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Introduction

The numerical analysis of multi-field problems in porous media is an 
important subject for many geo-engineering tasks. For geothermal 
reservoir management, simulation tools are required which take into 
account both coupled Thermo-Hydro-Mechanical (THM) processes and the 
uncertainty of geological data.
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Introduction
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Thermo-Hydro-Mechanical (THM)



Introduction

Data uncertainty is one of the major
problems in subsurface reservoir analysis.
Direct borehole measurement are very
limited due to technical issues and costs.
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Uncertainty analysis (Monte Carlo analysis)



Introduction

Monte-Carlo analysis is one common method to quantify parameter uncertainty
and corresponding system evolution. Using geostatistical techniques, e.g. sequential
Gaussian simulation and indicator simulation, enables the generation of multiple
stochastically equivalent realizations which take into account the status of incomplete
knowledge
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Uncertainty analysis (Monte Carlo analysis)
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Introduction

The data base for this study mainly comes from former and recent German Hot-Dry-
Rock projects at Urach Spa, which has a highly fractured reservoir in crystalline rocks.
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Conceptual model



Methodology

𝑆𝑠
𝜕𝑝

𝜕𝑡
+ 𝛻 ∙ 𝑞𝑓 + 𝛻 ∙

𝜕𝑢

𝜕𝑡
= 𝑄𝑓 (1)

Where 𝑆𝑠 =
1−𝑛

𝐾𝑠 +
𝑛

𝐾𝑙 is specific storage for the frame , 𝐾𝑙 is compressibility of fluid, and 𝐾𝑠 is compressibility of

solid. P is fluid pressure, 𝑞𝑓 is fluid flux, 𝑢 solid displacement vector and 𝑄𝑓 fluid source/sink term.

𝑞𝑓 =
−𝑘

𝜇
(𝛻𝑝 − 𝜌𝑙𝑔𝛻𝑧) (2)

Where 𝑘 is intrinsic permeability, 𝜇 fluid dynamic viscosity, g gravity acceleration and z the reference depth.
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Governing equation of THM (Fluid flow)



Methodology

𝑐𝑝𝜌
𝜕𝑇

𝜕𝑡
+ 𝛻 ∙ 𝑞𝑇 = 𝑄𝑇 (3)

Where 𝑐𝑝𝜌 = 𝑛𝑐𝑝
𝑙 𝜌𝑙 + (1 − 𝑛)𝑐𝑝

𝑠𝜌𝑠 is heat capacity of frame ,𝑐𝑝
𝑙 is specific heat capacity of fluid, and 𝑐𝑝

𝑠 is specific
heat capacity of solid. T is temperature, 𝜌𝑙 is fluid density, 𝜌𝑠 is solid density, 𝑞𝑇 is heat flux, 𝑄𝑇 is heat source/sink
term.

𝑞𝑇 = −𝜆𝑒𝛻𝑇 + 𝑐𝑝
𝑙 𝜌𝑙𝑣 ∙ 𝑇 (4)

Where 𝜆𝑒 = 𝑛𝜆′ + (1 − 𝑛)𝜆𝑠 is heat conductivity of frame, 𝜆′ heat conductivity of fluid, 𝜆𝑠 heat conductivity of solid.

𝑣 denote flow velocity.
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Governing equation of THM (Heat transport)



Methodology

𝛻 ∙ 𝜎′ − 𝑝𝐼 + 𝜌𝑔 = 0 (5)

Where 𝜎′is effective stress tensor and 𝐼 is identity tensor, 𝜌 = 𝑛𝜌𝑙 + (1 − 𝑛)𝜌𝑠 is the density of frame.

𝜎′ = ℂ(ε − 𝛼𝑇∆𝑇𝐼) (6)

With ℂ a fourth-order material tensor. ε is total strain, 𝛼𝑇 is thermal expansion coefficient.
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Governing equation of THM (Thermo-poroelasticity deformation)



Methodology

ℂ = 𝜆𝛿𝑖𝑗𝛿𝑘𝑙 + 2𝐺𝛿𝑖𝑘𝛿𝑗𝑙 (8)

𝛿 is Kronecker delta, 𝐺 = 𝐸/(2(1 + 𝜈)) shear modulus with E Young’s modulus and 𝜈 Poisson ratio, 𝜆 = 2𝐺𝜈/(1 −
2𝜈) is so called Lame’ constant.

ε =
1

2
𝛻𝑢 + 𝛻𝑢 𝑇 (9)

Displacement vector 𝑢 is the primary variable to be solved by substituting the constitutive law as (9).
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Governing equation of THM (Thermo-poroelasticity deformation)



Methodology

Several empirical porosity–permeability relationships exist for sedimentary rocks, e.g.
the well known Kozeny–Carman equation. For fractured crystalline rocks derived a
functional relationship based on fractal theory. The corresponding k(n) function for
micro fissured granite at the Falkenberg site is like:
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Porosity-permeability relationship in crystalline rock

𝑘 = 2.34𝑛1.25 + 20.94 10𝑛 3.88 ∗ 10−16(𝑚2)



Methodology

The partial differential equations presented in the previous section can be solved by
the finite element method (FEM). This paper use the standard Galerkin method for
spatial discretization and the first order finite difference schemes for the time
discretization.
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Numerical methods and computations



Methodology

Fluid flow

Ω𝜔 𝑆𝑠
𝜕𝑝

𝜕𝑡
𝑑Ω + Ω𝜔 𝛻 ∙

𝜕𝑢

𝜕𝑡
𝑑Ω − Ω𝛻𝜔

𝑇 ∙ 𝑞𝑓 𝑑Ω = Γ𝜔− 𝑞𝑓 ∙ 𝑛 𝑑Γ + Ω𝜔𝑄𝑓 𝑑Ω (10)

Heat transport

Ω𝜔 𝑐𝑝𝜌
𝜕𝑇

𝜕𝑡
𝑑Ω − Ω𝛻𝜔

𝑇 ∙ 𝑞𝑇 𝑑Ω = Γ𝜔− 𝑞𝑇 ∙ 𝑛 𝑑Γ + Ω𝜔𝑄𝑇 𝑑Ω (11)

Thermo-poroelastic deformation

Ω
1

2
𝜎′ − 𝑝𝐼 : (𝛻𝜔 + (𝛻𝜔)𝑇)𝑑Ω − Ω𝛻𝜔

𝑇 ∙ 𝜌𝑔 𝑑Ω − Γ𝜔
𝑇 𝜎 ∙ 𝑛 𝑑Γ = 0 (12)
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Finite element formulation



Methodology

This paper use three different variogram models to produced the random value of
thermal, hydraulic, and mechanical properties. All of these random values are spatial
related. For example hydraulic conductivity is commonly found be log-normal
distributed.
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Stochastic model



Methodology
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Stochastic model



Methodology
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Model setup



Methodology
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Model setup (boundary condition and initial condition)

𝑇 𝑡 = 0 = 435.15 + 𝜔𝑇 −4445 + 𝑧 𝐾
𝜔𝑇 = 0.3𝐾/𝑚

𝑝𝑙 𝑡 = 0 = 𝜌𝑙𝑔𝑧 (𝑃𝑎)
𝜎𝑧𝑧 𝑡 = 0 = 𝜌𝑠𝑔𝑧 (𝑃𝑎)

𝜎𝑥𝑥 𝑡 = 0 = 𝜎𝑦𝑦 𝑡 = 0 = 𝜈𝜌𝑠𝑔𝑧 (Pa)

𝑇𝑖𝑛 = 323.15 K
𝑝𝑖𝑛 = 𝑝0 + 10 ∗ 106(Pa)
𝑝𝑜𝑢𝑡 = 𝑝0 − 10 ∗ 106(Pa)

𝑢 ∙ 𝑛 = 0, 𝑎𝑡 𝑡ℎ𝑒 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑎𝑛𝑑 𝑏𝑜𝑡𝑡𝑜𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝜎𝑧𝑧 = 𝜌𝑠𝑔z, at top the surface



Result

Here illustrate the importance of variable fluid properties depending on pressure and
temperature variations.
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Fluid properties

15 years 15 years



Result

To assess the importance of the individual THM parameter on the thermal reservoir
evolution.
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Sensitivity analysis – rock heat conductivity



Result

To assess the importance of the individual THM parameter on the thermal reservoir
evolution.
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Sensitivity analysis - rock specific heat capacity



Result

To assess the importance of the individual THM parameter on the thermal reservoir
evolution.
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Sensitivity analysis - permeability



Result

Produced parameter distribution (specific heat capacity of rock) for different variogram
types (spherical, exponential, Gaussian, from left to right) and spatial correlation
lengths a = 50 m
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Variogram analysis



Result
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Variogram analysis



Result
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Stimulated reservoir model

From experimental observation it is known that the stimulation radius is in the range of the
borehole distance. The effect of hydraulic stimulation on the permeability (enhancement
factor) is strongly dependent on the injection borehole distance.



Result
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Monte-Carlo analysis

Temperature frequencies at the observation point after different operation
periods, 1, 2, 5, 10, and 15 years, and the uncertainty ranges of profiles after 15
years heat extraction, 20% (dark gray area), 80% (dotted line), 100% (light gray
area)



Result
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Monte-Carlo analysis

Monte-Carlo analysis: average [K] (top) and
standard deviation (bottom) of temperature
in a horizontal cross-section after 15 years.

Horizontal cross-section  through the reservoir center

Horizontal cross section



Conclusions
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1. Accounting for variable fluid properties is very important within THM analysis: The most
sensitive parameter is fluid viscosity.

2. Sensitivity analysis shows that permeability and rock specific heat capacity are the most
important reservoir parameters. Less relevant is rock heat conductivity. The variability of
porosity and the mechanical parameters, i.e. Young’s modulus and Poisson ratio, in the
site specific range is negligible.

3. The influence of statistical properties (different variogram models with different spatial
correlation lengths) on reservoir evolution is investigated and quantified

4. Hydraulic stimulation effects: As the Urach Spa site has been hydraulically stimulated
several times, we included those stimulation effects by a permeability enhancement
factor depending on the borehole distance.

5. As a result of the stochastic THM analysis this paper found a maximum temperature
uncertainty range of about 40 K after 15 years reservoir exploitation.
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Preliminary result
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1D THM conceptual model
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Preliminary result
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1D Buffer material and host rock THM model



Preliminary result
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1D host rock THM model (time series) 



Preliminary result
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1D Host rock – dependent parameter



Preliminary result
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1D Buffer material Monte-Carlo analysis  (permeability only)


