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Public introduction

0B

Subsurface Evaluation of CCS and Unconventional Risks (SECURe) is gathering unbiased,
impartial scientific evidence for risk mitigation and monitoring for environmental protection to
underpin subsurface geoenergy development. The main outputs of SECURe comprise
recommendations for best practice for unconventional hydrocarbon production and geological
CO2 storage. The project is funded from June 2018–May 2021.
The project is developing monitoring and mitigation strategies for the full geoenergy project
lifecycle; by assessing plausible hazards and monitoring associated environmental risks. This is
achieved through a program of experimental research and advanced technology development that
includes demonstration at commercial and research facilities to formulate best practice. We will
meet stakeholder needs; from the design of monitoring and mitigation strategies relevant to
operators and regulators, to developing communication strategies to provide a greater level of
understanding of the potential impacts.
The SECURe partnership comprises major research and commercial organisations from countries
that host shale gas and CCS industries at different stages of operation (from permitted to closed).
We are forming a durable international partnership with non-European groups; providing
international access to study sites, creating links between projects and increasing our collective
capability through exchange of scientific staff.
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Executive report summary

1B

In this work we report the outcome of the activities carried out in the context of the SECURe project for task
4.2.3, on coupling the local to the global geomechanical characterization of subsurface reservoirs. The
theoretical framework for the coupling of geomechanical and flow involving the solutions of the poroelasticity
equations is outlined for both the local and field scale.
At the local scale, after a description of the geomechanical system of equations, fully coupled flow and
geomechanical simulations in a cylindrical section near a wellbore is carried out. Constant and variable
permeability fields near the wellbore are studied to highlight the role of heterogeneities and fractures.
A global geomechanical characterization at the field scale is then performed on the example of the Borzecin
structure in Poland that is used for acid gas injection and sequestration (see SECURe project deliverable
2.2 for an overview of this site). To this aim, a geological and geomechanical model of the structure is
constructed to include its extended neighbourhood comprising large zones of the structure overburden,
underburden and sideburden. Coupled dynamical, flow and geomechanical simulations are performed using
an effective method of continuous coupling inferred from discrete, iterated coupling. The models are
calibrated based on the long history of the structure operation as a sequestration site to provide a reliable
reservoir model characterization.
Based on the field scale coupled reservoir-geomechanical modelling results, rock physics models were used
to calculate the elastic parameters (Vp, Vs, and density) that are the observables effecting the seismic
response.
We also investigate the applicability of the multi-rate mass transfer (MRMT) framework to the Borzecin
reservoir to model unresolved heterogeneities and predict leakage over a long period of time.
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1 Introduction
CO2 injection activities can compromise the seal integrity of the storage site in a number of ways. The
wellbores may provide a leakage pathway if the cement is compromised by either mechanical or chemical
reaction effects. Furthermore, the geomechanical deformation induced by pore pressure increases induced by
CO2 injection can create or reactivate fracture networks in the caprock that provide a leakage pathway and
possibly lead to wellbore failure. Hence, understanding the geomechanical response of the reservoir under
geological storage of the CO2 is significant for the storage security.
Pore pressure changes can influence the flow properties of storage reservoir in several ways. It is known from
the laboratory experiments that permeability is sensitive to pressure (Armitage 2011). Although permeability
increase may not necessarily lead to an increased risk for leakage, it will nevertheless influence the numerical
flow simulations and predictability of the CO2 distribution. Furthermore, pore pressure increase may open
existing fracture networks in the reservoir or create new ones, influencing the flow of CO2 (Bissell, 2011).
Deformations within the reservoir is generally transferred to the surrounding rock environment. This can in
particular lead to creation or reactivation of fracture networks. If these fractures are running through the
otherwise sealing caprock above the reservoir, they may provide a permeable leakage path for the CO2.
Although no CO2 test site have reported cases with leakage though caprock, leakage of gas through fractures
caprocks above hydrocarbon reservoir and gas storage sites have been reported Zoback, 2002, (Løseth,
2009), (Evans, 2009). Geomechanical deformations have also been reported as the cause of wellbore casing
failures in reservoir under production (Dusseault, 1998). A well casing damage in the overburden, presents an
increase in risk of leakage from the reservoir and should also be considered for the case CO2 storage sites.
Monitoring the geomechanical deformation has a significant influence on the predictability of the CO2
distribution and prevention of leakage scenarios leading to risk reduction. Seismic reflection surveys are the
most common techniques to monitor the changes in the fluid saturation in the reservoir through time-lapse
acquisition of reflection responses. In addition to the established effects that increase in CO2 saturation has
on increasing the reflection contrast at the top of the reservoir (Arts, 2008), it is also known that changes in the
reservoir stress influences seismic velocities (Hatchell, 2005) and (Staples, 2007).
For challenges dealing with well integrity issues, we need a near-well grid that correctly captures the coupled
flow characteristics and the mechanical changes. Furthermore, a consistent framework for extending the local
grid coupling between flow simulation and mechanics results to conformity with the reservoir grid at the
interface between grids is needed in order to increase the accuracy of the simulations results.

1
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2 Coupling of Flow and Geomechanics
The coupling between flow in a porous medium and the mechanical response of the matrix is generally referred
as poromechanics. In the case of a linear Hooke response function and small strain, the equilibrium equations
for the solid displacement reduce to the familiar equations of linear elasticity. The resulting mathematical model
is generally addressed as poroelasticity.
2.1

IMPLEMENTATION IN OPENFOAM FRAMEWORK

In this section, we describe the mathematical framework of poroelasticity, its numerical implementation, and
how global scale well models can be obtained from well resolved simulations performed in the near-well region.
Finally, outlooks addressing possible future developments and exploitation of the technology developed in
SECURe Work Package 4 are discussed.
2.1.1

Mathematical framework

There are several ways of deriving the equations of poroelasticity. One example can be found in McMinn et al.
(2016), to illustrate the consistency of the model. The governing equations can be summarized as follows:

∂
∂
ρ 𝑠 𝑝 −
∂t
∂x

∂
∂
(ρ 𝐷 ) −
∂𝑡
∂x

μ

1
∂p
∂
K
=
ν
∂x
∂x

∂D
∂x

=

∂
∂x

μ

1
K g
ν

∂D
∂D
+ λδ
∂x
∂x

−

∂D
∂
α
∂t
∂x

,

+ρ g +α

∂p
.
∂x

The first equation represents momentum (Darcy) and mass conservation, considering the effects of the
deformation on the pressure field in the last term in the right-hand-side. The second equation is the equation
for the mechanical displacement. Again, the last term represents the contribution from the flow field in the
pores to the overall stress in the matrix. We have included here the unsteady term (time-derivative), although
this is very often neglected in geological applications, considering the rock instantaneously relaxes its steadystate deformation. A description of all the terms appearing in the equations of poroelasticity can be found in
Table 1.
Table 1: Parameters and quantities appearing in the governing equations of poroelasticFoam
Name

Description

Units

𝑡

Time

[s]

𝑥

Space

[m]

𝜌

Fluid density

[kg/m3]

𝜌

Solid density

[kg/m3]

𝜈

Fluid kinematic viscosity

[m2/s]

𝐾

Permeability tensor

[m2]

𝑝

Pressure field

[kg/(m s2)]

𝑔

Gravitational acceleration

[m/s2]

2
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D

Displacement field

[m]

α

Biot number

[-]

𝑠

Storativity

[(m s2)]/Kg2]

μ

First Lamé coefficient (shear modulus)

[kg/(m s2)]]

λ

Second Lamé coefficient (bulk modulus)

[kg/(m s2)]]

δ

Kronecker delta

[-]

One key parameter appearing in the described mathematical framework is the Biot number, which represents
the magnitude of the coupling between the fluid and solid domain. Generally, the value of this parameter is
close to 1 when the coupling is strong and tends to zero in the uncoupled limit.
It should be noted that the method does not consider possible fracturing of the medium. However, failure
criteria such as Hoek-Brown or Cam-Clay can be easily incorporated in the model, despite the validity of the
present model in the proximity of fractures is questionable. Nevertheless, the method can be employed as a
tool for local-to-global modelling to obtain well models from highly resolved near-wall simulations, as it will be
described later. Finally, since the model assumes small deformations, all the material properties of the porous
medium are not modified.
2.1.2

Numerical implementation of the poroelastic model

We implemented the poroelastic model in the open source finite volume library OpenFOAM, which provides a
wide range of C++ classes capable of generating the complex grids required in the near-wellbore region,
discretize the governing equations, and compute relevant quantities.
The discretized equations are solved using a Picard fixed-point iteration scheme to ensure coupling before
proceeding to the next time step. The equilibrium equation for the solid matrix is also discretized using the
finite volume method, and therefore it requires sub iterations to couple the strong face-tangent components of
the stress.
2.1.3

Poroelasticity and Leakage from wellbore at local scale

We now employ the poroelastic solver to analyse a range of possible scenarios that can occur at the wellbore
scale. Specifically, we consider the case of a wellbore drilled through a heterogeneous rock bed, where the
permeability can assume two values. While we take a low permeability material to represent most of the rock,
we introduce sparse regions of high permeability where the fluid is likely to channel. These can represent either
a collection of fracture networks or different materials (for example, a fracture in a granite matrix). From a
modelling perspective, they represent regions of varying permeability. All the other material properties are
assumed to be constant.
A consequence of this assumption is that all the mechanical phenomena that do not correspond to a simple
radial deformation (as was the case in the previous SECURe project deliverable D4.4) can be related to the
effects of the heterogeneous Darcy flow on the equilibrium equations. All the simulations are run until a steady
state is reached, at which the elasticity does not affect the flow field anymore.
All fields are generated as bi-truncated isotropic random fields, as detailed in the previous SECURe project
deliverable D4.4. We distinguished four relevant case:




Case A: there are regions of high permeability at the wellbore, with an elongated shape in one
direction, but they do not connect directly to the outer boundaries, such that a direct path cannot be
established. The corresponding permeability field is shown in Figure 1.
Case B: Similar to case A, but with a more direct path to the outer boundaries. The corresponding
permeability is shown in Figure 2.
Case C: direct paths exist between the wellbore and the outer boundaries. The corresponding
permeability field is shown in Figure 3.
3
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Case D: high permeability regions are assumed to be less elongated and more circular. Lack of a
preferential pathway to the outer boundaries. The corresponding permeability field is shown in Figure
4.

Figure 1: Case A: Contour map of the permeability field (magnitude) in the near-wellbore region

Figure 2: Case B: Contour map of the permeability field (magnitude) in the near-wellbore region

Figure 3: Case C: Contour map of the permeability field (magnitude) in the near-wellbore region
4
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Figure 4: Case D: Contour map of the permeability field (magnitude) in the near-wellbore region

2.1.4

Near-wellbore displacement

Results indicate a significant anisotropic deformation of the near-well region (Figure 5-Figure 8, where all grid
deformations are amplified by a factor of 1000) due to the random distribution of the permeability field. As
these deformations are in the order of millimetres compared to a wellbore radius of two metres, they do not
constitute a significant issue for injection operations. However, they still result in a net increase of the wellbore
cross-section of approximately 0.1%, which would result in a corresponding global drop in the flow rate. Large
deformations near the wellbore appear to be oriented in the main flow direction, which follows the permeability
pattern, suggesting that the formation of fractures (which have high permeability) may affect and amplify this
effect.

Figure 5: Case A: displacement (magnitude) field. The grid deformation is exaggerated (factor of 1000x)
for visualisation purposes.

5
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Figure 6: Case B: displacement (magnitude) field. The grid deformation is exaggerated (factor of
1000x) for visualisation purposes.

Figure 7: Case C: displacement (magnitude) field. The grid deformation is exaggerated (factor of
1000x) for visualisation purposes.

6
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Figure 8: Case D: displacement (magnitude) field. The grid deformation is exaggerated (factor of 1000x)
for visualisation purposes.

2.1.5

Pressure field

The pressure field is highly heterogeneous (Figure 9-Figure 12), in striking contrast with the cases of uniform
permeability presented in the previous SECURe project deliverable D4.4. Except for Case B, all other cases
exhibit the largest near-wellbore pressure in the regions of largest permeability. This is simply caused by the
larger pressure gradient required to push the fluid towards regions of lower permeability. Consequently, the
pressure appears almost uniform in high permeability regions attached to the wellbore. Case B is, in reality,
no exception, as the high permeability structures are not attached to the wellbore.

Figure 9: Case A: Contour map of the pressure field in the near-wellbore region

7
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Figure 10: Case B: Contour map of the pressure field in the near-wellbore region

Figure 11: Case C: Contour map of the pressure field in the near-wellbore region

Figure 12: Case C: Contour map of the pressure field in the near-wellbore region

8
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2.1.6

Stress field

The total stress field is shown in Figure 13, Figure 14, Figure 15, and Figure 16. Notice that the value of the
stress is one order of magnitude lower than that of the pressure.

Figure 13: Case A: Contour map of the total stress field (magnitude) in the near-wellbore region

Figure 14: Case B: Contour map of the total stress field (magnitude) in the near-wellbore region

Figure 15: Case C: Contour map of the total stress field (magnitude) in the near-wellbore region
9
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Figure 16: Case D: ) Contour map of the total stress field (magnitude) in the near-wellbore region
2.1.7

Velocity field

Figure 17, Figure 18, Figure 19, and Figure 20 provide a significant insight on the challenges involving global
wellbore models. In fact, in the case of heterogeneities there are clear preferential pathways for the fluid that
carry almost the totality of the mass from the wellbore. Therefore, an approach based on homogeneous
volumetric source terms may not be realistic in highly heterogeneous materials and appropriate flux-based
methods informed by the underlying heterogeneity should be preferred. Consequently, an a-priori analysis of
the preferential pathway by meansmeans of graph theory or similar mathematical tools should be performed.
Except for Case D, in all the other cases the fluid mostly flows in a limited region of the near wellbore domain,
suggesting that the shape of the individual high permeability regions has a significant influence. In case D the
fluid flows almost uniformly over a large region of the domain and channels close to the boundaries.

Figure 17: Case A: Contour map of the velocity field (magnitude) in the near-wellbore region

10
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Figure 18: Case B: Contour map of the velocity field (magnitude) in the near-wellbore region

Figure 19: Case C: Contour map of the velocity field (magnitude) in the near-wellbore region

Figure 20: Case D: Contour map of the velocity field (magnitude) in the near-wellbore region

11
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2.2

IMPLEMENTATION IN MRST FRAMEWORK

This part focuses on establishing a framework for modelling the local and near-well coupling of the
geomechanical stresses, deformations, and fluid flow. The development is based on the assumptions of the
linear poroelasticity (Biot, 1941) and the tools provided by MRST (Lie, 2019).
2.2.1

Governing equations

The equations of poro-elasticity consist of the conservation of momentum equation (for the solid part)
andconservation of mass (for the fluid part). The conservation of momentum is given by
−∇ · σ = f
where σT denotes the total stress and f an external volumetric force (for example gravity, if considered). The
total stress is given by
σ = σ − αp
Where σ denotes the effective stress tensor, p the fluid pressure and α is the Biot coefficient. The term αp
represents the force that the flowing fluid exerts on supporting media. We use linear elasticity and Hooke’s law
gives σ=Cε for the stiffness tensor C and the strain ε. The flow equation is given by ̇
ζ+∇·q=Q,
where ζ denotes the fluid content and q the fluid flux. These two terms must be specified. The term Q denotes
a source term. In the case of poro-elasticity, a standard choice of ζ is
ζ = α∇ · u + S p.
Here, the compressibility properties of the fluid is modelled by a linear dependence in pressure of the fluid
content (other choices are possible). The term α∇·u represents the change in the pore volume that is induced
by the compression or extension of the solid part. For the flux term, we use Darcy’s law which yields
K
q = − ∇p
μ
where K denotes the permeability and μ the viscosity. We end up with the following equations for poroelasticity,
−∇ · Cε + α∇p = f
K
∂ ∂t(α∇ · u + Sεp) − ∇ · ( ∇p) = Q.
μ
The two phase extension is given by
∂t(ρ 𝑠 (φ + α∇ · u)) + ∇ · (−ρw

krw(sw)
K∇p) = 0
μw

∂t(ρ 𝑠 (φ + α∇ · u)) + ∇ · (−ρo

kro(so)
K∇p) = 0
μo

Where ρα is the fluid density, μα the fluid viscosity and krα the relative permeability, for the phase α. The
coupling between the above systems means that the fluid flow affects the compressibility of the porous
medium, while changes in volumetric strains will in turn affect the momentum and mass transport. The above
equations are then complemented with adequate initial and boundary conditions (see next section).
2.2.2

Simulation setup

Simulations were conducted in Matlab using the MATLAB Reservoir Simulation Toolbox (MRST) (Lie, 2019),
and uses automatic differentiation to linearize the equations. The discrete, yet linearized, two-phase
poroelasticity problem employs standard finite volume scheme for flow equations and the virtual finite element
for the mechanics. The coupled simulator can be used among others in optimizing production and designing
well tests, etc.
2.2.3

Meshing developments

It is the topic of this project to obtain meshing facilities that deals with the flow through wellbore (concentric
annulus) with possible presence of cracks as well as with near wellbore flow in reservoir scale model.
12
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To properly capture the local pressure drawdown into the wellbore, and acquire necessary information on
themagnitude and direction of the stress field is of critical importance, requires high grid or mesh resolution
innumerical models; an especially high grid cell resolution or radial grid, see the NWM module of MRST
(Release Notes for MRST 2019b) is used in the near-wellbore region to fully capture the developing pressurestress field, which is connectedto a standard cartesian grid in the reservoir using an MRST’s built-in
wellbore-to-reservoir meshing algo-rithm (using Matlab’s built-in Delaunay-type mesh tools) and finished by
alternating steps of fractures meshingand refinement and node coordinate adjustment to improve cell shape
and wellbore-reservoir and/or wellbore-fractures connections.

Figure 21: Meshing strategy: A radial grid for wellbore with one crack (left), grid for surrounding
reservoir (center) and coupled Radial-Triangular-Cartesian grid for reservoir scale model (right).
This meshing strategy is first adopted for 2D developments and the resulted meshes can then be extruding
inthe z-direction to obtain 3D versions (see Figure 23 ).

Figure 22: Wellbore grids: Triangular (left) and radial graded (center and right) grids
It is worth mentioning that in practice, the radial grid is advantageous (compared to triangle grids) as it easily
allows for both local refinements and the connection of wellbore model to the global reservoir mesh. It gives
also more accurate results for the flow and mechanics. Anyway, a triangular grid is still necessary to connect
the wellbore to the reservoir scale model if cracks are present in the near-well region.
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Figure 23: 3D wellbore grids: an example of 2D grid for wellbore with three cracks (left) and the 3D
extruded grid (right).

2.2.4

System stimulation: boundary and initial conditions

The boundary conditions determine the solution. We consider two cases: the injecting and non injecting case.
At the borehole, in both cases, the total mechanical force (obtained from the total stress σT) is equal to force
orthogonal to the walls, exerted in the outher direction and with a given magnitude pwell. At the outer boundary,
the fluid pressure is given by a constant pout and the mechanical force is chosen orthogonal to the boundary
and of the form σTn=n. The constant coefficient  is chosen such that the whole system remains at equilibium,
see illustration in Figure 24, the equilibrium condition and symmetry implies that

Γ𝑤𝑒𝑙𝑙

𝑝𝑤𝑒𝑙𝑙 𝑑𝑆 =

Γ𝑜𝑢𝑡

𝑝𝑜𝑢𝑡 𝑑𝑆.

Figure 24: Conditions for the equilibrium
The two scenarios are then defined as follows



The injecting scenario: The fluid pressure is set to pwell at the borehole. Since we choose pwell>pout,
fluid is going to flow from the borehole to the outer boundary condition.
The non injecting scenario: Zero fluid flow at the borehole. In this case, since the outer boundary is
at constant pressure pout, the steady state for the pressure is given by a constant pressure value
over the whole domain. Concerning the initial conditions. we choose for the mechanics no initial
displacement, and for the flow system, the pressure is taken uniform and equal to confinement
pressure pout.
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2.2.5

Simulation results

Elastic and hydro-mechanical properties were used from the literature to mimic either an injecting or
noninjecting scenario. In all experiments, the permeability field is set equal to K=1 D. We take and pwell=1 bar
and pout=1.1 bar.

Figure 25: Defining the boundary conditions: The injecting (left) versus non-injecting (right) scenario.

2.2.6

Reference case with no fractures

In this reference case, we apply the developed algorithm on the previously described injecting and noninjecting scenario. We consider intact wellbore so no cracks are present and single phase flow model. This
test aims at validating the coupling between the flow model and the mechanics as well as validating the
boundary condition implementations. The rock parameters are set as follows, Young’s modulus is set 3×108Pa
and Poisson ratio is set 0.3 from which we construct the elasticity tensor C. That of the compressibility
factorαinvolved in the compression or extension of the solid part is taken equal to 1. We consider an
incompressible fluid, which corresponds to Sε=0 in the equation above. In Figure 27, we plot the pressure,
radial and tangential stress for two different time. For a very short time, we can observe the pressure transient.
We choose a long time for which the system has reached the steady-state. In Figure 28, we present the
corresponding result in the non-injecting scenario. In Figure 26, we plot the deformed grid for the two scenarios.

Figure 26: Deformed grids for the injecting (left) and non injecting (right) scenarios. The deformation
are multiplied by an artificial coefficient so that they get visible
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Figure 27: Injecting scenario. We plot the pressure, radial and tangential stress for two different times
(short and long time; long time corresponds to steady state). At steady-state, we obtain the standard
pressure profile that is proportional to log(r)(where r is the radial coordinate).
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Figure 28: Non Injecting scenario. We plot the pressure, radial and tangential stress for two different
time (short and long time; long time corresponds to steady state). We observe that, as expected, the
pressure is constant and equal to pout at steady state. For the transient state, the direct effect of the
boundary conditions is to compress the grains meaning that ∇·u<0. It means that the pore space is
increased with the effect of lower the pressure in the vicinity of the bore hole.

2.2.7

Simple case with a single fracture

We consider now the case with a single fracture. The fracture is represented as a subdomain with very large
permeability and very low Young’s modulus, see Figure 29. This case is for illustration purpose and the shape
of the fracture, especially the tip, is not realistic. We present the results for both scenarios, injecting and no
injecting, in Figure 30, Figure 31 and Figure 32.
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Figure 29: Simple single fracture setup: Permeability (left) and Young’s modulus (right). We use a log
scale.

Figure 30: Deformed grids. For visualization purpose, the displacement is multiplied by a constant
coefficient and the deformation inside the fracture is set to zero.
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Figure 31: Injecting scenario
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Figure 32: Non injecting scenario
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2.2.8

More advanced fracture setup

Figure 33: Injecting scenario (no cement region) with multiple fractures, where pressure and stress in
initial and steady state condition are shown
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2.2.9

Case with cement

Figure 34: Injecting scenario (with cement region) with multiple fractures, where pressure and stress
in initial and steady state condition are shown

2.2.10 Two-phase testing

Figure 35: Injecting scenario (with cement region) with multiple fractures, where pressure and stress
in initial and steady state condition are shown.
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Figure 36: An injection two-phase scenario (with cement region) with two fractures: the radial
displacement at r=1 (Well), r=1.5 (Middle) and r=2 (Outer).

2.3

CONNECTION BETWEEN POROELASTICITY AT WELLBORE AND GLOBAL SCALE: WELL
MODELS

Reservoir-scale well models can be derived from resolved simulations at the near-wellbore scale. However, it
was shown in the previous section that, in the presence of heterogeneous permeability fields, the flow channels
in restricted regions, and exits the domain at specific angles rather than in a uniform fashion.
In this particular case, on a global scale, geomechanical effects such as rock stress do not seem to play a
significant role far from the wellbore, at least without considering the generation and propagation of fractures.
As the simulations suggest that the near-wellbore stress field is rather isotropic despite the anisotropy in the
permeability, no special geomechanical modelling seems to be required at the global scale. This can be
explained here by the single-phase and two-dimensional assumption as well as the fact that high-permeability
regions do not cross the boundary. However, the situation may differ if the mechanical properties of the rocks
vary significantly.
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3 Coupled simulations on Borzęcin field
The Borzecin structure was characterized from an extended data set including: geological, geophysical, and
petrophysical data provided by the Borzęcin project operator. The other components of the dynamical flow
model include reservoir fluid properties and distributions within the reservoir structure, multiphase transport
properties of the fluids in the reservoir rocks, production and injection well technical characteristics, initial and
boundary conditions of the reservoir operation. The parametric geomechanical model of the structure
overburden, underburden and sideburden was constructed using rock physics models based upon relevant
geomechanical parameters from the structure neighbourhood.
3.1

DYNAMIC SIMULATION MODEL

The dynamic simulation model of the Borzęcin structure was constructed within SECURe Work Package 2 by
a team of INiG-PIB researches (under the supervisions of Wiesław Szott) that also performed tasks described
in this chapter; this was reported in SECURe project deliverable D2.2. The geological part of that model
included broad sets of geological, geophysical, and petrophysical data provided by the Borzęcin project
operator. The other components of the simulation model included reservoir fluid properties and distributions
within the reservoir structure, multiphase transport properties of the fluids in the reservoir rocks, production
and injection well technical characteristics, initial and boundary conditions of the reservoir operation.
The Borzęcin structure takes thethethe form of an anticline with two local high-points and includes the Basal
LLimestone and Rotliegend SSandstone formations. The top of the reservoir is confined by overlying Zechstein
strata and the base by underlying water. Structural maps of the Basal limestone and the Rotliegend sandstone
formations are shown in Figure 37, Figure 38, and Figure 39.

Figure 37: Structural contour map of the top of the Basal limestone, Borzęcin structure.

24

Copyright © SECURe 2021

Figure 38: Structural contour map of the base of the Basal limestone, Borzęcin structure.

Figure 39: Structural contour map of the base of the Rotliegend Sandstone, Borzęcin structure.
The grid of the resultant simulation model in its basic part consists of 9 layers with their thickness varying
between 5 and 13 m. Lateral sizes of the grid blocks equal to 80×80 m and enumerate up to 77×128 blocks.
The 3D view of the model is shown in Figure 40. Its top view together with line A-A’, defining a vertical cross
section position, is shown in Figure 41. The cross section of the model structure is shown in Figure 26. The
water-gas contact at the structure top defines reservoir contour and divides the model into the inner reservoir
part and the outer surrounding aquifer part as shown in Figure 27.
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Figure 40: 3D view of the reservoir simulation model, Borzecin structure.

Figure 41: Top view of the reservoir simulation model. Vertical cross section line A-A’, Borzecin
structure.
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Figure 42: Vertical cross section of the reservoir simulation model along line A-A’, Borzecin structure
(location of A-A’ is shown in Figure 41).

Figure 43: Top view of the reservoir simulation model of the Borzęcin structure including
surrounding aquifer. Definitions of partially isolated reservoir regions.
The simulation model of the Borzęcin structure was calibrated against operational data taken from 47 years of
the reservoir exploitation process including 23 years of the acid gas sequestration process. The operational
date included pressures at well bottom-holes, gas production of individual producing wells, gas injection rates
and compositions of the injecting well, CO2 concentrations of gas produced by producing wells. The calibration
process concluded with precise match of the model results to the measured data. Examples of the results of
the calibration process for W22 producing well are given in Figure 28 for bottomhole pressures and in Figure
29 for CO2 concentration of produced gas.
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Figure 44: Model calibration. Comparison of measured bottom hole pressure and simulation results.
Well W22, Borzęcin structure.

Figure 45: Model calibration. Comparison of measured CO2 concentration and simulation results in
gas produced by well W22, Borzęcin structure.
Comparison of measured vs. simulated values of bottomhole pressures for all producing wells is shown in
Figure 46Figure 30 as significant quantities in the process of model calibration.
In order to obtain the match of measured and simulated quantities shown in the above figures, several
modifications of model parameters were introduced. The main modification divided the model into 3 partially
separated regions (western, central and eastern ones) as shown in Figure 43. This division was necessary
due to 3 different measured pressure trends as can be seen in Figure 46. As no faults, macro-fractures or
other structure barriers were recognized in the structural geological setting, lithological barriers were assumed
to separate the regions. In order to precisely match the pressure trends in this regions, transmissibility
properties of those barriers together with effective pore volumes of the regions were determined and/or
modified appropriately. Other global parameters of the model, that were subject to change, include: aquifer
characteristics and vertical vs horizontal permeability anisotropy. In addition, local transport properties were
modified in several drainage well zones in order to match their water-gas ratios and produced gas composition.
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Figure 46: Bottom hole pressures of producing wells – mesured vs. simulated values, Borzecin
structure.
3.2

GEOMECHANICAL MODEL

For the purposes to couple flow and geomechanical simulations describing the process of acid gas
sequestration of the Borzęcin, a geomechanical model of the structure was constructed according to the
conventional workflow shown in Figure 47.

Figure 47: Workflow of geomechanical modelling.
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In particular, the model was significantly extended from the dynamic simulation model by inclusion of 3
additional parts to implement natural boundary conditions:




overburden – from the Borzęcin top up to the ground surface,
sideburden – to encompass large lateral structures,
underburden – to encompass Carboniferous horizons below the Rotliegend formation.

The 3D view of the geomechanical model is shown in Figure 48.

Figure 48: 3D view of the geomechanical model, Borzecin structure.
The detailed parametric geomechanical model was constructed using rock physics models and relevant
values as described in Table 2 and Table 3.
Table 2: Rock properties of lithostratigraphic units in the overburden/underburden, Borzecin
structure.
Cenozoic
clays,
sandstones,
gravels

Cretaceous
silts

Jurassic
mudstones

Anhydrites

Rock salts

Dolomites

Young’s modulus [GPa]

0.1

1.5

5

52.69

6.89

83.81

Poisson ratio

0.3

0.31

0.15

0.25

0.3

0.2

Density [g/cm3]

1.9

2.6

2.27

2.85

2.17

2.82

Biot’s constant

1.0

1.0

1.0

1.0

1.0

0.75

Parameter

Porosity [%]

15

12

12

0

0

8

UCS [MPa]

2.8

29

20

90.3

27,33

80

Friction angle [º]

30

30

22

64

29,08

45

Dilatation angle [º]

0

0

0

0

0

0
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Table 3: Rock properties of model layers in the reservoir, Borzecin structure.
Parameter

Layer number
1

2
3
4
5
6
7
8
9
10
from 3D porosity model (Ocak, 2008) E = 2.0562 × UCS0.5238 (carbonates);
5.56 GPa (Kupferschiefer shales);
from UCS vs. E correlation (Chang et al., 2006) UCS = 2.28+4.1089 × E (sandstones)

Young’s modulus [GPa]
Poisson ratio
UCS [MPa]

Friction angle [º]
Biot’s constant

0.18

0.18

0.18

0.4

0.14

0.8

0.8

0.8

1

1

2.72

2.73

2.71

2.51

2.34

Porosity [%]
Density [g/cm3]

0.14

0.14

0.14

0.14

0.14

from 3D porosity model (Rzhevsky and Novick,1971) UCS = 135.9 × exp(-4.8 ) –
(carbonates);
56.98 MPa (Kupferschiefer shales);
from 3D porosity model (Zoback, 2010) UCS = 2.28 exp(-10 ×) – (sandstones)
from 3D porosity model (Cruden and Xu, 1988) 22.8 deg – (carbonates);
20 deg (Kupferschiefer shales);
from 3D porosity model (Weingarten and Perkins, 1992) FA = 57.8 – 105 ×  – (sandstones)
1

1

1

1

1

2.34

2.34

2.34

2.34

3D model
2.34

Geological and geomechanical parameters of that model were obtained from several sources including both
the Borzęcin wells and wells penetrating neighbouring formations. The list of the geomechanical parameters
include the following quantities shown in the associated figures:







Young modulus – Figure 33,
Poisson's ratio – Figure 34,
Unconfined compressive strength – Figure 35,
Friction angle – Figure 36,
Biot constant – Figure 37,
Tensile strength – Figure 38.
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Figure 49: Geomechanical model input data, Borzęcin
structure. Young modulus

Figure 50: Geomechanical model input data, Borzęcin
structure. Poisson ratio.

Figure 51: Geomechanical model input data, Borzęcin
structure. Unconfined compressive strength.

Figure 52: Geomechanical model input data, Borzęcin
structure. Friction angle.
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Figure 53: Geomechanical model input data, Borzęcin
structure. Biot coefficient.
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Figure 54: Geomechanical model input data, Borzęcin
structure. Tensile strength.
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3.3

GEOMECHANICAL SIMULATIONS

The basic geomechanical simulation results comprise stress and strain tensors. In the following, distributions
of stress tensor main values (vertical, minimum horizontal, maximum horizontal ones) and volumetric strain
are shown in the Figure 39, Figure 40, Figure 41, Figure 42, respectively, for 4 dates of operation: initial values
(1972), the end of production phase (1996), the beginning of the injection phase with the presence of the well
W28 (1996), and after 10 years of the injection (2006).
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initial values (1972)

end of production phase (1996)

beginning of injection phase with well W28 (1996)

after 10 years of injection (2006)

Figure 55: Distribution of vertical stress, geomechanical simulation, Borzecin structure.
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initial values (1972)

end of production phase (1996)

beginning of injection phase with well W28 (1996)

after 10 years of injection (2006)

Figure 56: Distribution of maximum horizontal stress, geomechanical simulation, Borzecin structure.
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initial values (1972)

end of production phase (1996)

beginning of injection phase with well W28 (1996)

after 10 years of injection (2006)

Figure 57: Distribution of minimum horizontal stress, geomechanical simulation, Borzecin structure.

37

Copyright © SECURe 2021

initial values (1972)

end of production phase (1996)

beginning of injection phase with well W28 (1996)

after 10 years of injection (2006)

Figure 58: Distribution of volumetric strain, geomechanical simulation, Borzecin structure.
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3.4

COUPLING OF FLOW AND GEOMECHANICAL SIMULATIONS

The purpose of the tasks reported in this chapter was to determine and apply an effective and practical method
to assess the significance of geomechanical effects in modelling the past and future performance of the
Borzęcin structure.
In order to study these geomechanical effects, numerical modelling of fluid flow through porous medium
coupled with a geomechanical analysis of the medium at different pore pressure distributions (Rutqvist et al.,
2002; Settari and Mourits, 1998; Settari and Walters, 1999; Thomas et al., 2003; Vidal-Gilbert et al., 2009) is
required. This coupling can be achieved either by a fully or partially coupled numerical simulation.
In the fully coupled simulation approach, the fluid flow through pores and elasticity calculations are carried out
simultaneously. Examples of the fully coupled simulations are presented in the following references (Lewis
and Sukirman, 1993; Tortike and S.M., 1987; Xikui and Zienkiewicz, 1992). This approach is characterized by
complex simulation modelling that results in very high computational costs (Inoue and Fontoura, 2009).
In order to mitigate this disadvantage various partially coupled modelling approaches were developed
(Longuemare et al., 2002; Rutqvist et al., 2002; Settari and Mourits, 1998, e.g. 1994; Tsang, 1999). Partial
coupling approaches are based on an external coupling between separate numerical simulations. In general,
a conventional reservoir simulator is used to process the fluid flow problem and geomechanical simulator is
used to solve the stress equilibrium equations. This method has lower computational costs and the best
available simulators of the fluid flow and geomechanics can be employed. Partial coupling of the two
simulations can be divided into two types: explicit and iterative coupling. In the explicit coupling approach, a
reservoir simulator carries out fluid flow calculations at each time-step, however stress-displacement
calculations are only carried out on selected time-steps, the choice of which depends on the variation in the
accessible pore space and permeability distributions due to the change of the stress and strain (Minkoff et al.,
2003, 1999; Settari and Walters, 1999). This approach can significantly reduce the computation cost of the
coupled analysis through reduced number of stress-displacement simulation runs, but may result in
deteriorated accuracy due to the coupled nature of the processes (Dean et al., 2006). In the iterative coupling
approach, the two simulators are coupled at each time-step. The schematic of this approach is shown in Figure
43 Depending on the rates of geomechanical and transport properties variation this approach may results in
work- and time-consuming runs.

Figure 59: Conventional dynamical and geomechanical model coupling.
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According to its procedure, the standard approach requires applying multiple iterative simulations at each time
step, ti. In addition, the standard procedure implies the geomechanical status to vary in a step-like manner
rather than continuously. We proposed and used another approach consisting in determining direct
dependence between pore pressure variation and basic geological parameter variation via the geomechanical
parameter changes. The schematic of this procedure is shown in Figure 44 for the time interval (t, t + t).
It is assumed that all basic variables (pore pressure, p, fluid saturations, S’s, stress tensor, , strain tensor, )
describing the process evolve continuously in the interval (t, t + t). This situation usually takes place when
the number of active wells is fixed, their production/injection rates vary smoothly, and there are no failure
events in the geomechanical status evolutions. An opposite situation takes place when e.g. drilling new wells
causes abrupt changes in the geomechanical status of the reservoir. Consequently, we performed
geomechanical simulations at selected time moments coinciding with special events of discontinuous
character (drilling and completing a new well). By identifying separate regions of a uniform variation of
geomechanical state parameters with reservoir pressure changes during continuity intervals, specific
correlations can be found for basic parameters (porosity, permeability) as direct functions of pressure in each
of the regions and intervals. At first, correlations between pressure variation and geomechanical state
parameters (stress tensor, , strain tensor, ) are determined from the results of geomechanical simulations.
Figure 45 presents an example of several local correlations between pore pressure changes and volumetric
strain changes. Next, the variation of transport properties (permeability, k, porosity, ) as a function of the
geomechanical parameters are applied according to adopted models (e.g. Kozeny-Carman model (Bear,
1972)). Finally, the combination of the above two correlations leads to the effective correlations between the
pore pressure and the transport properties, which is implemented in the flow simulations via appropriate tables
of permeability and porosity vs. pore pressure.

Figure 60: Proposed procedure of dynamical and geomechanical model coupling.
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Figure 61: Multiple regional correlations of volumetric strain changes vs. pore pressure changes,
Borzecin structure.
The approach of effective coupling between flow and geomechanical simulations presented above is adopted
repeatedly for every reservoir region of specific geomechanical behaviour and for every time interval limited
by discontinuous events. Besides well drilling or well conversion from a producer to an injector, they included
time moments of oudiscontinuous rock failure (crushing).
This approach of combined simulations was applied to the Borzęcin flow model and produced a small but
distinct deterioration of the fitting of simulation results to the measured data compared to the results without
coupling – examples are shown in the Figure 46, Figure 47, Figure 48, Figure 49 for bottom hole pressures
and in Figure 50, Figure 51, Figure 52, Figure 53 for CO2 concentrations in the produced gas. In these figures
green curves correspond to the original simulation results (without flow and geomechanical coupling), blue
curves correspond to the results with the effective coupling using the above method before the recalibration of
the model, and black curves correspond to the coupled simulation results after the necessary recalibration of
the model. The recalibration process included small local variations of the rock transport properties and, in
addition, parameters of the underlying aquifers.
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Figure 62: Bottom hole pressure matching results. Effects of flow and geomechanical coupling. Well
B4, Borzecin structure.

Figure 63: Bottom hole pressure matching results. Effects of flow and geomechanical coupling. Well
B21, Borzecin structure.
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Figure 64: Bottom hole pressure matching results. Effects of flow and geomechanical coupling. Well
B22, Borzecin structure.

Figure 65: Bottom hole pressure matching results. Effects of flow and geomechanical coupling. Well
B24, Borzecin structure.
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Figure 66: Matching results of CO2 concentration in the gas produced by Well B4. Effects of flow and
geomechanical coupling, Borzecin structure.

Figure 67: Matching results of CO2 concentration in the gas produced by Well B21. Effects of flow
and geomechanical coupling, Borzecin structure.
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Figure 68: Matching results of CO2 concentration in the gas produced by Well B22. Effects of flow
and geomechanical coupling, Borzecin structure.

Figure 69: Matching results of CO2 concentration in the gas produced by Well B24. Effects of flow
and geomechanical coupling, Borzecin structure.

45

Copyright © SECURe 2020

4 Seismic reservoir monitoring
Monitoring the geomechanical deformation has a significant influence on the predictability of the CO2
distribution and prevention of leakage scenarios leading to risk reduction. Seismic reflection surveys are the
most common techniques to monitor the changes in the fluid saturation in the reservoir through time-lapse
acquisition of reflection responses. In addition to the established effects that increase in CO2 saturation has
on increasing the reflection contrast at the top of the reservoir (Arts et al, 2008), it is also known that changes
in the reservoir stress influences seismic velocities. (Hatchell et al, 2005, and Staples et al 2007)
Seismic reservoir monitoring, popularly known as time-lapse, or 4D-seismics, has become a powerful tool to
monitor reservoir performance, changes in overburden and is also used for enhanced characterisation of the
reservoir. Repeated seismic surveys are collected at various time intervals and results compared. The
difference registered, indicates that dynamics processes are present in the subsurface. Differences may be
observed as changes in two-way travel time or as a change in a reflectivity of a certain reflector (e.g. at bottom
and/or top of the reservoir). Travel time is associated with seismic wave velocities (Vp and Vs), whereas
seismic reflectivity is related to contrast in acoustic impedances (both p-wave and shear wave impedances).
The most prominent sources of the observable time-lapse effects associated with producing or reservoirs
where storage of CO2 and EOR is taking taking place may be classified into three categories.
1. Fluid substitution: Hydrocarbons or brine have been replaced by water due to drainage, or replaced
by an injected fluid.
2. Changes in temperature as a result of a cold (water) or hot (steam) injection front.
3. Changes in pore pressure and reservoir stresses.
The case under study in the subtask in this WP, the Borzecin field, contains both fluid substitution and changes
in pore pressure and reservoir stresses as we will see below.
4.1

POSSIBLE GEOPHYSICAL RESPONSE OF THE BORZECIN FIELD

The background and characteristics of the Borzecin field have been extensively explained in the earlier
sections in this report. Here we focus on the geophysical characteristics of the field. Although no repeated 3D
seismic surveys have been acquired during the field's lifetime, it is nevertheless possible to consider the
seismic survey response of the field, by forward modelling of the reservoir model to the geophysical domain.
However, as a grid for the seismic model was not provided, building a detailed seismic model matching the
reservoir model grid was beyond the scope of the subtask in addition to which the use of the specific
commercial software needed for this purpose, SeisSpace®ProMAX®, was not foreseen. Hence, based on the
field scale coupled reservoir-geomechanical modelling results, the rock physics models were used to calculate
the elastic parameters (Vp, Vs, and density) that are the observables effecting the seismic response.
The conventional approach to this is through fluid substitution where the p-wave velocity of the fluid saturated
rock is described by Biot theory. The effect of the fluid substitution on reflection coefficient of the incident wave
is both large and systematically consistent, since the acoustic impedance (that constitutes the basis of
reflectivity) is function of the product of both the modulus and the density, both of which change as a result of
fluid substitution. When a reservoir is depleted or under injection by some fluid, the effective stresses are
increased. Hence one would expect this to cause an increase in wave velocities in the reservoir zone. However,
several observations indicate (The Leading Edge, December, 2005) that this might be less prominent than
expected.
In this work we will acquire the time lapse response of the Borzecin field, not through fluid substitution, but
from the fully coupled geomechanical modelling and flow simulations carried out on field for three date intervals
of 1972, 1996 and 2006.
In order to take full advantage of the results of the coupled geomechanics-flow simulations, and model the
changes in the seismic response, we need to know the fluid properties at each stage (of the field
"measurement") of dynamic changes, and the corresponding states of stress and pressures. These results are
provided from the modelling study carried out on Borzecin field. These will make the basis for calculations of
the elastic parameters (Vp, Vs, and density) needed to calculate the synthetics seismograms of the change in
the reservoir. To this point, we need to invoke some of the formulations and concepts from the poroselasticity
theory, with Biot-Gassmann descriptions, for calculation the velocities.
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Here K is bulk modulus, µ is the shear modulus and 𝜌 is bulk density of the rock containing the fluids. Using
the concept of effective stress, the stress-strain response is given by
𝜎 =𝜎

+ 𝛼𝑝 ,

Where 𝜎
is the effective stress, 𝜎 is total or hydrostatic stress,  is the Biot coefficient, and 𝑝 is the pore
pressure. Hence the bulk and shear modulus can be drived in terms of effective stresses as following:
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The bulk-rock-density changes are due to fluid-density changes in the pore space or porosity fractions of the
reservoir rock. The bulk density 𝜌 is given by
𝜌 = 𝜑𝜌 + (1 − 𝜑)𝜌
Here 𝜌

.

is density of the matrix/rock frame, and 𝜌 is the density for the fluid mixture and is given by
𝜌 =𝜌 𝑆 +𝜌 𝑆

Where 𝑆 and 𝑆 are the water and gas saturations respectively, with the corresponding densities. At this point
we are able to calculation the triple elastic parameters (Vp, Vs, and density) for each of the simulation vintages
of 1972, 1996 and 2006. Results are presented in the next section.
4.2

RESULTS

In order to look into the seismic response due to coupled geomechanical and flow changed, we choose to
focus on the vertical cross section through the reservoir whether the injection well W28 is drilled. This is more
clearly highlighted in Figure 70.
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Figure 70: Top view of the reservoir model in the central part of the figure where the pressure in 1996
is the property highlighted. The red cross section is marked to indicate the vertical cross section
(shown above to the right) through the reservoir that is the subject of the focus of seismic response.
The thin line passing through both the reservoir and the vertical cross section, the trajectory of
injection well 28 where most of the geomechanical and flow effects are expected to take place.
The input to elastic parameters, like bulk and shear modulus, densities and pressure are illustratively shown
in the Figure 71 and Figure 72.

Figure 71: Modulus and densities for calculating the elastic parameters for 1972.
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Figure 72: Pressure for reservoir in 1972.
Based on the above parameters, that is pressure, densities, bulk and shear modulus, the p-wave and shear
wave impedances are calculated and shown in Figure 73.

Figure 73: P-wave impedance (left) and shear wave impedance (right), for 1972.
Following the same procedures, the corresponding results for 1996 have been calculated and are illustrated
in Figure 74, Figure 75 and Figure 76 below.

Figure 74: Modulus and densities for calculating the elastic parameters for 1996.
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Figure 75: Pressure for reservoir in 1996.

Figure 76: P-wave impedance (left) and shear wave impedance (right), for 1996.
And the results, after 10 years of injection, for 2006 following calculations, are illustrated in the following Figure
77, Figure 78 and Figure 79.

Figure 77: Modulus and densities for calculating the elastic parameters for 2006.
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Figure 78: Pressure for reservoir in 2006.

Figure 79: P-wave impedance (left) and shear wave impedance (right), for 2006.
To assess impact of various parameters like stress and fluid changes on the seismic response, in this case
the velocities/impedances, a comparison between these parameters from each of the simulation dates is
illustrated in the Figure 80 and Figure 81 below. Note that for each of the parameters, the colour bar has been
scaled to a fixed interval to make comparison of the vintages easier and highlight the changes.

Figure 80: Impact of various parameters on the geophysical response, p-wave impedance as the
main observable.
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Figure 81: Impact of various parameters on the geophysical response, with p-wave velocity as the
main observable.
As can been seen from Figure 80 and Figure 81, change in the effective stress after CO2 injection in well 28
has a significant impact on the p-wave velocity and p-wave impedance. Further changes due increase in CO2
saturation and effective stress will also cause a variation on the seismic amplitude response. As each of these
changes seem to be occurring at different areas of the reservoir, it might be possible to distinguish the changes
in the seismic response caused due stress from those changes due to fluid substitution.
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5 The MRMT method applied to the Borzecin reservoir
model
In this section, we demonstrate the usage of the MRMT (Multi-Rate Mass Transfer) method to model leakage
at reservoir-scale within the Borzecin reservoir model.
We report the complete set of equations of the generalised multi-rate mass transfer model (GMRT) from
deliverable 4.4 for the sake of completeness:

Where the concentration field c is split into a mobile component cm for which standard fluxes are considered
(RHS) and multiple immobile “modes” cik. The mobile and immobile concentrations interact by linear
interactions λ that are dependent on the immobile region shapes, as well as their properties (e.g.
diffusion/dispersion coefficients). When immobile/slow regions are large, like in the case of large geological
formations, additional terms Ψ arise in the transport equation to describe the non-homogeneous transfer.
The model is capable of accounting for non-local transport and has potential for applications to reservoir scale
simulations. However, the large number of parameters required makes difficult to set up those simulations to
produce realistic results. In the following, we employ a classic GMRT setting using spherical inclusions as
reported in SECURe project deliverable report D4.4.
5.1

APPLICATION OF THE GMRT TO THE BORZECIN FIELD

We illustrate how the GMRT can be applied to real reservoir models. To this end, we apply SECUReFOAM
(described in deliverable 4.4) to the Borzęcin field. The Borzęcin reservoir case is a 3D geometry. All figures
are showing the top view.
The porosity field (Figure 82) and the permeability field are read into OpenFOAM using the conversion script
developed in SECURe project deliverable report D4.4.

Figure 82: Borzecin GMRT, porosity field (top layer)
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We employed the simpleDarcyFoam utility developed in SECURe project deliverable report D4.4 to generate
a steady state velocity field for the scalar transport equation. A pressure source was placed on a vertical
column located at the centre of the domain to model the effect of a wellbore. Figure 83 shows the resulting
velocity magnitude field. Notice that the velocity is maximum at the wellbore location and decays exponentially
as the fluid travels the porous medium. This is consistent with mass conservation in a radial flow field.

Figure 83: Borzecin GMRT: velocity field magnitude
Results spanning a time frame of 320 years are presented in Figure 84, Figure 85, and Figure 86. The GMRT
was initialized with two immobile regions and constant material properties, so that the porosity is (together with
the permeability and velocity field) the only heterogeneous field. As no specific data is available for the local
heterogeneities, we test here the case of spherical immobile inclusions, with a low diffusion coefficient. It can
be observed that the injected contaminant remains in a localized area that, due to the particular heterogeneity
structures, takes initially a cross-like shape due to the porosity distribution (see Figure 82), and then slowly
moves according to the slow radial velocity. This allows the immobile regions to equilibrate their concentration
with that of the immobile region, effectively acting as additional mass storage and slowing the advancing of
the concentration front. This means that, even after stopping injection, a significant amount of gas can remain
trapped in the rocks.

Figure 84: BorzęcinBorzęcin GMRT: concentration t = 0.32 years
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Figure 85: Borzęcin GMRT, concentration t = 32 years.

Figure 86: Borzęcin GMRT, concentration t = 320 years.

5.2

NON-LOCAL FLOW AND GEOMECHANICS COUPLING: SPHERICAL INCLUSIONS

The effects of mechanical deformations on the coefficients appearing in the GMRT is not trivial, but it can be
formalised in the case of spherical immobile regions. If the immobile regions are spherical inclusions, one
obtains the following expression for the coefficients in the GMRT:
λ = (2𝑘 − 1) π

𝐷
,
𝑅

Where 𝐷 is the diffusion coefficient of the inclusion and 𝑅 its radius.
The effects of geomechanics on the immobile region would be that of shrinking/expanding the inclusion and
therefore modifying the radius as:
𝑅 = 𝑅 (1 − ∇ ⋅ 𝐷)
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This relation assumes that the Jacobian of the deformation affects all the medium homogeneously. This
approach is still under investigation and the relevance of the Jacobian contribution is not clear yet in the limits
of poroelasticity and will be studied in future works.
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6 Conclusions
This report covers a wide range of methodologies for geomechanical characterisation of subsurface reservoirs,
including local and global simulation as well as coupling with geophysical data and the modelling methodology
developed in the modelling and simulation report.
First, fully coupled flow and geomechanical simulations of a near-wellbore region are presented, using the
poroelasticity formulation implemented in the SECUReFOAM softare package. The effect of heterogeneities
is explored in a two-dimensional radial flow problem.
Results on the reservoir-scale analysis of flow and geomechanical coupled simulations of the Borzęcin
structure, performed with commercial reservoir models (Petrel/Eclipse) were presented. A geomechanical
model was constructed by expanding the flow reservoir model structure and by identifying all its basic
geomechanical properties. Due to the three-dimensional highly complex structure, an original approach to
couple flow and geomechanical simulations was applied to effectively solve the problem. At first, the existing
flow model was history matched and the historical period of the reservoir functioning was divided into time
intervals of the continuous reservoir operation. At the interval defining time moments, the geomechanical
simulations were performed and their results were used to find local correlations between input geomechanical
simulations data (pore pressure) and the simulation results (stress and strain). By applying another set of
correlations for transport properties (permeability, porosity) vs. geomechanical state parameters (stress and
strain) combined, effective correlations between pore pressure and transport properties were determined.
Finally, the effective correlations were implemented in the flow simulation model – thus providing a continuous
coupling of flow and geomechanical effects in a single simulation run. The proposed approach to the coupled
flow and geomechanical simulations was applied to the Borzęcin operation case. It demonstrated a small but
distinct impact of the geomechanical effects upon the flow simulation results. With the objective of extending
this modelling approach to include the effect of unresolved heterogeneities and upscaled fractured media, we
demonstrate that the SECUReFOAM library developed within this Work Package can be applied to real-scale
scenarios. Clearly, the MRMT requires knowledge of a large number of parameters to accurately reproduce
the flow and transport response of the Borzecin reservoir, which are not always accessible. For example, the
method would require an understanding of the geometrical-physical properties of unresolved heterogeneities,
or appropriate equivalent parameters. In practice, such information is not available, or can only be obtained
through an ad-hoc calibration, and this should be taken into account when considering applying these methods
to other subsurface scenarios where comprehensive geological/geomechanic datasets may be absent.
Therefore, within this work, we will assume that the heterogeneities in the Borzecin reservoir behave uniformly
(i.e., have the same kind of structure) at scales smaller than the grid size.
Although no repeated 3D seismic surveys have been acquired during the Borzecin field's lifetime, it was
nevertheless decided to consider the possible geophysical response of the field. However, as a grid for the
seismic model was not provided, building a detailed seismic model matching the reservoir model grid was
deemed beyond the scope. Hence, based on the field scale coupled reservoir-geomechanical modelling results
from Borzecin, rock physics models were used to calculate the elastic parameters (Vp, Vs, and density) that
are the observables effecting the seismic response. It was observed that changes in the effective stress after
CO2 injection in the injection well has a significant impact on the p-wave velocity and p-wave impedance.
Further changes due increase in CO2 saturation and effective stress were also observed, however, these
seem to be occurring at different areas of the reservoir, making it possible to distinguish the changes in the
seismic response caused due stress from those changes due to fluid substitution.
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