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Summary 
 

The open Delft Advanced Research Terra Simulator (open-DARTS) framework is an open-

source reservoir simulation software. The open-DARTS focused on energy transition 

applications, such as geothermal energy production and carbon sequestration. It enables the 

modeling of compositional thermal flow, coupled with a geomechanical solver based on the 

Finite Volume discretization and adjoints method for inverse modeling. The open-DARTS 

supports different grid types (structured, corner-point geometry, and unstructured), discrete 

fracture networks, contact mechanics, and various thermal-chemical interactions. The recently 

proposed generic nonlinear formulation supports the most general nonlinear PDEs designed for 

various energy transition applications.  

The open-DARTS has been implemented in C++ and Python to optimize hardware utilization 

while ensuring flexibility. The most computationally expensive part is written in C++ and 

compiled into libraries, which are subsequently exposed to Python using pybind11. This allows 

the extension and overriding of C++ functions by user-defined Python code. For example, using 

only a Python interface, one can adjust a timestep strategy, nonlinear solver, or properties output. 

Besides, the Python interface of open-DARTS provides straightforward coupling with other 

Python-based numerical modeling packages, including the meshing, file storage, caching, and 

visualization modules. The open-DARTS core uses the advantages of C++ language, such as 

efficient low-level memory management, object-oriented programming, compile-time 

polymorphism, and parallelization with OpenMP. One of the advantages of open-DARTS is the 

Operator-Based Linearization (OBL) technique, which can resolve challenges associated with 

complex physics and reduce the computation time, especially for ensemble-based simulations.  

We would also like to share our experience on the project, repository, and the development 

workflow configuration using gitlab.com, including the build system (cmake), handling merge 

requests, automated testing in CI/CD pipelines, documentation management (gitlab.io), wiki 

utilization, and release publishing. Additionally, Python’s integration into open-DARTS offers 

the advantage of straightforward installation via PyPI and simplifies defining requirements for 

users who prefer to avoid compiling code from source files. 



Introduction

The transition toward sustainable energy sources has increased the interest in geothermal projects world-
wide. Another direction to reduce the human impact is carbon capture and sequestration to the depleted
gas fields or aquifers. The optimization and risk assessment of operational management of subsurface
reservoirs for these and other applications can be done using numerical simulation. Various modeling
features might be required depending on the reservoir properties, such as the Discrete Fracture Model
(DFM) for fractured reservoirs, geomechanical modeling for induced seismicity risk assessment, rock
dissolution for karstified reservoirs, etc.

In this study, we present an open-source reservoir simulation framework Delft Advanced Research
Terra Simulator (open-DARTS). It follows the original DARTS development performed by Khait and
Voskov (2017, 2018) which has been dedicated to modeling energy transition applications. Later, it was
further extended for advanced CCUS applications (Lyu et al., 2021a,c), modeling of fractured reser-
voirs (de Hoop et al., 2022; Wang, 2021) and complex geomechanics with induced seismicity treatment
(Novikov et al., 2022; Novikov, 2024).

The open-DARTS enables thermal compositional hydrodynamic and fully-coupled geomechanical mod-
eling based on Finite Volume (FV) discretization, contact mechanics, and various thermal-chemical in-
teractions. The adjoints gradients method implemented in the open-DARTS has proven its efficiency for
inverse modeling (Tian and Voskov, 2022; Tian et al., 2024). The open-DARTS supports different grid
types (structured, Corner Point Geometry, and fully unstructured), complemented with two-point and
multi-point flux approximations. Since in the DFM, the meshes aligned to the fracture network might be
challenging to use in simulation, the open-DARTS includes a fracture pre-processing module (de Hoop
et al., 2022). It identifies the problematic fracture intersection points and adjusts the fracture network
with different fracture and mesh resolution tuning parameters.

The reservoir development modeling requires the solution of governing equations describing the conser-
vation of mass and energy. The nonlinear formulation for generic conservation equations includes the
conservation of mass, energy, and momentum and supports the most general nonlinear PDE designed
for various energy transition applications.

The simulation performance can be crucial in large ensembles of numerical models for uncertainty analy-
sis (Wang et al., 2023; Major et al., 2023). The Operator-Based Linearization (OBL) technique (Voskov,
2017; Khait and Voskov, 2017) implemented in the open-DARTS, can significantly reduce the com-
putation time and resolve challenges associated with complex physics, especially for ensemble-based
simulations. The open-DARTS is written using C++ and Python languages to use hardware efficiently
and at the same time provide flexibility. The open-DARTS core uses the advantages of C++ language,
such as object-oriented programming, compile-time polymorphism, and parallelization with OpenMP.
The Python interface of the open-DARTS makes it an easily extendable framework compared to black
box reservoir simulators, which is especially beneficial for teaching purposes and developing research
projects.

Governing Equations

In this section, we formulate generic governing equations including various physics required for mod-
eling energy transition applications. We assume the investigated domain is split by control volumes Ω,
bounded by surface Γ. The conservation equations can be expressed for this domain in a uniformly
integral way, as

∂

∂ t

∫
Ω

McdΩ+
∫

Γ

FFFc ···nnndΓ =
∫

Ω

QcdΩ. (1)

Here, Mc denotes the accumulation term for the cth component, FFFc refers to the flux term of the cth

component, nnn refers to the unit normal pointing outward to the domain boundary, and Qc denotes the
source/sink term of the cth component.
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Accumulation term

Eq. 1 represents the conservation of mass, energy and momentum for a description of reservoir dynam-
ics. Mass conservation is defined for the first nc components as

Mc = φ

np

∑
j=1

xc jρ js j, c = 1, . . . ,nc, (2)

where φ is porosity, s j is phase saturation, ρ j is phase density [kmol/m3] and xc j is molar fraction of c
component in j phase. The energy accumulation term contains the internal energy of fluid and rock,

Mnc+1 = φ

np

∑
j=1

ρ js jU j +(1−φ)ρrUr, (3)

where U indicates specific internal energy in [kJ/kmol]. The porosity is defined here as

φ −φ0 =
(ψ −φ0)(1−ψ)

Ks
(p− p0)+BBB : ∇

s(uuu−uuu0)+αφ (T −T0), (4)

where p is pore pressure, ∇suuu = (∇uuu+(∇uuu)T )/2 is the matrix of symmetric gradients of displacements,
BBB is the rank-two tensor of Biot’s coefficients, ψ = I1(BBB)/3 is one-third of the first invariant of BBB, Ks is
rock matrix drained bulk modulus, αφ is the volumetric coefficient of rock matrix thermal dilation.

The accumulation term for momentum balance is equal to zero MMMnc+2 = 000 since we consider quasi-static
approximation for geomechanics.

Flux term

The mass flux of each component is represented by the summation over np fluid phases,

Fc =
np

∑
j=1

(
xc jρ jvvv jjj + s jJc j

)
, c = 1, . . . ,nc. (5)

Here the velocity vvv jjj follows the extension of Darcy’s law to multiphase flow,

vvv jjj =−K
kr j

µ j
(∇p j − γ j∇z), (6)

where K is the permeability tensor [mD], kr j is the relative permeability of phase j, µ j is the viscosity of
phase j [mPa · s], p j is the pressure of phase j [bars], γ j = ρ jg is the specific weight of phase j [N/m3]
and z is depth [m], g is the gravitational acceleration [m/s2]. The Jc j is the diffusion flux of component
c in phase j, which is described by Fick’s law as

Jc j =−φDc j∇(ρ jxc j), (7)

where Dc j is the diffusion coefficient [m2/day].

The energy flux includes the thermal convection and conduction terms,

FFFnc+1 =
np

∑
j=1

(
h jρ jvvv jjj +φκ js j∇T

)
+(1−φ)κr∇T, (8)

where h j is phase enthalpy [kJ/kmol] and κ j is thermal conductivity for phase j [kJ/m/day/K] (includ-
ing solid).
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The vector of momentum fluxes is defined as

FFFnc+2 =−σσσ ·nnn, (9)

where the rank-two Cauchy stress tensor σσσ [bar] defines the mechanical response of the porous rocks.
We consider a linear thermoporoelastic material rheology. Under the assumption of infinitesimal strains,
the rheology imposes the following relationship on the stress tensor

σσσ −σσσ0 = C : ∇
s (uuu−uuu0)− (p− p0)BBB+(T −T0)AAA, (10)

where C is the rank-four drained stiffness tensor [bar], ∇suuu= (∇uuu+(∇uuu)T )/2 is the matrix of symmetric
gradients of displacements, AAA is the rank-two rock matrix thermal dilation tensor [bar/K], uuu is a vector
of displacements [m].

Source terms

The source term in mass conservation equations can be present in the following form

Qc =
nk

∑
k=1

vckrk, c = 1, . . . ,nc, (11)

where q j is the phase source/sink term from the well, vck is the stoichiometric coefficient associated with
chemical reaction k for the component c and rk is the rate for the reaction. Similarly, the source term in
the energy balance equation can be written as

Qnc+1 =
nk

∑
k=1

vekrek. (12)

Here vek is the stoichiometric coefficient associated with kinetic reaction k for the energy and rek is the
energy rate for kinetic reaction.

The volumetric (gravitational) forces contributed to the momentum balance read

QQQnc+2 =−

(
(1−φ)γs +φ

np

∑
j

s jγ j

)
∇z, (13)

where γs = ρsg is the specific weight of rock matrix [N/m3], ρs is the density of rock matrix.

Method of solution

The nonlinear Eqs. 1 are discretized using finite volume space discretization with a either two-point or
multi-point flux approximation (MPFA) for flow problem and MPFA-MPSA (’S’ stands for stress) for
geomechanical problem Novikov (2024) and upstream weighting for transport terms. For approximation
in time, a backward Euler approximation yields an implicit approximation for the flux and source terms.
The discretized residual form for a reservoir block i reads as

gc
i =Vi

(
Mc

i (ωi)−Mc
i (ω

n
i )
)
−∆t

(
∑

l
AlFc

l (ω)+ViQc
i (ω)

)
= 0, c = 1, . . . ,nc +1, (14)

where Vi is the volume of i-th grid block.

The fully implicit time approximation requires the flux term to be defined based on the nonlinear un-
knowns at the new timestep (n+1), which introduces nonlinearity to the system of governing equations.
The nonlinear solution is based on the extension of molar formulation Collins et al. (1992) with temper-
ature and displacements uuu used as additional nonlinear variables

ωωω = {p,zzz,T,uuu}. (15)
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Next, the Newton-Raphson approach is used for teh solution of nonlinear governing equations. the
Jacobian and the residual are constructed at each nonlinear iteration and the following linear system of
equations is solved:

∂ggg(ωωωk)

∂ωωωk (ωωωk+1 −ωωω
k) =−ggg(ωωωk). (16)

The conventional nonlinear solution approach involves the evaluation and storage of all properties and
their derivatives with respect to the nonlinear unknowns ωωω . In the open-DARTS, we use the Operator-
Based Linearization (OBL) approach Khait and Voskov (2017) which significantly simplifies the lin-
earization procedure.

In the OBL approach, the Eqs. 14 can be present as a product of the most nonlinear terms only depen-
dent on unknowns ωωω and another, almost linear terms, changing in space (like porosity, permeability,
etc.) The main advantage of the OBL approach is the simplicity of the Jacobian assembly for complex
physical models since it can be represented following a chain rule as a sum of products of linear oper-
ators representing partial derivatives of state-dependent terms and the rest, less nonlinear, terms. The
Jacobian and residual construction can also be adjusted to modern computational architectures which
improves the performance of linearization by almost two orders of magnitude Khait and Voskov (2021).
A unique feature of the approach is an opportunity to integrate any nonlinear relationship as a black box
without any derivative information. More details and validation of the OBL approach can be found in
Wang et al. (2020); Lyu et al. (2021a); Ahusborde et al. (2024).

Governing physics

In target reservoirs for subsurface energy and carbon sequestration applications, highly saline brines are
commonly present, along with a range of dissolved gases. In depleted hydrocarbon reservoirs, the inter-
action between CO2 light to heavier hydrocarbon fractions and impurities introduces complex physical
behavior. Potentially, injected CO2 forms a separate phase and thermal effects related to phase transi-
tions, mixing and adiabatic expansion may become significant. Furthermore, the potential occurrence of
solid phases, such as precipitated salt, gas hydrates or ice, can have pronounced effects on near-wellbore
flow patterns and should be considered in the physical modeling approach.

Thermodynamic modelling

The robustness and accuracy of the compositional simulation are determined by the thermodynamic
modeling routines. Often, instantaneous thermodynamic equilibrium between reservoir fluids in a con-
trol volume is assumed. This implies that at each nonlinear iteration, a solution of thermodynamic equi-
librium is required in each grid block. Compositional simulation based on PT - and PH-formulations
demands thermodynamic modeling procedures for the different state specifications (Gibbs free energy
minimization and entropy maximization, respectively). In addition, kinetic reactions can be modeled by
means of the kinetic operators (11)-(12).

The open-DARTS framework provides large flexibility for implementing thermodynamic modeling pro-
cedures. Taking advantage of the OBL approach, the user is not required to provide derivatives of
thermodynamic and physical properties for assembly of the Jacobian, as they are obtained automati-
cally upon interpolation between supporting points in the OBL grid. Physical properties are defined and
evaluated in a Python class called PropertyContainer, where users can easily adjust methods for ther-
modynamic and physical modeling by overriding the default implementations. Default implementations
exist for the single-component PH-based Geothermal engine and for the more generic Compositional
engine, based on a multicomponent-multiphase PT -formulation.

For the Geothermal engine, Wang (2021) defined a wrapper that employs the open-source industrial
standard IAPWS97 package in Python to compute the properties of water and steam. An ensemble of
benchmark studies and comparisons with the known reservoir simulators, i.e. Automatic Differentiation
General Purpose Research Simulator (AD-GPRS) and TOUGH2 (Battistelli et al., 1997; Croucher and
O’Sullivan, 2008; Wong, 2015) demonstrate that the simulation results from open-DARTS have a good
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match for both low- and high-enthalpy conditions comparing to the ones from other simulators (Wang
et al., 2020).

In parallel to open-DARTS, the development of the DARTS-flash thermodynamic package designed
particularly for energy transition applications, extends the capability for open-DARTS to accurately
simulate multiphase flow and transport in CO2-sequestration and geothermal-related technologies. Sim-
ilar to the open-DARTS architecture, computationally expensive core procedures of DARTS-flash are
written in C++ and exposed to Python using pybind11 for use in open-DARTS. The library provides im-
plementations of a range of thermodynamic models for different phase types: equations of state (EoS)
such as PR (Peng and Robinson, 1976) and SRK (Soave, 1972) EoS, fugacity-activity models for brine
with dissolved gases and ions (Ziabakhsh-Ganji and Kooi, 2012; Jager et al., 2003), and various hydrate
and solid EoS (Van der Waals and Platteeuw, 1958; Ballard and Sloan, Jr., 2002).

In addition, the open-DARTS simulator provides possibilities for CO2-foam-assisted storage processes
modeling. To introduce the capability of CO2-foam-related simulations into the open-DARTS, we first
modify the conservation equations based on the physical models. Considering the capability and com-
plexity of the population-balance (PB) model, an implicit-texture (IT) model is implemented to modify
the gas relative permeability (i.e., changing operators) in the presence of foam (Lyu et al., 2021b,c).

Geomechanical capabilities

The assessment of risks associated with the development of subsurface reservoirs necessitates geome-
chanical modeling. Issues such as caprock integrity, land subsidence, induced seismicity, wellbore
stability, and fault stability may threaten geo-energy utilization. Numerical modeling of the coupled
thermo-hydro-mechanical-compositional (THMC) processes can provide a comprehensive analysis of
these issues, helping to understand and minimize undesirable outcomes.

Open-DARTS employs a fully implicit approach based on the cell-centered collocated numerical scheme
of the Finite Volume Method (FVM) to solve the coupled system of PDEs representing mass, momentum
and energy conservation laws. The employed FVM benefits from the unified treatment of fluid mass,
heat and momentum fluxes on an arbitrary star-shaped cell topology, facilitating THMC modeling at
both core and reservoir scales. The geomechanical formulation includes linear thermo-poroelasticity for
continuum media and frictional non-opening contact for faulted reservoirs. These modeling capabilities
have been validated against several analytical (Novikov et al., 2024) and numerical (Novikov, 2024)
references, some of which are presented below. Additionally, the coupled THMC modeling is enhanced
by an iterative preconditioning strategy which enables detailed geomechanical analysis.

Discretization

The discretization module is a part of the solution process of PDEs described above using the FVM. This
module is responsible for computing cell volumes, centroids and connection list with transmissibilities,
filtering cells, and exporting the data for visualisation. Although this step is typically evaluated only
once, it can be crucial for achieving good performance in highly-resolved models with millions of cells.
Note that in open-DARTS, the mesh is static and currently cannot be changed during the simulation.
Open-DARTS supports a few mesh types: structured grid, Corner Point Geometry (CPG), and unstruc-
tured mesh. Initially, the modules for structured and unstructured meshes were implemented in Python.
To overcome the scalability bound due to slow loop processing in Python, the mesh processing for CPG
and unstructured meshes was implemented in C++ with a Python interface.

Corner Point Geometry

Since a structured grid can be represented by a CPG grid, its separate C++ implementation was un-
necessary. Apart from the structured grid, a CPG grid can have non-neighbor connections in fault and
pinch-out zones while retaining IJK cell indices. Besides, the following capabilities, which are of high
practical use, are supported in open-DARTS: over- and under-burden layers generation, fault transmis-
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sibility multiplier, and setting the volume multiplier at boundaries for grids with active cells mask. Only
two-point flow discretization (TPFA) is supported for this grid type.

Unstructured mesh

Open-DARTS includes modules with both Python and C++ implementations for unstructured mesh pro-
cessing. Both implementations consider the Gmsh format as an input. In addition to TPFA, multi-point
flux approximation (MPFA) for flow models and MPFA-MPSA (’S’ stands for stresses) for geomechan-
ical models are supported for this mesh type, but only in C++ implementation. In this method, the
neighbors of a cell’s neighbors also contribute to the flux computation at the cell’s interfaces.

Discrete fracture modelling

Implementation in open-DARTS

Discrete Fracture Network (DFN) modeling in the open-DARTS is possible due to unstructured meshing
capabilities and an implementation of the Discrete Fracture Model (DFM) method (Karimi-Fard et al.,
2004). In the DFM approach, fractures are modeled as lower-dimensional features within the gridding
domain, represented by lines in 2D and planes in 3D; however, during discretization, each fracture seg-
ment (which is positioned on the edge of a matrix cell) is assigned an aperture and hence becomes a
3-dimensional volume in the computational domain. The advantage is that the same equations can be
solved in the fracture and matrix cells and no coupling between different domains is necessary. In-
termediate fracture-fracture intersections that result in small volumes are resolved using the star-delta
transformation. An example of a DFM model in the open-DARTS can be found in the repository: DFM
model in open-DARTS.

Complex natural fracture networks

Natural fracture networks are prevalent in subsurface applications, such as geothermal energy produc-
tion. These fractured reservoirs often exhibit highly complex structures, which makes modeling flow
and transport both slow and unstable, negatively impacting the simulator’s convergence. As a result,
this complexity limits our ability to perform uncertainty quantification, increasing development costs
and can pose environmental risks. Within the open-DARTS project, a preprocessing module has been
developed that attempts to overcome this limitation (de Hoop et al., 2022). The preprocessing module
generates a fully conformal, uniformly distributed grid for realistic 2D fracture networks with the desired
level of precision. The simplified topology directly enhances meshing outcomes, thereby improving the
accuracy and efficiency of numerical simulations.

Reactive transport in complex fracture networks

Besides applying two-phase geothermal flow to complex fracture networks at different scales, within the
open-DARTS, there also exists the capability of modeling the rock dissolution (i.e., kinetic and equilib-
rium reactions) in complex fracture networks. The open-DARTS considers that changes in porosity (i.e.,
degree of dissolution or precipitation) induce changes in permeability and, therefore, changes in pres-
sure and fluid pathways. The main application in which this was tested and developed was the study of
cave formation de Hoop et al. (2020); de Hoop (2022). Increasing fracture aperture results in localized
dissolution, while decreasing aperture negates the effects of the fractures altogether.

Furthermore, the effect of dispersion on dissolution and flow in fracture networks was investigated. It
was evident that significant effective dispersion nearly eliminates the influence of the fractures. Con-
versely, too little effective dispersion leads to the complete bypass of dissolution within the fracture
network, preventing fluid from penetrating the matrix surrounding the fracture walls and resulting in
no dissolution. Between these extremes, there are two regions: a highly dispersed giant tunnel with
widespread dissolution occurring closer to the source; and very regular dissolution patterns around the
fracture walls resulting in a maze-like structure.
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Adjoint gradients

In history matching and inverse modeling, it is essential to evaluate gradients efficiently; otherwise, the
process becomes exceedingly time-consuming due to the multiple iterations required. To increase the
efficiency of gradient evaluation, the adjoint method is implemented in the open-DARTS framework.
The adjoint method introduces a Lagrange multiplier λ to combine the objective function E with the
governing equation ggg of the forward simulation. As a result, the new augmented objective function Ē
can be expressed as:

Ē (ωωω,uuu,λλλ ) = E(ωωω,uuu)+λλλ
Tggg(ωωω,uuu), (17)

Where ωωω is the state variable and uuu is the control variables. The term λλλ
T refers to the transposed form

of the Lagrange multiplier. Specifically, the objective function of history matching E is defined as (with
the state variable ωωω omitted):

E(uuu) = ||G(uuu)−dobs||22, (18)

where G(uuu) is the model response and dobs is the observation data. In the open-DARTS, we take the
transmissibility of each interface uuu as the control variables. Following Tian and Voskov (2022) and Tian
et al. (2024), the discretized adjoint method can then be written as:

λλλ
T
k+1

∂gggk+1

∂ωωωk
+λλλ

T
k

∂gggk

∂ωωωk
+

∂ jjjk

∂ωωωk
= 000, (19)

λλλ
T
K

∂gggK

∂ωωωK
+

∂ jjjK

∂ωωωK
= 000, (20)

∂ Ē

∂uuu
=

K

∑
k=1

(
λλλ

T
k

∂gggk

∂uuuk
+

∂ jjjk

∂uuuk

)
, (21)

where K is the total number of the simulation time steps, jjjk is the misfit between the model response
and the observation data at the given simulation time step k. Therefore E(ωωω,uuu) can also be defined as
E(ωωω,uuu) = ∑

K
k=1 jjjk. The gradient ∂ Ē

∂uuu can be determined using Eq. (21), where λλλ can be solved from
Eq. (20) and Eq. (19) recursively in a backward manner.

Benchmarks

In this section, we first demonstrate open-DARTS scalability using geothermal model. Next, we present
the results of geomechanical models and their consistency with analytical solutions.

Scalability test with a geothermal model

The geological model (Reinhard, 2019) utilized in the geothermal simulation study was created in the
past using data collected from the existing geothermal wells located in the West Netherlands Basin
(WNB). The model represents a typical fluvial system with 9 major faults. Originally, 90 porosity
realizations were generated based on the facies interpretation with the same geological geometry. The
porosity-permeability correlation from Willems et al. (2020) is applied to derive the permeability field.
These 90 realizations consist of circa 38 million grid cells to properly characterize the heterogeneity
of the reservoir. One reference base realization is chosen to investigate the scalability of open-DARTS
with respect to different numbers of active grid cells. Following Fig. 1 demonstrates the geometry of
the full geological model. Different grid resolutions were used to benchmark the scalability of the open-
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Figure 1: The porosity and faults distribution of the reference base model

DARTS. The grid refinement is carried out by adjusting the number of reservoir layers of the base model
while keeping the thickness constant. At the same time, the horizontal resolution and the structure of the
faults are preserved. The grid has an active cell mask on the boundaries, and the number of active cells
is around half of the total cell number. The cells that correspond to shale facie, the number of which
reaches 50% of the total active cell number in the reservoir part, were kept active in the simulation as
they serve as thermal recharge sources. We assigned a large effective volume to the active cells located
at the lateral boundaries which simulate an aquifer.

The model evaluates the thermal front propagation in geothermal reservoir with six vertical wells during
30 years. The maximal timestep is set to 365.25 days and nonlinear and linear tolerances are set to 1e-2
and 1e-4 correspondingly. The open-DARTS version used is ae5ac63 and was compiled with GCC-13
and default options (-O3). The benchmark was performed on a Linux machine with OS RHEL 8.10 and
CPU AMD EPYC 7742 which had almost its maximal frequency 3.4 GHz during the testing. Thread
pinning to CPU cores using the environment variable GOMP_CPU_AFFINITY was applied. The grid
cells count, simulation time, Newton iteration number (NI) and linear iteration number (LI) for the run
using 16 OpenMP threads are listed in Table 2. The number of layers specified there excludes under
and overburden layers, whereas the number of active cells contains all the layers. Although the CPU
has a larger number of cores, we didn’t run the simulation with more than 16 threads as the parallel
scalability of our simulator is limited by sequential parts of code and also sparse matrix operations are
memory-bound problems as outlined in (Khait et al., 2020). The memory consumption for all grids used
in this model is around 4.2 Kb per cell. Note that for this setup we used the Geothermal physics type,
which has two variables per cell - pressure and enthalpy. The temperature at 30 years for the grid case
with 100 layers is illustrated in Figure 2.

Simulation time with different mesh resolutions using 16 threads (T16) and 1 thread (T1) are shown in
Figure 3, where both runs demonstrate a linear scalability. The speedup achieved (T1/T16) is 3.3-3.5
for all grids used and it is limited by sequential parts: initialization and precondition step ILU(0) in the
linear solver.
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Table 1: Parameter settings for reservoir model

Parameter Value
Grid dimensions 268×259× (20−500)
Average grid cell size, m 50×50× (0.5−5)
Permeability, mD (0.004–1113)
Porosity, - (0.01–0.264)
Sandstone heat capacity, kJ/m3/K 2450
Sandstone heat conductivity, kJ/m/day/K 259.2
Shale heat capacity, kJ/m3/K 2300
Shale heat conductivity, kJ/m/day/K 190.08
Initial temperature, K 350
Initial pressure, bars 200
Injection temperature, K 298.15
Rate (4 doublets), m3/day [4500, 5000, 3200, 2600]

Figure 2: The temperature distribution after 30 years of geothermal energy production in WNB for the
grid case with 100 layers.

Table 2: Scalability test using the geothermal model in WNB, the run using 16 OpenMP threads

Number of layers Active cells, mln. Simulation time, min Time steps NI LI
20 0.78 1.38 37 76 740
50 1.84 3.33 37 80 793

100 3.62 7.20 37 85 890
200 7.17 15.9 37 90 1021
250 8.94 20.6 37 93 1076
500 17.74 46.8 37 105 1252
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Figure 3: Simulation time of geothermal model with different mesh resolution using 1 and 16 threads.
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Table 3: The properties of two layers in the two-layer Terzaghi setup.

Layer h,m E, GPa ν b k, mD φ0 µf, cP βf, 1/bar

1 25 1 0.35 0.9 1 0.15 1 10−10
2 75 5 0.0053 0.01 0.001 0.15

Uniaxial poroelastic consolidation (Terzaghi’s problem)

We further validate the numerical scheme against the analytical solution for the unidimensional consol-
idation problem, also known as Terzaghi’s problem. As the analytical solution in the presence of the
two heterogeneous layers in Terzaghi’s problem remains feasible (Verruijt, 2016), we consider a more
general setup that includes two distinct layers. The poroelastic domain shown in Fig. 4 of vertical extent
h = 100m is comprised by two layers of distinct properties with h1 = 25m, h2 = 75m respectively. The
first layer is adjacent to the right boundary which is subjected to constant normal load F = 10MPa and
constant initial pressure p0 = 0Pa. All other sides of the domain are impermeable to fluid and subjected
to the roller boundary condition (normal displacement and tangential traction are equal to zero). The
domain’s permeabilities KKK = kIII and Biot’s tensors BBB = bIII are defined by their scalar counterparts k and
b, respectively, while the stiffness tensors are determined by Young’s moduli E and Poisson’s ratios
ν . The properties of porous matrix and fluid including initial porosities φ0, fluid viscosity µf and fluid
compressibility βf are listed in Tab. 3.

Figure 4: Two-layer Terzaghi setup.

The comparison of results is presented in Fig. 5. We use a uniform mesh comprised of 40 cells so
that the top left subfigure (Fig. 5a) demonstrates pressure over time evaluated at x = 1.25m and the
bottom left subfigure (Fig. 5c) shows the dynamics of horizontal displacement ux taken at x = 98.75m.
The top and bottom right subfigures (Fig. 5b, Fig. 5d) present pressure and horizontal displacement
profiles over the domain respectively. Numerical results remain in good accordance with the analytical
solution. For the simplicity of the analytical solution, we assume the Skempton’s coefficient is equal in
both layers. As a result, the compression of the poroelastic domain causes an instant pressure build-up,
uniform throughout the whole domain. The thin boundary layer originates at the right side of the domain
subjected to constant initial pressure. Numerically it produces spurious oscillations that disappear over
time. They can be observed in Fig. 5b.

Biaxial poroelastic consolidation (Mandel’s problem)

Consider the same domain as in the previous section with homogeneous properties and different bound-
ary conditions illustrated in Fig. 6. Now roller boundary conditions are applied only to the left and
bottom boundaries of the domain. The right boundary is free of both normal and tangential forces while
a normal load is applied from the top. Note that this load is applied through the stiff bulk in a way
that produces uniform vertical displacement. Therefore, it could be more convenient to specify time-
dependent normal displacement at the top estimated from analytical expressions. No-flow conditions
are specified for all boundaries except for the right one subjected to the Dirichlet condition p0 = 0Pa.
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Figure 5: Comparison of the analytical and numerical solutions for the two-layer Terzaghi’s problem. In
the left column, pressure (a) and displacement (c) at the center of the most left cell are shown over time.
In the right column, pressure (b) and displacement (d) profiles over the whole domain are depicted at
three moments of time.

This setup is the so-called Mandel’s problem which is often used as an example of non-monotonic pres-
sure behavior following undrained loading.

Figure 6: Mandel setup.

A porous homogeneous domain is characterized by Young’s modulus E = 1GPa, Poisson’s ratio ν =
0.25, a diagonal permeability tensor KKK = kIII,k = 1mD, saturated with a single-phase compressible fluid
with compressibility βf = 10−51/bar, viscosity µf = 1cP, and with a Biot modulus M = 10−51/bar and
a diagonal Biot tensor BBB = bIII,b = 0.9.

For the numerical solution, we use 30 × 30 square mesh. Fig. 7 depicts a comparison between the
numerical solution and analytics (Verruijt, 2016). As in the previous section, the top left subfigure
(Fig. 7a) shows the pressure dynamics evaluated at x = 1.66m, the bottom left subfigure (Fig. 7c) shows
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the dynamics of horizontal displacement ux at x = 98.33m, the right top (Fig. 7b) and right bottom
(Fig. 7d) subfigures illustrate the profiles of pressure and vertical displacement correspondingly over
horizontal centerline at three moments of time. The numerical solution matches analytics quite well.
As in the previous example, spurious oscillations arise around the right side of the domain at the very
beginning of the simulation. They can be seen in the top right subfigure (Fig. 7b).

Figure 7: Comparison of the analytical and numerical solutions for Mandel’s problem. In the left col-
umn, pressure (a) and displacement (c) at the center of the most left cell are shown over time. In the right
column, pressure (b) and displacement (d) profiles over the whole domain are depicted at three moments
of time.

Uniaxial thermoporoelastic consolidation

Figure 8: The setup for uniaxial thermoporoelastic consolidation test (Gao and Ghassemi, 2020).

The semi-analytical solution for a coupled problem of fluid mass, energy, and momentum balance in
the uniaxial consolidation test (Bai, 2005) can be employed to benchmark the developed scheme. Thus,
we consider the vertical column of 7 m height subjected to instant vertical loading with F = 1Pa at the
top boundary (Gao and Ghassemi, 2020). The constant pressure p = 0Pa and temperature T = 50 ◦C
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is maintained at the top boundary while the initial pressure and temperature are equal to p0 = 0Pa and
T0 = 0 ◦C, respectively. All other sides of the domain are impermeable to fluid and heat and subjected to
the roller boundary condition. The domain is shown in Fig. 8.

Furthermore, the stiffness tensor is defined by Young’s modulus E = 6kPa and Poisson’s ratio ν = 0.4.
Isotropic permeability KKK = kIII, Biot’s BBB = bIII, thermal dilation AAA = aIII and total heat conduction ΛΛΛ = λIII
tensors are defined by the corresponding scalar values k = 4×10−9 m2, b = 1.0, a = 9×10−7 1/◦C and
λ = 836J/(ms ◦C), respectively. The total volumetric heat capacity is equal to c = 167.2kJ/(m3 ◦C).
Fluid is maintained incompressible with fluid viscosity µ = 1cP.

(a) pressure (b) temperature

(c) vertical displacement

Figure 9: The dynamics of pressure (a), temperature (b) and vertical displacement (c) over time estimated
in three points in space with semi-analytical method and open-DARTS.

Fig. 9 illustrates the comparison of pressure, temperature, and vertical displacement to the analytical
solution. Pressure, temperature, and vertical displacement evaluated at three points in space are plotted
against time. The numerical solution obtained with the proposed scheme (open-DARTS) demonstrates
a good match to the analytical solution (Analytics).

An instant loading causes an instant compression followed by further consolidation due to fluid discharge
as in the uniaxial poroelastic consolidation test. However, heat conduction propagates energy from the
top boundary, which is maintained under high temperature T = 50 ◦C, throughout the whole domain.
Temperature increase causes thermal expansion, competing with consolidation.
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Software project and implementation features

The open-DARTS software project is publicly available in gitlab.com/open-DARTS under Apache 2.0
license and registered in the Research software directory. Users and developers are encouraged to check
both the documentation and the wiki.

Build system and third-parties

The building system of the open-DARTS is implemented in CMake, allowing for compilation in different
systems (Windows, Linux and MacOS tested) supporting different platforms such as Makefiles, Visual
Studio solutions, Ninja, etc. External dependencies are handled as git sub-modules in thirdparty. Among
the benefits of this approach are:

• Easier linking to dependencies in CMake,

• Allows to set the versions of the dependencies safeguarding reproducibility,

• Reduce the size of the repository and the code to maintain,

• From a copyright perspective: git sub-modules makes explicit the use of external dependencies.

Python interface

The most computationally expensive part of the open-DARTS is written in C++ and it is compiled into
libraries, which are then exposed to Python using pybind11. This allows the extension and overriding of
C++ functions by user-defined Python code. For example, one can adjust a time-step strategy, nonlinear
solver, or properties output only using a Python interface. The open-DARTS Python interface allows
to evaluation of dynamic properties for solving PDEs using user-written Python code, which makes it
easier to extend the capabilities. For example, the state-dependent water properties in the open-DARTS
geothermal model are evaluated using a Python package IAPWS97, and the open-DARTS compositional
model can be linked with the open-source Flash calculations library implemented in C++, which has a
Python interface as well. In combination with the dynamic interpolation using OBL, this brings a good
balance between performance and flexibility. Furthermore, various freely available external python mod-
ules are used in the Python part of the open-DARTS code: array operations (numpy), mesh importing
(gmsh), storing the results (vtk, pickle), data processing (pandas, scipy) and many others.

CI/CD

In the open-DARTS project, we exploit the Continuous Integration and Continuous Delivery (CI/CD)
practices to automate the code check, the documentation update and the release publishing processes.
The project repository contains a set of models that covers the most used simulation options with differ-
ent physics, meshes and other features. These models serve as a validation benchmark for the regressions
testing and they are updated continuously in case of the open-DARTS Python API modification. Follow-
ing the merge request practices, with the test model set we ensure the open-DARTS code with changes
introduced stays valid. The open-DARTS binaries for each Python version require compilation and we
keep testing only one Python version to reduce the testing time. The complete set of wheels for all
Python versions supported is compiled only for the releases. When making a release the Python wheels
of the project are generated an published to PyPI. This allows for an installation of open-DARTS via
pip command without having to compile the entire project. Since the open-DARTS is used in education,
where Jupyter Notebooks are widely used, it is also important to check them. We found "nbconvert"
Python module helpful to run Notebooks within a Python script.

Conclusion

In this paper, we described an open source framework for a fully coupled modeling of thermo-hydro-
mechanical-compositional processes in the subsurface. We demonstrate the efficiency of our open-
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DARTS reservoir simulation framework in addressing modern energy transition subsurface applications
with highly nonlinear physics. A generic Python interface makes the framework flexible and extendable
while operator-based linearization guarantees the performance. The advanced thermo-poroelastic for-
mulation allows considering complex applications from the energy transition portfolio. We also present
a powerful pre-processing module to address discrete fractured networks in the THMC simulation. In-
verse modeling capabilities, such as adjoint gradients, complement the open-DARTS framework with
powerful data assimilation capabilities.

The open-DARTS was extensively benchmarked against several analytic models and other research and
commercial simulators. This study provided additional benchmarks with grids up to 20M cells show-
ing linear scalability of computations within a single computational device. OpenMP parallelization
provides additional capabilities for scaling computations using multi-core CPUs to reduce the computa-
tional time. The ongoing work includes proper benchmarking of the GPU version of open-DARTS.
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