The Thermodynamic
Imperative

Resolving the urban thermal paradox
through geological energy storage.

A quantitative assessment of Hamburg, Cologne, and Essen.




The lllusion (Electron-Centric) The Reality (Thermodynamic)

The Electron-Centric Blindspot

« The trajectory of the energy transition has
historically focused on the electrical sector.

« However, the dominant vector of final energy
consumption in the buiit environment is not
electricity for appllances, but thermal energy
for space conditioning.
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Cities are fundamentally thermal
entities. Decarbonisation requires
ﬂ shifting focus to the urban-
industrial metabolic balance.




The UHI Amplifier and the 200m Mixing Layer

+6 to 10K

Temperature differential between the urban core and rural
periphery during stable high-pressure summer conditions.

Synthesis: The baseline temperature is rising, and tropical
nights (>20°C] are compounding thermal stress within this
trapped atmospheric volume.

‘Urban Canopy Layer (UCL):
‘-The 200m high boundary of
human habitation.
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—(2) Building Geometries:

Dense structures prevent "M

nocturnal passive ventilation. =
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@ Surface Impermeability:
Asphalt and concrete lock
in shortwave radiation.




The Governing Equation:
Qcool = My Cy - AT

Where:

» m,, = Area x Height x Density

* ¢, (Specific Heat of Air) = 1.005 kJ/(kg - K)
« AT =10 K (The target reduction)

* p... = 1.225 kg/m? (Standard conditions)

Cologne

« Urban Area (A): 405 km?

 Control Volume (V): 405 x 10® m2 x 200 m
=81 x10°m?

e Air Mass (m): 81 x 10° m® x 1.225 kg/m?
=~ 89.2 x 10° kg

Required Heat Removal (Q):

Q =99.2 x 10° kg x 1.005 kJ/(kg - K) x 10K
Q=997 TJ

Qcologne = 997 T/ 36 = 277 GWh

The Physics of
Urban Cooling
(Single Event)

Comparative Scale

« Hamburg: 516 GWh
» Cologne: 277 GWh
 Essen: 144 GWh
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Insight: This is the
energy required for a
single, static cooling
event. In an open
system with continuous
solar and advective
reheating, a 30-day
summer requires an
impossible 15,480 GWh
(Hamburg) to passively

balance.
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. ] . . Cologne (Chemical Belt) | > 1,740 GWh/a
The Continuous Injection: Industrial Thermal Flux

Over 2,900 GWh of thermal energy is generated, paid for, and currently
discarded annually across these three hubs. During summer, this is not just
wasted energy; it is active thermal pollution exacerbating the UHI effect.

Cologne (Chemical Belt) | > 1,740 GWh/a
Hamburg (Port-Logistics) | ~ 696 GWh/a

Essen (Ruhr Heavy Industry) | ~ 531 GWh/a

1 = Hamburg (Port-Logistics) | ~ 896 GWh/a
& : =
Essen (Ruhr Heavy Industry) | ~ 531 GWh/a
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The Urban-Industrial Archetype Matrix

: Dominant Heat ; Integration Optimal
Ly ALCHCYPO Industry Potential ceat Guality S Model Storage
Hamburg Copper & Steel Portfolio Hub BTES
Port-Logistics | (Aurubis/ ~ 696 GWh High (>90°C) | Model (Boreholes)
Cluster ArcelorMittal)

Cologne Chemical Mixed-Low High-CAPEX | ATES
Chemical- Synthesis & H2 | >1,740 GWh (60-80°C) Heat Artery (Aquifers)
Refining Belt (Shell/CHEMPARK)

Essen Aluminium & >531 GWh Very High Incremental MTES
Heavy- Steel (>900°C Patchwork (Flooded
Metallurgical (TRIMET) process) Mines)

Heartland




The Great Divergence: The Balance Sheet
of Urban Thermodynamics

“Industrial waste heat output is equivalent to the energy required
to mechanically cool an entire city by 10°C up to 6 times over.”

277 GWh ~1,740 GWh
(10°C Cooling Event) (Annual Industrial Heat)
The Proof: The Structural Imbalance:
Cologne Case Study: The industrial heat flux is a dominant force in the local atmospheric
Annual industrial heat (~1,740 GWh) is 628% of a energy balance. Yet, passive balancing is impossible. A 30-day

single 10°C cooling event (277 GWh). continuous cooling demand completely dwarfs the supply.




Summer (The Liability):

The city is a heat-saturated
system. Continuous industrial
heat exacerbates the UHI. It is
an active thermal pollutant.

The Temporal Mismatch
Misnatch Paradox @ [

Winter (The Asset):

The city is a heat-starved
system. District heating
networks demand terawatt-
hours of imported fossil fuels.
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The ‘waste’ in waste heat is entirely a function of timing.




From Linear Venting to a Buffered Loop
The Solution: Long-Duration Thermal Energy Storage (LDTES).

A. The Linear System B. The Buffered Loop
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B Winter Heat
Deployed

Exothermic
Orange

Winter Gas = C0O2 Emitted

Dual Benefit:
1. Summer Mitigation: Removing hundreds of GWh from the immediate urban atmosphere.
2. Winter Substitution: Displacing gas firing and increasing the renewable share of the heating grid.




The Heat Vault:
The Battery in the Earth

Concept: A class of infrastructure designed to
decouple heat generation from heat consumption on a
seasonal timescale.

Mechanism: By storing enormous quantities of
low-cost excess heat for months at a time, The Heat
Vault enables strategic energy arbitrage—capturing
otherwise wasted summer heat for

high-value winter use.

Impact: It is the mandatory thermodynamic linchpin
of the Warmewende (Heat Transition).
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Geological Feasibility: Tailoring UTES to the Region

Cologne (ATES) Essen (MTES) Hamburg (BTES)

‘ l
!

Aquifer Thermal Energy Storage Mine Thermal Energy Storage Borehole Thermal Energy Storage
Upper Rhine Graben sands support high Flooded legacy coal mines offer vast, Deep vertical pipes in the North German
flow rates for massive chemical thermal low-cost underground voids for the Basin adapt existing deep geothermal

loads. ‘patchwork’ Ruhr geography. potential.




Hamburg: The Portfolio Model

The Strategy: "Decentralised Centralisation.” Replacing
retiring coal plants (Wedel/Tiefstack) with multiple
industrial point sources.

The Assets:

- Aurubis (>160 GWh, >90°C)

- ArcelorMittal (56 GWh minimum)
- MVB Waste-to-Energy (350 GWh)

The UTES Catalyst: The portfolio approach mitigates daily
supply risk, but without seasonal storage, summer heat
from these continuous operations is still lost. A Heat Vault
acts as the seasonal 'savings account’ for the port.

el ArcelorMittal

Mittal

Energy Park Hafen




Cologne: The Chemical Cluster
and the Diffusion Barrier

The Scale: The Challenge:

The largest aggregate potential The heat is vast but diffuse,

(>1,740 GWh), driven by Shell requiring complex ‘micro-grids’

(REFHYNE Il Electrolysis) and the and large-scale heat pumps to

CHEMPARK synthesis plants. aggregate low-grade (60-80°C)
heat.
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The UTES Catalyst:

A Heat Vault makes the €22.5M+ 'Heat
Artery’ pipeline viable. By operating the
pipeline at high capacity year-round to
feed the seasonal storage, it decouples
continuous industrial production from
variable urban demand.
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Essen: The Incremental Patchwork

* The Geography: Dense interweaving of heavy
industry and residential zones allows for highly
economical, short-distance pipelines (e.g., TRIMET's

| 700-meter connection).

* The Assets: High-grade heat from Aluminium
smelting (TRIMET, 31 GWh, >900°C process) and |
Steel (Thyssenkrupp, >500 GWh regional). '

» The UTES Catalyst: MTES in flooded mines can
serve as a central nexus, connecting isolated point-
to-point projects into a resilient, regional heat grid.




The Path to Urban-Industrial Circularity

The distinction between the ‘industrial city’ and the ‘sustainable city’ is a false dichotomy. The industries
that defined Germany's carbon footprint now own the thermal assets required to decarbonise it.

1. Quantify: Replicate ‘Digital Heat 2. Connect: Co-fund the 3. Store: Deploy The Heat Vault
Registers' to map all thermal flows. critical ‘Heat Arteries.’ to bridge the seasonal mismatch.

The heat is there. The challenge is no longer generation, but integration.
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