The Heat is On:
Navigating the
Physical Limits
of the Al Data
Centre Era

A paradigm shift in digital
infrastructure is rendering legacy
energy and thermal management
models obsolete. Driven by

the explosive computational
demands of generative Al,

the data centre industry is
colliding with the physical limits of
power grids and thermodynamics.

THE CORE THESIS

Al is fundamentally breaking legacy
infrastructure. The old efficiency
metrics are dangerous blind spots,
and surviving this era mandates

a holistic, source-to-server
source-to-server shift towards
advanced liquid cooling and
comprehensive resource accounting.




The Al Accelerator is Rewriting Silicon Physics

Unlike traditional computing workloads, training and deploying large language models demand
sustained, massive computational power, causing unprecedented component-level densification.
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THE GROWTH ENGINES

657% CAGR

Projected global power
demand growth for generative
Al through 2028.

1227 CAGR

Projected growth for Al
Inference alone—the long-
term, systemic challenge of
application deployment.

Scale Example: If just 5%
of daily global internet
searches used generative
Al, it would require
~20,000 dedicated servers
drawing 6.5 kW each.




The Terawatt-Hour Forecasting Crisis g 2t
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Exponential component-level power increases translate into L’ e |
a formidable macroeconomic challenge. The profound -~ IEA 1
uncertainty in aggregate energy forecasts creates a 1700 TWh
systemic dilemma for utility planners: risk grid (High-Growth)
instability via underbuilding, or risk billions in *
stranded assets via overbuilding.

Deloitte.’

1,065 TWh (2030)

(Exceeds the total annual

Base Reality consumption of Germany)
(2024): ~415 TWh
2030 2035

SYSTEMIC RISK: 1,000+ TWh is an existential grid load. A single modern hyperscale
campus now requires the power delivery equivalent of a small city.



The Generation Gap: Power is the New Prime Directive

The sheer scale of Al power density is forcing a complete overhaul of facility architecture,
distribution infrastructure, and leasing economics.

THE GENERATION GAP MATRIX

Rack Power Density

m Legacy Cloud Infrastructure

Next-Gen Al Infrastructure

2 - 12 KW per rack

60 - 120 kW+ per rack
(Projected 360kW Vera Rubin by 2027)

Power Distribution

208V 3-phase (Max 28 kW per PDU)

415V architecture (Max 57 kW per PDU)

Primary Constraint

Fibre hub proximity / Land availability

‘Powered Land’
(multi-hundred-megawatt availability)

Leasing Economics

Volume discounts for large
contiguous space

Large-block premiums
(Scarcity drives higher rental rates)

Energy Sourcing

Traditional grid connection

Exploring on-site Small Modular
Reactors (SMRs)




The Thermal Imperativeand ' |
15 Nk IReayetionde Lnsd 1007% IT Power In = 100% Waste Heat Out
The fundamental rule of digital infrastructure is

rooted in thermodynamics: virtually all electrical — ”S

energy consumed by IT equipment is converted into =S =1 —) (s

thermal energy. Cooling is no longer secondary;
it is the central engineering crisis.

The Cooling Burden
|
The 38% Tax The 2030 Global Cooling Load The Financial Toll

$60B”

Cooling and ventilation account for nearly Cooling alone will require roughly 405 At $0.15 per kWh, this non-discretionary
40% of a facility’s total energy budget. TWh—equivalent to the total annual thermal management load will cost the global
electricity consumption of Spain. industry over $60 Billion annually by 2030,

climbing to nearly $97 Billion by 2035.




The PUE Paradox: When Efficiency Looks Like Failure

Power Usage Effectiveness (PUE) is calculated as Total Facility Energy / IT Equipment Energy. PUE is fundamentally flawed in the
liquid-cooling era because removing server fans shrinks the denominator faster than the numerator, artificially inflating the ratio.

LEGACY AIR-COOLED PUE ADVANCED LIQUID-COOLED PUE

High Facility Energy

High IT Energy
(Fans Included)

= Good PUE Ratio

Lower Facility Energy

Much Lower IT Energy
(Fans Removed)

= Wors% Ratio

THE REGULATORY DANGER: The EU Energy Efficiency Directive (EED) and German law legally mandate stringent PUE
reporting and targets. This codifies a metric that actively penalises operators for adopting the efficient liquid cooling

needed for Al, driving a need for modern metrics like ASHRAE 90.4 (MLC).




The Water-Energy Nexus
and the “WUE Blind Spot”

Water Usage Effectiveness (WUE) only measures direct,
on-site water consumption. This narrow focus creates a
catastrophic environmental blind spot by ignoring the
massive water requirements of the thermal power plants
feeding the grid.

=> WATERLINE

ABOVE THE SURFACE (Direct Use)
K 1.8 L/KWh (Industry Average for
on-site facllity cooling).

L BENEATH THE SURFACE (Indirect Use)
4.5 L/kWh (The hidden water footprint
of power generation).

The Scale of
the Thirst

- U.S. data centres
indirectly consumed an
estimated 211 billion
gallons of water in 2023.

- A single coal piant can
consume nearly 45 litres
per kWh generated.

- Achieving a 'perfect’
WUE of 0 by building
air-cooled facilities on
coal-dominated grids
results in massive
net-negative ecological
harm.




The Unscalable Reality of Freshwater Dependency

Standard open-loop cooling towers rely on evaporative cooling, permanently
removing vast quantities of water from the local watershed. This consumptive
use is triggering severe municipal friction.
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No water returns
to source.

Cold Water Intake
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OPEN-LOOP COOLING TOWER

The Localised Pressure

THE HYPERSCALE REALITY

A large hyperscale facility can consume
up to 5 million gallons of freshwater per
day—equivalent to a small town.

THE COMMUNITY CLASH

In the Northern Virginia data centre hub,
collective water consumption spiked 63%
between 2019 and 2023, approaching 2
billion gallons annually.

THE SOLUTION

Relieving the strain on municipal water
treatment and local aquifers requires an
urgent pivot to closed-loop architectures
that recycle water rather than vaporise it.




The Marine Trade-Off:
Trading Atmospheric for Hydrospheric Impact

Coastal seawater cooling eliminates freshwater dependency, but requires extreme metallurgical engineering and
initiates a complex ecological exchange: trading atmospheric vapour loss for intense marine pollution.

THE PROMISE Zero freshwater use. High cooling efficiency via massive ocean heat sink.

THE PERIL: The Ecological Risk Matrix

Multi-hundred-megawatt heat rejection reduces dissolved oxygen,

Thermal Pollution disrupts reproductive cycles, and causes coral bleaching.

Impingement & High-volume intakes physically trap large organisms and
Entrainment mecthanically/thermally destroy larvae and plankton.

Continuous use of highly toxic anti-fouling chemicals (like chlorine) is

Chemical Discharge required to prevent pipe biofouling.

Pipeline construction physically degrades seabed and reef

Habitat Disruption ecosystems. Requires expensive titanium/Monel metallurgy.




The Thermodynamic Wall: The Physical Limits of Air Cooling

Air fundamentally lacks the heat capacity required for the Generative Al era. The energy required to
generate sufficient fan velocity for high-density GPU clusters becomes economically prohibitive.
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1 | THE BREAKING POINT 2 | THE VELOCITY PROBLEM THE VERDICT

Operator consensus (Uptime Institute) indicates air Dissipating dense GPU heat requires moving enormous Air is dead for high-density Al. A medium change to
cooling becomes technically insufficient and volumes of air. Fan energy scales exponentially, liquid is mandatory.
economically prohibitive beyond 40 kW. eventually consuming more power than the servers.




The Liquid Revolution Part I: Direct-to-Chip (DTC)

Liquid is orders of magnitude more effective at transferring heat than air. The indu-
stry is rapidly pivoting to targeted liquid architectures to capture heat directly at
the silicon source.

CDU extracts heat to

Cold Plate attached secondary facility loop

directly to CPU/GPU

\
l|'

Flow Unit (CDU)

direction

Market Trajectory

Current Adoption:
22% of operators use
some form of direct
liquid cooling; 61% are
actively considering it.

Economic Driver:
Projected 21% CAGR to
an $18B market by 2030.

The Catalyst:

Growth is driven almost
entirely by greenfield Al
builds where liquid is a
non-negotiable, day-one
design requirement.




The Liquid Revolution Part Il: Full Immersion

The ultimate evolution of heat transfer eliminates air entirely by submerging hardware directly into
advanced dielectric fluids, capturing nearly 100% of the generated thermal energy.

Single-Phase Immersion Two-Phase Immersion
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The Market Reality

Technological Divergence Growth Trajectory Deployment Friction

Single-Phase is valued for mechanical simplicity. Projecting a robust 22% CAGR, scaling to a $7 Blllion Operator adoption is throttled by high initial CapEX,
Two-Phase utilizes engineered low-boiling-point global market by 2030. maintenance complexities, and the profound engineering

fluids for massive passive heat transfer capacity. departures required from standard facility floor plans.




The Thermal Architecture Diagnostic

Navigating the transition to Al infrastructure requires understanding the strict operational and
mechanical boundaries of each cooling medium.

Legacy Air Direct-to-Chip e st
(CRAH/CRAC) (DTC)
Max Density Limit ~30-40 kW ~100-150 KW+ 250 kW+ 6
o
0% ~70-80% =25 .95-100% 6
Heat Capture % (Room-level coollng) (Requires ambient al? (Near total capture)
High " | Very Low

Retrofit Viability

Baseline standard

(Integrates into chilled

(Requires specialised _
structural/floor plans)

Mechanical Complexity

Low

o

water loops)
Medium O '
(Plumbing to rack level)

(Fluid handling,
vapor containment) &

High Qa




The New Economic Calculus: TCO Overpowers CapEXx

In power-constrained, high-cost energy markets, optimizing strictly for the lowest initial Capital Expenditure (CapEx)
guarantees financial failure. The multi-decade operational costs of power and water now dictate viability.

Model A: Legacy Air Cooling Model B: Advanced Liquid Cooling

100% 100%
80% 80%

60% 60% = = -
40% 40%

Higher Initial CapEx

20% 20%
0%

0%
15-Year Lifecycle 15-Year Lifecycle

THE INVESTMENT
IMPERATIVE:

For high-density Al facilities,
higher-CapEx investments in
full liquid architectures are
economically mandatory.

By drastically cutting the
continuous mechanical tax
of moving air, advanced
cooling delivers a decisively
Total Cost of Ownership
(TCO) and insulates
operators from volatile
energy markets.




The Source-to-Server Nexus: \
A Unified Ecosystem

~ High-Voltage Energy

| | N GRD f A.0-Y P W ENVIRONMENT
Solving the Al infrastructure crisis  (Power Generation) i & (Water Sourcing)
requires abandoning isolated \= J |
engineering silos.

P ops . NEXT-GEN Water :
Optimising a fgcmty for a single, LIQUID DATA O} Treatment il Cooling
flawed metric in a vacuum CENTRE & Reuse Water

leads to systemic failure.
Liquid Thermal
Excess Heat Cooling Capture &

Utilization Distribution 1o Recycling

Silicon Heat THE CHIP
(Silicon Heat Generation)

THE STRATEGIC IMPERATIVE

Data centres can no longer operate as passive extractors of resources. Success requires moving to high-voltage, high-density,
closed-loop liquid architectures that measure environmental impact from the point of source generation to the final thermal
discharge. The physical limits of the planet have been reached; holistic integration is the only viable path forward.
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