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ABSTRACT

In geothermal energy development, decision-making
relies on complex analyses to evaluate the feasibility,
efficiency, and sustainability of potential projects.
These analyses integrate geological, technological,
economic, and environmental factors to ensure data
informed outcomes.

A key element is the use of structural geological
models, which provide detailed representations of
subsurface formations. These models subsequently
support reservoir process simulations that are essential
for predicting the performance of geothermal systems.
However, the workflows to create structural models
and perform process simulations are often tailored to
specific  scenarios, requiring extensive  expert
knowledge, multiple software tools, technical skill and
frequent manual adjustments. While this is a
consequence of the inherent complexity of geological
formations and the variability of subsurface processes,
it often limits reusability, comparability, reliability, and
reproducibility of such workflows.

To overcome these limitations, we develop a
workbench for digital geosystems. This workbench
integrates three core components of the described
workflows: structural geological modeling, numerical
process simulation, and visualization, along with all
connecting interfaces. A visual scripting environment
built on a domain-specific language provides intuitive
access for users with limited technical expertise, while
a flexible, modular structure ensures experienced users
can access and modify the underlying code.
Components of the workbench include a variety of
different solutions for each part of a workflow that are
completely interchangeable.

6 GEOTHERMIE

We evaluate our workbench using a simple structural
model, exploring different interpolation methods and
generating watertight structured and unstructured
meshes. A thermal conduction model is developed and
its results are visualized to test the full workflow.

1. INTRODUCTION

Creating geoscientific models is a complex process. To
adequately address specific scenarios, modelers often
need to develop workflows that encompass a diverse
range of scientific fields. This requires the
collaboration of experts from various domains, as well
as the integration of multiple software solutions and the
necessary skill sets to construct intricate workflows.
These workflows typically involve numerous model-
specific choices, manual adaptations, and software-
specific formats. While this complexity is inherent in
geoscientific modeling, it also leads to several
challenges in the modeling process (Wellmann &
Caumon, 2018):

1. Reproducibility: The amount of manual adjustments
required throughout these workflows can significantly
hinder reproducibility across different studies.

2. Comparability: Due to time and financial constraints,
it is often challenging to compare multiple methods for
a single model, limiting the evaluation of alternative
approaches.

3. Reusability: Workflows designed for specific
scenarios that include manual adjustments are
challenging to reuse for new situations; often only
portions of the workflow can be repurposed.

4. Software: Users may be accustomed to certain
software tools due to either their skill level or the access
provided by their institution, which can restrict
exploration of alternative methodologies.
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5. Programming Skills: Depending on the complexity
of the workflow and the software solutions employed,
basic or even advanced programming skills may be
required.

In this study we address the aforementioned challenges
by developing a workbench - rather than a singular
software solution - that integrates a set of
interchangeable components for each step of the
workflow. This setup is grounded in a Component and
Connector (C&C) architecture along with domain-
specific languages (DSLs) (Ringert et al., 2014).

Our workbench is based on a typical geoscientific
modeling workflow that begins with the creation of a
structural geological model based on a set of input data.
The resulting model is then translated into watertight
volumetric meshes, which provide the computational
basis for subsequent process simulations

The resulting workbench establishes fixed interface
formats, meaning a predefined structure for data
exchange between software components, ensuring
compatibility and consistency in communication, for
each stage of the workflow. A variety of components
perform essential modeling steps; multiple options are
available for each step and can be utilized
interchangeably. This flexibility allows users to easily
compare different methods and develop workflows
based on various approaches to evaluate results without
requiring extensive knowledge of all methodologies or
advanced programming skills. It further improves
reusability and reproducibility of created models, as
necessary tools are available from within the
workbench.

In the following sections, we present an initial
prototype of the workbench, describe the workflow
components and their defined interface formats, and
showecase results from a simplified synthetic model.

2. STATE OF THE ART

Domain-specific languages (DSLs) have been
successfully applied in various fields. Examples in
academic settings are the application of DSLs for
specifying Internet of Things (loT) systems (Kirchhof
et al.,, 2022) and in robotics (Adam et al., 2017). In
industry, DSLs are employed in software development,
including cloud resource management and hardware
design (VHDL). DSLs are typically created using
language workbenches (Erdweg et al., 2013) such as
JetBrains MPS (Pech et al., 2013), Eclipse Xtext
(Efftinge & Vdlter, 2006), or MontiCore (H6lldobler et
al., 2021). These workbenches facilitate the creation of
tools for reading and processing models based on
language definitions.

In geosciences, DSLs have primarily been utilized in
high-performance computing (HPC) for rapid
adaptation to new hardware infrastructures. Generic
DSLs like Kokkos (Carter Edwards et al., 2014) and
RAJA (Beckingsale et al., 2019), as well as
geoscientific DSLs such as GridTools (Afanasyev et
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al., 2021) and CLAW DSL (Clement et al., 2018), are
examples.

Component & Connector (C&C) architectures serve as
an abstraction for modeling the runtime structure of
software systems (Medvidovic & Taylor, 2000). They
are commonly applied in domains such as
microservices (Soylemezet al., 2024) and cyber-
physical systems (Lee, 2008). The structure of software
systems based on C&C architectures is often specified
using a specialized form of DSL, known as an
architecture description language (Vestal, 1993).

In recent decades, various algorithms for geological
modeling have been developed (Wellmann & Caumon,
2018). Recent progress in implicit methods has allowed
a high degree of automation in the modeling of complex
3D structures. On one hand, there are commercial tools
that often include internal extensions for geothermal
process simulations and may feature Application
Programming Interfaces (APIs) to facilitate limited
integration as components within workflows. On the
other hand, open-source alternatives such as GemPy
(de la Varga et al., 2019) and LoopStructural (Grose et
al., 2021) offer similar modeling approaches while
providing full access to all functionalities, making them
suitable to be seamlessly integrated into automated
workflows.

A variety of algorithms and software tools have been
developed to generate high-quality meshes from
structural geological models characterized by irregular
and heterogeneous structures. Widely used meshing
tools in geosciences include Gmsh, TetGen, and
CUBIT (Blacker et al., 1994; Geuzaine & Remacle,
2009; Si, 2007). Despite recent progresses, automated
mesh generation from geological models remains
challenging. Traditional methods for meshing complex
geological structures require substantial manual effort,
being only partially automatable. Currently, no fully
automated method exists to generate meshes based on
input from implicit geological models. One of the major
obstacles in generating watertight meshes stems from
gaps and overlapping surfaces, as usually introduced by
Marching Cubes algorithm. As a result, integrating
geological modeling software with simulation
environments is typically done manually or through
custom-written wrappers (Blessent et al., 2009;
Niederau et al., 2022; Wellmann et al., 2012).

3. METHODS

3.1 Combined workflow and interface formats

The primary challenge in establishing the workbench
stems from the definition of interface formats. We
delineate these formats by specifying some mandatory
information alongside optional information. Data is
organized within object classes in various formats.
Mandatory information is essential for each component
available for a specific modeling step, while optional
information may either be required or utilized by
certain components. The provided framework can
easily be expanded and adapted in the future to
integrate new components and evolving requirements.



This adaptability not only supports current needs but
also promotes long-term sustainability by allowing for
future enhancements and modifications.

It is important to note that not all components require
the same data, nor can all components accommodate
every scenario. The workbench is designed to provide
feedback that informs users about which components
are compatible based on the provided input data.

3.2 Software architecture

Workflows are designed using a C&C architecture
(Medvidovic & Taylor, 2000). In this framework,
components perform computations, with their
interfaces consisting of input ports and output ports
(/O ports). Data is exchanged through connectors that
link these ports. C&C architectures effectively describe
the overarching structure of software systems and
enable the construction of modular, reusable workflows
by combining various components.

Since only the interface of a component is required for
modeling workflows, the underlying implementation
remains independent of the workflow itself. While it is
feasible to substitute one component implementation
for another, different components in this setting require
distinct tuning input parameters; consequently, the
interfaces for similar components in the workbench
may differ.

The ports—and thus the connectors—are typed to
primitive data types, such as numbers or the interface
formats described in Section 3.1. This type safety
ensures that modelers can design correct workflows.
The ability to define workflows is further enhanced by
a DSL. The architecture of this project provides both a
textual (H"olldobler et al., 2021) and a visual
representation (Harel, 1988). DSLs allow workflows to
be defined, archived, and discussed independently of a
general  purpose  language and  component
implementation.

In contrast to traditional C&C visualizations, the
connectors in this project display their values as object
components. This feature eases the export and
inspection—such as visualization—of their values. By
employing a C&C architecture, computation across
components can be executed within a distributed
infrastructure, facilitating pre-computation and caching
capabilities.

3.1 Structural geological modeling components

The first interface format defined in the workbench
pertains to the input data required for creating a
structural  geological model. The mandatory
information includes the name of the model, its extent,
and a resolution for a regular grid. Additionally, surface
points that delineate the bottom surfaces of structural
elements (e.g., rock units) are required, along with an
ordering and grouping of these elements. Optional
information encompasses the orientation of surfaces
and details regarding faults and fault relationships.
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Although the interpolation methods for these
components may vary, the general structure remains
consistent: Elements that are grouped together
represent concordant units and are interpolated using a
single implicit scalar field, resulting in semiparallel
behavior. The order of groups defines their interactions;
younger groups erode older ones, thereby creating
unconformities.

The current iteration of the workbench includes four
distinct components for interpolating structural
geological models. All these components feature
implicit interpolators and implementations based on
available open-source software.

We have incorporated two basic interpolators that are
not specifically tailored to structural geological
modeling: Radial Basis Function (RBF) implemented
in SciPY (Virtanen et al., 2020) and Ordinary Kriging
(OK) implemented in PyKrige (Murphy et al., 2024).
At this stage, these interpolators cannot accommodate
models that include faults and do not account for
orientation data. The other two available components
for this step are Universal Co-Kriging (Calcagno et al.,
2008; Lajaunie et al., 1997) and an implicit neural
network approach. Universal Cokriging is a kriging
method that integrates orientation data and allows for
fault inclusion by applying a drift function. The
implementation featured in the workbench is based on
GemPy (de la Varga et al., 2019). Additionally, we
include an approach to creating structural models using
implicit neural networks implemented in GeolNR
(Hillier et al., 2023), which does integrate orientation
data.

It is important to note that all these methods involve a
set of additional parameters—such as variogram
specifications—that can be optimized for specific
scenarios and passed when selecting a component. We
also want to emphasize that interpolators with different
requirements and capabilities were chosen on purpose
to showcase and take advantage of the modularity
offered by the framework.

The output of the structural geological model—and
thus the second interface format—includes a lithology
block, which assigns a rock ID to each location within
the regular grid, as well as surface meshes that define
spatial boundaries between elements. Optionally, the
resulting underlying scalar fields and gradients can be
stored for use in subsequent workflow steps.

3.1 Meshing components

So far, we have developed two components for
generating explicit structured and unstructured meshes
based on the results of the structural geological model.
A structured mesh is created by first generating a
regular rectangular grid from the coordinates of the
surface boundary meshes from the previous workflow
step. We use RBF interpolation to generate grid points
which are uniformly distributed across all layers to
ensure consistent spacing throughout the model. Next,
hexahedral grids are created by connecting grid points

3



von Harten et al.

between layers and physical properties of each layer are
assigned by associating a unique layer id to each
element. In our structured meshing method, the number
of grids per layer is user-defined. Since this method
maintains a constant grid count per layer across the
entire domain, it may result in very small/overlapping
grids in areas where layers are closely spaced. To
prevent this, we set a minimum grid size threshold in
the z-direction — which can be optimized by the user -
and iteratively adjust grid points upward when
necessary. Since modifying one grid point affects
neighboring grid sizes, this process is repeated until all
grids meet the threshold. Due to its assumption of
uniform grid points across layers, this method is most
suitable for models with predominantly horizontal and
not overlapping geological layers.

The second meshing component included in the
workbench is an unstructured meshing approach. Here,
grids are created from point clouds obtained from the
structural geological model, without requiring uniform
grid points across layers. These grids are imported into
Gmsh, which is an open-source three-dimensional
finite element mesh generator (Geuzaine & Remacle,
2009), where B-spline surfaces are generated. We then
compute all intersections among the input surfaces to
constrain the final model volume. Physical properties
are assigned to each sub-volume according to its
corresponding geological layer, and tetrahedral
elements are generated with user-defined mesh sizes.
While this method allows for more complex geological
structures, it requires rectangular grids to construct B-
spline surfaces, making it less suitable for models with
convoluted geological manifolds.

The resulting meshes are stored as elements and nodes
and optionally in a Pyvista Multiblock for visualization
(Sullivan & Kaszynski, 2019). The interface also
supports exporting the generated meshes in multiple
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formats, including Exodus, VTK, and VTM, ensuring
compatibility with various simulation tools.

3.1 Process simulation components

The process simulation component targeted in this
study is provided by the multiphysics open source
simulator GOLEM (Cacace & Jacquey, 2017).
GOLEM s an object-oriented, scalable, and implicit
finite element simulator based on the MOOSE
framework (Giudicelli et al., 2024) tailored to simulate
thermo-hydromechanical-chemical (THMC) processes
in fractured and porous rocks. A feature of interest for
the targeted applications is its geometric agnosticism,
which enables to model faults/fractures and geothermal
wells as lower dimensional discontinuous frictional
elements embedded in a 3D porous reservoir.
Interfacing GOLEM to the meshing component relies
on the export functionalities of the final mesh into an
exodus (netcdf) format.

4. RESULTS

. We test our workbench by performing the steps of the
presented workflow on a synthetic model with basic
geological features that are characteristic for many
geological modeling applications. The chosen
workflow created with the graphical view of the DSL is
shown in Figure 1.

The model covers an area from 0 to 2000 arbitrary units
in the x-direction, from 0 to 1000 units in the y-
direction, and from 0 to 1000 units in the z-direction.
Although it is technically three-dimensional, its
consistent behavior in the y-direction leads to a
simplified 2.5D behavior.

The input data object includes information about the
locations of surface points for several structural
elements as shown in Figure 2A. We specify a desired
resolution for a regular grid used for discretization of

Figure 1: Screenshot of a workflow created in the prototype of the graphical DSL. Components are color coded
based on their step in the workflow: Light green: Interface object for input data, Orange: Structural geological
modeling, Dark green: Meshing, Red: Process simulation). Note how the workflow at the top can seamlessly be
replaced by the bottom workflow by moving the connections.

4



the structural geological model space. Furthermore, we
define the relationships among existing structural
elements—from younger to older and group them into
structural groups to ensure semi-parallel alignment
using a mapping object. It is important to note that this
mapping is based on our subjective interpretation of the
input data. For this model we group the two deep
elements rock 1 and rock 2 together, while the
overlying elements rock 4 and rock 3 form a group that
erodes the underlying elements.

In the next step we create a structural geological model
based on the input data using one of our available
modeling algorithms. In this example the Ordinary
Kriging interpolator is used. Note, however, that
because the model does not include faults and
orientations are optional, all four existing interpolation
components for structural modeling are viable and
produce similar results, as this synthetic model is well-
constrained. The resulting boundaries can be seen in
Figure 2B.

Next, we generate both structured and unstructured
meshes based on results of the structural geological
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model (Unstructured mesh shown in Figure 2C). To
fully evaluate performance of our workbench, we then
develop simple thermal conduction simulations for
both mesh types. The structural model consists of five
distinct layers, each with different thermal
conductivities. The thermal boundary conditions are set
to Dirichlet boundary conditions such that the
temperature at the top boundary is 10 °C, and the
temperature at the base boundary is 40 °C.

The initial temperature field within the model following
a standard geothermal gradient is governed by the
equation;

T(z) = —0.03(z — 1000) + Tp [1]

where Tp is the temperature at the top boundary and z
is the depth. The resulting temperature field for
simulation with the unstructured mesh is shown in
Figure 2D). Note that simulation results for both mesh
types reveal that the resulting temperature profiles are
nearly identical, indicating the robustness and
convergence of our meshing methods.
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Figure 2: Results for the full workflow presented in Figure 1. A) Input data: Surface points for multiple rock
elements. B) Structural geological model, represented by surface meshes, created using Ordinary Kriging
component. C) Unstructured volumetric mesh automatically created from the structural model. D) Temperature

field results from a simple thermal conduction simulation.

5. DISCUSSION

The framework and workbench developed within this
project presents an innovative approach to streamline
geoscientific workflows, addressing several inherent

challenges faced by modelers when creating workflows
for complex geoscientifc scenarios. While numerous
solutions exist for specific steps within these
workflows, they often present significant obstacles due
to their disparate interfaces. This variability

5



von Harten et al.

complicates comparisons between tools and hinders
benchmarking efforts. Consequently, practitioners
frequently resort to using familiar solutions available at
their institutions, which can lead to inconsistencies,
limitations in the overall workflow efficiency and
evolution of institutional ”islands”.

Many existing solutions also necessitate advanced
programming skills, particularly when users seek to
integrate multiple tools into a comprehensive work-
flow. This requirement can deter domain experts who
possess limited technical expertise but have valuable
insights into geological processes.

Moreover, once established, workflows tend to be
highly specific to individual scenarios, rendering them
difficult to reuse across different projects or studies.
This lack of reusability underscores the need for a more
flexible and modular approach that can accommodate
varying geological contexts.

It is important to note that the workbench presented
here is currently a prototype with several limitations. At
this stage, it can only handle simplified structural
models; for instance, not all interpolators are capable of
managing faults, and many require parameter
optimization tailored to specific models (e.g.,
variogram adjustments for Ordinary Kriging).
Additionally, automated meshing capabilities are
restricted solely to these simplified models at present.
The generation of watertight meshes from more
complex structural models - necessary for effective
process simulation - is a well-known bottleneck. By
leveraging gradient information from scalar fields, we
aim to enhance this aspect of workflow development.
The integration of proprietary software solutions also
poses challenges that must be addressed as we advance
the development of this framework.

Despite these constraints, we believe that our
workbench serves as an essential prototype for creating
a unifying framework aimed at enhancing accessibility
of geoscientific tools. By moving away from isolated
solutions developed by specific institutions—often
used solely within those settings—we aspire to
facilitate easier comparisons among methodologies and
promote broader collaboration within the research
community.

We recognize that achieving these ambitious goals is no
small task; however, we are committed to laying the
groundwork for a system where new components can
be seamlessly integrated as long as they adhere to
defined interface formats. Furthermore, by offering
both textual and graphical DSLs, we aim to increase
accessibility for domain experts who may have little or
no programming experience.

5. CONCLUSION

In this work, we have presented the development of a
workbench for digital geosystems that addresses the
complexities inherent in geoscientific modeling workflows.
By employing a C&C architecture with DSLs and defining
clear interface formats, our approach enhances modularity,
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reusability, and accessibility. Future developments will focus
on expanding component capabilities for more complex
models, adding new components for the varying workflow
steps and improving the workbench framework.
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