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Introduction

Enhanced Geothermal Systems (EGS) are a deep geothermal technology expected to assist countries like Switzer-
land both in decentralizing energy and in meeting climate goals. Crucial step for achieving commercially com-
petitive power generation from an EGS power plant is the stimulation of its reservoir before operating it, which
increases the productivity of its wells. Nevertheless, the risk associated with induced seismicity by injecting
in an uncertain reservoir increases with the duration of the stimulation. The operators of the EGS have to
restrict themselves in stimulation procedures of low hazard, but at the cost of decreasing their chances for pro-
ductive wells. Future systems monitoring induced seismicity are expected to move past the passive monitoring
of induced seismicity and to be returning in real time probabilistic assessments both of seismicity (PSA) and of
reservoir’s performance (PRPA).

Numerous models of varying complexity and of forecasting performance exist for performing PSA ([1]) and
for modeling induced seismicity in an EGS. Monte Carlo simulations with hybrid models return probabilistic
forecasts that are conditioned not only on observations, but also on future actions such as the flow rates of
the stimulation strategy. Here, we focus on the three-dimensional (3D) discrete fracture hybrid model that is
currently under development and that is based on HFR-Sim, the in-house EGS simulator ([2]). HFR-Sim is
especially designed for modeling flow and heat transport inside dynamically changing fracture networks ([3]).
Geo-mechanical phenomena are not deterministically modeled, but a stochastic mechanical model is employed
instead, where the probability of modeling an induced seismic event increases with the modeled overpressure due
to the injection ([3]). Several numerical methods have been implemented that reduce the computational cost
of a Monte Carlo simulation with this hybrid and enable long term PSA and PRPA, and optimizing injection
strategies.

Exemplary simulations with the hybrid model for real-time assessments of the efficacy of stimulation strate-
gies are going to be presented, as well as numerical experiments of how overpressure affects on average the
observed induced seismicity distribution and magnitude.

Description of the hybrid model

The hybrid receives as input the stimulation strategy q that needs to be assessed and it samples a probable
fracture network based on observed fracture density embedded in the host rock. Failure criteria that are pressure
depended and lead to a slip when satisfied, as well as initially stable stress conditions and frictional properties
are sampled for each fracture of the network. Hydraulic properties that reproduce the initial very low effective
scalar permeability k0 of the reservoir are considered for the sampled fractures. The hybrid model simulates the
evolution of pressure due to q, locates at each moment the fractures for which their failure criterion is satisfied
and flow modeling continues thereafter, with a new permeability tensor Ks + Ik0 for these fractures, where
I is the unit tensor. Eventually, the hybrid returns not only the subset of the fractures that are expected to
hydro-shear due to q, but also the sequence of these events. The long term production phase of the reservoir
can be simulated then for the resulting hydro-sheared network and the decline rate of the produced enthalpy
can be approximated for the discrete fracture network.

For the computational needs of the hybrid model, HFR-Sim employs a discrete representation only of
fractures that have hydro-sheared and their surface size is larger than a threshold value. The rest of Ω is
represented by an effective continuum that has k0 wherever seismicity is modeled and a higher but isotropic
permeability otherwise. The latter permeability does not increase continuously with induced seismicity, but
step-wise with the density of modeled micro-seismicity and according to theoretical percolation thresholds.

Exemplary results and numerical experiments

A network of potential rupture surfaces is considered for the initial reservoir, the size distribution of which
surfaces returns a Gutenberg-Richter like distribution for the moment Magnitudes Mw, when a common stress
drop is assumed for all ruptures. Moment magnitudes of each surface are sampled from the probability density



function
p̄M̄w

= p̄
(
M̄w = Mw

)
≈ 10a−bMw , (1)

where b-value is a constant, and the PDF returns the probability of M̄w being equal to Mw ≥ a/b. Three Monte
Carlo integrations are performed with the hybrid model for three different b-values in order to study the effect
of b-value on the rate of induced seismicity due to overpessure that is expected to be observed.

Figure 1: Frequency of seismic events modeled with the hybrid as a function of the b-value in the Gutenberg-Richter
relationship.
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