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Motivations

An enhanced geothermal system 
(EGS ) genera tes geothermal 
electricity without the need for 
natural convective hydrothermal 
resources.

EGS technologies enhance and/or 
create geothermal resources in hot 
dry rock (HDR) through hydraulic 
stimulations.

https://en.wikipedia.org/wiki/Geothermal_electricity
https://en.wikipedia.org/wiki/Geothermal_electricity
https://en.wikipedia.org/wiki/Convection
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Motivations

Enhance permeability by pumping water 
down an injection well.

Water injection       shear events.

Lack of adequate modelling tools.             

Long term performance is poorly understood. 

Hydraulic stimulation can result in uncontrolled induced seismicity.

https://en.wikipedia.org/wiki/Permeability_(fluid)
https://en.wikipedia.org/wiki/Injection_well
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EGS Mathematical Model

Main ingredients:

1. Background matrix

2. Well injection

3. Fracture Network

4. Fracture triggering
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Background matrix and well injection

�  accounts for the well modelled 
as a cylinder penetrating the 
background matrix.

w

Permeability can be a function of 
pressure.

�   is the coupling term between 
background matrix and fractures.
qbi

sb
∂p
∂t

= ∇ ⋅ ( Kb

μb
∇p) + qib + w in Ω × (Ti, Tfin)

Storativity

EGS Mathematical Model

Viscosity

Permeability



Università
della 
Svizzera
italiana

Institute of
Computational
Science
ICS

Maria Nestola �6

Fracture Network

�  is the coupling term between 
background matrix and fractures.
qib

�  is the coupling term among 
fractures.
qij

Fractures are represented as disks with 
hypocenter � , and radius � .xi ri

sf
∂pi

∂t
= ∇ ⋅ (

Kf

μf
∇pi) + qib + qij in Ωi × (Ti, Tfin)

Storativity Viscosity

EGS Mathematical Model

Permeability
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Fracture triggering & Upscaling model

Stochastic seeds are generated:

1. Geometry (hypocenter � , inclination, radius �  of the disk)

2. Material properties (compressive stress vectors,  � , cohesion 
coefficient � , friction coefficient � , earthquake magnitude � )

xi ri

σ1, σ2, σ3
C(xi) μ(xi) M(xi)

For each seed normal �  and shear stresses �  are computed.σn(xi) τ(xi)

�Pf(xi) = σn(xi) −
τ(xi) − C(xi)

μ(xi)

Mohr-Coulomb failure criterion:
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If �  
      an earthquake is triggered
      with magnitude 

                 � ,
        
       If ( � )
           a new fracture is added to
            the original network

           

(p(xi) > Pf(xi))

mr(xi) = frand(si)

mr(xi) > M(xi)

�Pf(xi) = σn(xi) −
τ(xi) − C(xi)

μ(xi)

Mohr-Coulomb failure criterion:

Simulation time

Fracture triggering & Upscaling model
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If �  
      an earthquake is triggered
      with magnitude 

                 � ,
        
       If ( � )
           fractures are upscaled

           

(p(xi) > Pf(xi))

mr(xi) = frand(si)

mr(xi) < M(xi)

�Pf(xi) = σn(xi) −
τ(xi) − C(xi)

μ(xi)

Mohr-Coulomb failure criterion

Kb = Kb+ΔKb

Simulation time

Fracture triggering & Upscaling model
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Hydraulic FR-Simulations
Material Properties:

�  

�  

�

�  

Matrix & Well:

�

�

�

�  

�

μb = μf = 1.0e−3 [Pa s]

sb = 7.2e−11

sf = 1.8e−10

Kb = 2.0e−17 [m2]

1300 × 1000 × 1500 [m]

xs = [31, − 33, − 4632]

xf = [0, 0, − 5000]

r = 0.12 [m]

Pw0 = 3176133 [Pa]
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Hydraulic FR-Simulations

1-3 days 4-7 days 8-14 days
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Probabilistic forecast

High uncertainty regarding the in-situ conditions.

High uncertainty regarding the material properties.

Monte Carlo (MC) simulations: allow for probabilistic forecasts for all 
possible in situ conditions and complicated scenarios.

MC simulations useful for estimating expectations arising from 
stochastic simulations
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Probabilistic forecast

Standard MC 
1. Draw  samples  of the uncertain parameters. 
2. Run  simulations and compute  for each solution. 

 

N ωn
N P(ωn)

𝔼[P] =
1
N

N

∑
n=1

P(ωn)

High uncertainty regarding the in-situ conditions.

High uncertainty regarding the material properties.

Monte Carlo (MC) simulations: allow for probabilistic forecasts for all 
possible in situ conditions and complicated scenarios.

MC simulations useful for estimating expectations arising from 
stochastic simulations
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�N = 250

Probabilistic forecast: MC

Sensitivity Analysis

Dimitrios Karvounis, Schatzalp Workshop on Induced Seismicity, 5-8 March 2019, Davos, Switzerland 
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Standard MC 
1. Draw  samples  of the uncertain parameters. 
2. Run  simulations and compute  for each solution.
3.  needs to be                       expensive.  

N ωn
N P(ωn)

N O(1/ϵ2)

Probabilistic forecast

Multilevel MC
There is a sequence of approximations, , with increasing 
accuracy and computational cost.

P0, . . , Pl−1, Pl

with  being the number of samples on each level.Nl

E[PL] = E[P0] +
Nl

∑
l=1

E[Pl − Pl−1],
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The MLMC method works if:

�   as � ,

for the same underlying stochastic samples � .
 

High correlation �  !

𝕍[Pl − Pl−1] → 0 l → ∞

ωn

ρl,l−1 =
Cov(Pl, Pl−1)
𝕍(Pl)𝕍(Pl−1)

Probabilistic forecast

Multilevel MC
There is a sequence of approximations, , with increasing 
accuracy and computational cost.

P0, . . , Pl−1, Pl

with  being the number of samples on each level.Nl

E[PL] = E[P0] +
Nl

∑
l=1

E[Pl − Pl−1],
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Probabilistic forecast: MLMC

�N = 250 3 levels:

Level 1: �

Level 2: �

Level 3: �

�

 with

�

Δx = 40

Δx = 20

Δx = 10

Δt ∼
Δx2

D

D =
Kb

ϕbμb



Università
della 
Svizzera
italiana

Institute of
Computational
Science
ICS

Maria Nestola �18

Correlation

Probabilistic forecast: MLMC

ρ12 = 0.75

ρ13 = 0.72

ρ23 = 0.77

�N = 250 3 levels:

Level 1: �

Level 2: �

Level 3: �

�

 with

�

Δx = 40

Δx = 20

Δx = 10

Δt ∼
Δx2

D

D =
Kb

ϕbμb

ρl,l−1 =
Cov(Pl, Pl−1)
𝕍(Pl)𝕍(Pl−1)
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ρ12 = 0.75

ρ13 = 0.72

ρ23 = 0.77

Discontinuities in the parameters!

Abrupt changes induced by 
earthquakes!

Probabilistic forecast: MLMC

�N = 250 Correlation3 levels:

Level 1: �

Level 2: �

Level 3: �

�

 with

�

Δx = 40

Δx = 20

Δx = 10

Δt ∼
Δx2

D

D =
Kb

ϕbμb

ρl,l−1 =
Cov(Pl, Pl−1)
𝕍(Pl)𝕍(Pl−1)
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Conclusions

HM simulations may be used to 

• forecast seismicity and reservoirs performance, 

• highlight the limitations of the modelled processes.

MC Simulations          high uncertainty of the parameters and in-situ 
conditions.

Future work: MultiLevel MonteCarlo methods.
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Software Libraries

Discretization of the 
mathematical model (FV)

Linear algebra library

https://bitbucket.org/
zulianp/utopia
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Karvounis, PhD Thesis, ETH, 2013, https://doi.org/10.3929/ethz-
a-009967366
Karvounis, Wiemer, Decision Making Software for Forecasting Induced 
Seismicity and Thermal Energy
Giles, Michael B. "Multilevel monte carlo path simulation." Operations 
Research 56.3 (2008): 607-617.
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Thank you for your attention
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Workflow 

To summarise

Dimitrios Karvounis 
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Scalability

Discretization of the 
mathematical model

Linear algebra library

CSCS Nur Feidel, Andreas Fink, Patrick Zulian, PASC Conference 2018


