarket
. SN " m ' Gasboiler waste boiler ‘ | —
Typical i P — 2 Building I A4l d— | | =
layour T sulding | TN FE g - fah [ [l Hotl
Building Building Subsfation Substation T|ES Large HP GasJCHP )_) )
A T b g
Building Coal boiler i oy 'E - - '3 H Btuldmg
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Yao, S., et al. (2024). Renewable and Sustainable Energy Reviews, 202, 114729.
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Recent relevant policies and platforms

i d-Holland |1 THE WHITE HOUSE . Administiation TheRecord Thelssues BrefingRoom  Espatol e

Norwegian Ministry
of Local Government and Modernisation Strategy sanuay s, 2025

Executive Order on Advancing
United States Leadership in Artificial
Intelligence Infrastructure

Norwegian data centres

- sustainable, digital powerhouses

Constitution and the laws of

Richtlijn duurzame vestigingsvoor-
waarden'datacenters Noord-Holland

ered as follows:

Section 1. Purpose. Artificial intelligence (A1) is a defining technology of our

era, Recent advancement:

pidly growing relevance to

national security, military capabilities,
Aanleiding intelligenc alysis, and cybersecurity. Building Al in the United States will
Datacenters zijn cruciaal in een steeds verder digitaliserende economie. Maar data- help prevent adversaries from gaining access to, and using, powerful future
centers hebben ook een grote impact op het landschap en watersysteem. En ze systems to the detriment of our military and national security. It will also
] gebruiken veel elekuicteit De gezamenlijke ambitie van de provincie en gemeen- enable the United States Government to continue harnessing Al in service of
- -, Haarlemmermeer en Hollands| = national-security missions while preventing the United States from becoming
Sk e Sty o ol sl st celing van datacenters. Om da :.‘:’j::{) dependent on other countries' infrastructure to develop and operate pow
de impact op de omgeving te m| \i‘;:'.:; Al sl
‘erdam en gemeente Haarlem J
. <o 1  provincie Noord-Holland de D
Gesetz zur Steig g der in - de provincie artikel 6.1.5a in de
(Energieeffizienzgesetz - EnEfG) enomen voor datacenterontwi
EnEfG

rdan 2.000 m2 en een elektrisc| Y
e clustergemeenten. Voor deze d % A
e tendterplaatsevan het werking Climate Neutral
orzien in vestiging van een nieu D c P
i e SRR R e CLIMATE ata Centre Pact
1 Dieses Gesetz G Umsetzung der Richtiinie zulzmrzu des Europbischen Pas s und des Rates. iaal beleid en een van de onde N EUTRAL
S o o o o e s R HOATISR S w20

201
s oo g s s Sy 9OUNH020 Dt vesigng DATA
des. Euow&(heﬂ Parlaments und des Rates vom 5. Juni 2019 mit 13

iy o Iowess gemencden Fassons. CENTER

ABOUT ~ CASE STUDIES NEWS  RESOURCES v CONTACT

The Green Desl needs Groen Inrastructure

.
Fubnote cie H t d COId t h
i eat an matcnin
(+4+ Textnachweis ab: 18.11.2023 +e+) -Holland
(o4 Amtlicher Hinveis des Normgebers auf EG-Recht:
setzung der
URL 2772012 (CELEX Nr: 3201200027) +4+)

platform

Determining the costs/and henefits related to excess HC

Das G wurde ais Artikel 1 des G v. 13.11.2023 | Nr. 309 vom Bundestag beschiossen. Es ist gem. Artikel 3 dieses G
am 18.11.2023 in Kraft getreten.

Inhaltsibersicht utilisation routes for industry and end users.
Abschnitt 1
Allgemeine Vorschriften ’
§1  Zweck des Gesetzes, Berichtspfiicht What do we do?
§2 Anwendungsbereich Goitothe plstform
§3  Begriffsbestimmungen

Jahrliche Endenergieeinsparverpflichtung des Bundes und der Lander
§5  Einsparung von Endenergie

56 Stellen; We purchase 100% We prioritise Wo reuse and repair epievianirgy We look for ways to
§7  Aufgaben der Bundesstelle fir Energieeflizienz carbonfree energy woter conservation servers Slclency wih recycle the heat
Abschnitt 3 messurable targets.
Energie- oder Umweltmanagementsysteme
und Umsetzungsplane far Unternehmen
§8 9 Energie-
§9  Umsetzungsplane von EndenergieeinsparmaBnahmen
510

der Umseczungsplane von Energieeinsparmatnahmen
Abschnitt 4
Energieeffizienz in Rechenzentren
§11 Kimaneutrale Rechenzentren

§12 Energie- und Ummweltmanagementsysteme in Rechenzentren

Sete1von15
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DC WHR x 5GDHC MIT Architecture 73 AN =

TECHNOLOGIES

Floating warm and cold water temperatures ° Data Ce nters
» Lower cooling consumption

» Offset climate harms

Residential Data center
seasonal heating or cooling cooling dominated

» Heat users

Thermal storage Greenhouse Commercial

load and short-term load shifting potential heat sinks seasonal and simultaneous b Dece ntral ized heat pu m p to bOOSt electrifi Cation

heating and cooling

» Higher heating and cooling efficiency

* Power grid
* Relaxed expansion pressure

« Easier renewable integration

Massachusetts Institute of Technology 18



Thank you!

Sicheng Zhan

szhan@mit.edu
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