The Thermodynamics of Subsurface Value

A Strategic Analysis of In-Situ Thermal Remediation:
Physics, Hydrogeology, and Market Dominance




The Inherent Failure of Fluid-Based Remediation

Thermal Conduction




The 100°C Stalemate: Overcoming the Latent Heat Barrier

The Semi-Dry Superheated Zone:
Free-phase water is eliminated, allowing
matrix temperatures to exponentially climb
for recalcitrant contaminant destruction.

The Boiling Plateau: Latent Heat of
Vaporisation requires ~2,256,000 Joules/kg.
Temperature cannot rise until mobile
porewater converts entirely to steam.
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The Climb: Specific Heat
requires ~4,186 Joules/kg/°C.

Energy Input




The Push-Pull Dynamics of the Steam Drive

The Push
High-pressure
steam piston

1. Volatilisation and
Co-Distillation:

Heat shifts phase equilibrium, —

instantly vaporising volatile
compounds.

2. Viscosity Reduction: — [
Dense, heavy NAPLs are >
physically transformed into -
mobile, pumpable liquids. —> [

3. Advective Steam
Sweeping:
The 1700-fold volumetric
expansion of water to steam
physically strips and The .
displaces banked The Condensation Front
contaminants into the Functional mechanical
vacuum extraction network. engine diagram

The Pull
Vacuum extraction
draws contaminants



The Technology Trinity: Mechanisms of In-Situ Heat Delivery

Electrical Resistance
Heating (ERH)

Mechanism: Volumetric heating
via soil resistance.

Groundwater Dependency:
Essential (acts as the primary
resistor).

Maximum Achievable Temp:
Capped at ~100°C.

Steam Enhanced
Extraction (SEE)

Mechanism: Convective

displacement via injected steam.

Groundwater Dependency:
Displaces it via advective force.

Maximum Achievable Temp:
Capped at ~100°C.

! |
:‘“-/-/ = i;

Thermal Conduction
Heating (TCH)

Mechanism: Matrix thermal
conduction.

Groundwater Dependency:
An energy sink to be boiled off
entirely.

Maximum Achievable Temp:
>300°C (Superheated Semi-Dry Zone).



Hydrogeological Vulnerabilities and Technology Selection

ERH TCH SEE
(Electrical Resistance Heating) | (Thermal Conduction Heating) | (Steam Enhanced Extraction)

High Groundwater Fails to convective Highly energy intensive Ideal; engineered for

Flux (>1 ft/day) cooling without barriers. without barriers. ‘high flow.

Low Permeability Clays are hi Optimal for uniform Steam short-circuits; cannot
(Clay/Silt) electrically conductive. thermal conduction. penetrate tight matrix.

Heterogeneous Current follows clay; Uniform thermal Bypasses contaminants
Strata unevenheating in'sSandsasgefely[o Ve (73S RTe1  trapped in tight lenses.

Convective Cooling Threat: The single greatest vulnerability for conductive
and resistive remedies. High-flux aquifers require physical sheet pile walls
or upgradient pumping barriers.




The Dual-Continuum Challenge of Fractured Bedrock

The Failure of Fluids:

Fluid-based injections and steam
extraction only clean the rapid-flow
fractures. They completely bypass the
massive contaminant storage hidden
deep within the low-permeability rock
matrix.
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The Conduction Mandate:

Thermal Conduction Heating (TCH) is
universally mandated because it
uniformly heats the entire bulk volume.
It forces deep matrix mass out via
vaporisation, regardless of hydraulic
conductivity.




Predictability at Scale: Heating Timelines in Tight Matrix Geologies

Provider Volume Target Temp Duration
Confidential Site, USA / Fractgred 8,230 cubic 100°C 148 days
TerraTherm Gneiss yards

Across global providers in highly resistive rock and glacial tills, the operational duration to
achieve the 100°C boiling plateau consistently scales between 3 and 6 months, offering
unparalleled schedule certainty for legacy liabilities.



The Thermodynamics of Market Dominance: The PFAS Imperative

Because ERH and SEE rely on
or displace water, they are
thermodynamically capped
at 100°C. Sufficient for VOCs,
but useless for forever
chemicals.

The Superheated _

—— 350°C - 400°C|

Semi-Dry Zone

The Water Limit — = Up to 100°C

Thermometer of Feaéibility

Because TCH heating is
Independent of water, it is
the sole in-situ technology
capable of achieving the
350°C+ threshold required to
break carbon-fluorine bonds.

It Is the undisputed ‘killer
app'’ for the emerging global
PFAS liability market.




The Macro View: Sizing the Thermal Remediation Sector

1. Regulatory Enforcement:

Global Environmental Driven by US CERCLA (Superfund) funding and the

Remediation Market unprecedented EPA designation of PFOA/PFOS as
($100B+ at ~7% CAGR) hazardous substances, forcing non-discretionary
capital deployment.

ISTR Premium 2. Brownfield Economics:

Niche Market Land scarcity in European frameworks (UK Part 2A)
forces the rapid, schedule-certain reclamation of high-
value urban real estate for immediate redevelopment.

($700M-$800M)

3. Premium Certainty:

Capital is deployed into ISTR not to save upfront costs,
but to definitively eliminate multi-decade long-term
monitoring and legal liabilities.




The Corporate Constellation: Consolidation and Market Access

Acquisition & Integration

Parsons

Cascade

Strategic Licensing

Veolia/Kruger
(EV)

TerraTherm/ Wi %
McMillan-
McGee A N |

Geostream
(UK)

The ISTR landscape is no longer defined by standalone contractors. It is an ecosystem where
global engineering conglomerates acquire or license highly specialised intellectual property to
unlock access to massive, complex government and industrial contracts.




Intellectual Property as the Ultimate Competitive Moat

High-Temp PFAS Destruction Advanced ERH Hardware Digital Process Control
TerraTherm and TRS secure foundational Proprietary hardware like TRS's OptiFlux® McMilllan-McGee's ET-DSP™ utilises
patents for 350°C+ source-zone (electrode wetting) and FlexHeater® algorithmic, time-distributed control to
destruction, capturing the largest future technologies optimise energy delivery and force uniform heating patterns across highly
growth vector in the regulatory landscape. prevent thermodynamic stalling. chaotic and heterogeneous geologies.

In thermal remediation, hardware is secondary. The true barrier to entry is a defensible portfolio of patents
governing energy efficiency, high-temperature achievement, and proprietary digital process controls.




The Liability-to-Asset Transformation: Geothermal Reuse

} > Years 1-10+ >

Phase 1: Environmental Sunk Cost Phase 2: Revenue-Generating Asset
(Active Remediation). (Borehole Thermal Energy Storage - BTES)

The treated bedrock mass retains elevated temperatures for years, functioning as a massive thermal battery.
Forward-thinking developers are re-engineering TCH heater networks into BTES geothermal systems—harvesting
residual heat and establishing seasonal energy storage to power the redeveloped brownfield above.




 The Future Trajectory: The Thermal Bifurcation

Brute-Force Destruction (>350°C)

Targeting source zones, PFAS, and Smouldering Combustion
(STAR) of heavy oils. The goal is rapid, absolute chemical
breakdown and pyrolysis in the semi-dry zone.

Surgical Enhancement (30°C - 90°C)

Targeting dilute plumes and CVOCs. The goal is accelerating
natural bioremediation by 4x and hydrolysis rates by orders of
magnitude, entirely avoiding the massive energy costs of boiling.

The technology has matured beyond ‘one-size-fits-all' boiling. The
future is bifurcated: extreme deployment for recalcitrant source
zones, and sustainable, low-temperature enhancement to act as a
catalyst for biological polishing.



Certainty Iin an Uncertain Subsurface

The subsurface is inherently unpredictable. In-Situ Thermal Remediation removes
hydrogeology from the equation, substituting the chaotic variables of fluid dynamics with the
immutable, predictable laws of thermodynamics.

It is not merely a cleanup technology; it is the definitive risk-elimination tool for
complex environmental liabilities.
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