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Abstract

We propose an open-source-based workflow which con-
nects Building Information Modelling (BIM) with thermal
Finite Element (FE) — Analysis. We use the open IFC-
standard for data interoperability and leverage open-
source FE software packages for both 2D and 3D thermal
analysis. The Finite Element Method (FEM) represents a
highly flexible state-of-the-art approach for thermal anal-
ysis in construction engineering. With the recent increase
in computing power, even complex 3D FE models can be
analysed within a feasible amount of time. However, the
integration of FE-Analysis into BIM-workflows remains an
active area of research. Especially, a consistent and auto-
mated flow of material and boundary condition infor-
mation is a challenging task to realize. The aim of this
work is to contribute to the advancement of automated
and open-source-based solutions for thermal analysis of
buildings. The proposed workflow has the potential to de-
crease the time needed for evaluation of energy efficient
building designs, especially in early design-phases. Its
open-source nature promotes transparency, reproducibil-
ity, and collaboration in the building industry. The imple-
mentation of the proposed workflow results in a software

prototype, which is tested based on a selected use case.

1. Introduction

Data interoperability is still one of the main issues
in the construction industry today. Many data exist
already in today’s building information models, but
they are in many cases not used for tasks that go be-
yond the pure design of a building or a built struc-
ture. Especially the information about the structure
of the building envelope like wall stratigraphies or

window details with material information are of
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high value for building performance analysis. Often
missing interfaces and tedious manual input of data
— that theoretically already exists in building infor-
mation models — hinder the efficient analysis of
building performances.

The Finite Element Method (FEM) is a numerical
technique widely used in engineering and mathe-
matical modelling to solve complex physical prob-
lems. The FEM is highly suitable for Building En-
ergy Performance Simulation (BEPS), due to its abil-
ity to model complex geometries, provide high spa-
tial resolution with low computational times, and
adapt to specific accuracy requirements.

It could be shown by multiple recent studies that the
integration of FEM into Building Information Mod-
elling (BIM) workflows carries a high potential. Jia
et al. (2022) present an innovative approach to auto-
mate the conversion from BIM to FE models, lever-
aging Industry Foundation Classes (IFC) and ontol-
ogy systems. Their methodology aims to enhance
the efficiency and quality of data conversion and in-
formation transfer, critical aspects in the structural
design phase. Leonardi et al. (2024) demonstrate
how open-BIM can be used to facilitated structural
analysis of historic masonry structures. Fedorik et
al. (2016) explore the integration of BIM and FE
analysis to automate engineering design processes
for buildings and bridges. The integration of BIM
with FEM tools was shown to facilitate the efficient
transfer of data, reducing manual inputs and errors,
and ultimately improving the quality of engineering
designs.

Furthermore, in the field of BEPS the integration of
BIM and the exploitation of BIM data for more effi-
cient simulations is a subject of current research.

Andriamamonjy et al. (2019) conducted a combined
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scientometric and literature review to understand
BIM research trends and its integration with BEPS.
They identified a lack of established strategies for
interoperability between BIM and BEPS, noting the
potential for improvement in building system and
control modelling during the operational phase.
Ahmad Mohammad Ahmad et al. (2022) stress the
importance of a coherent life cycle information flow
within BIM projects for effective energy analysis,
developed through literature review and expert in-
terviews. Li et al. (2020) explore BIM-based energy
simulation for building operations, specifically ad-
dressing interoperability issues between BIM tools
and energy simulation software, proposing a tech-
nical framework for information transfer to support
accurate energy simulations.

Integrating BIM with energy modelling tools, as
shown in the works of Carvalho et al. (2021) and
Pezeshki et al. (2019), provides valuable opportuni-
ties to improve building sustainability and energy
efficiency from the early design stages.

The automation of data conversion and information
transfer processes, as explored by Jia et al. (2022),
represents a critical area for advancement, offering
the potential to significantly enhance the efficiency
and accuracy of both structural analysis and energy
modelling.

Ou et al. (2017) leverage BIM models specifically for
thermal FE Analysis to evaluate the thermal build-
ing performance. The authors demonstrated the
transfer of an IFC model to a commercial FEA soft-
ware and highlight the capabilities of FE models to
accurately represent geometric information from
original IFC model. However, one drawback of their
approach is the limitation to a specific commercial
FE software.

The integration of BIM with FEM and BEPS is a dy-
namic and evolving field, offering significant poten-
tial to advance building design, structural analysis,
and energy efficiency. While challenges remain,
particularly in interoperability and data exchange,
ongoing research and development in this area hold
promise for creating more sustainable, energy-effi-

cient buildings.
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By proposing an automated open source-based
workflow that enables a consistent flow of geomet-
rical and non-geometrical data between BIM and FE
analysis we want to address interoperability issues
and increase automation for BEPS. A high degree of
automation can reduce manual input errors and es-
pecially for large building models it has the ad-
vantage of reducing the amount of tedious manual
input work.

This paper is structured as follows. In the following
Section 2 we introduce our developed workflow
from a methodical point of view. In Section 3 we
demonstrate its application through a selected case-
study. In Section 4 we discuss the performance and
possible drawbacks that were found conducting the
case-study. In Section 5 we draw conclusions and
give a brief outlook for possible directions of further

research.

2. Methodology

The objective of this study is to create an automated
workflow which takes a digital building model as
input and returns results of a thermal FE simulation
as output. These results can then be used to calcu-
late a variety of different metrics to indicate the per-
formance and necessary dimensioning installations
of the corresponding building.

The overall workflow to achieve this is shown in

Fig. 1. It consists of three primary steps:

1. IFC-Processing (Section 2.1)
2.  Geometry discretization (Section 2.2)
3. Thermal FE simulation (Section 2.3)

We implemented all three steps in the Python pro-
gramming language and made use of free and open-

source Python libraries.
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Fig. 1 — Overall workflow with used software, libraries and
file formats

2.1 Processing of IFC Model

The starting point of our workflow is an IFC-file
containing a digital building model. The IFC file for-
mat is an open standard and widely used for ex-
change of construction data. Hence, every common
building design and engineering software like Au-
todesk Revit, Nemetschek Allplan or Graphisoft Ar-
chicad support nowadays the export of models in
IFC format.

We leveraged the capabilities of IfcOpenShell
(Krijnen, 2023) and PythonOCC (Paviot, 2023) li-
braries to develop a Python module for the efficient
processing and manipulation of 3D geometries de-
rived from IFC models. This module encompasses
two primary functions:

Firstly, the function designated for extracting geo-
metrical representations selectively filters and re-
fines 3D objects from the IFC model and extracts

material information. The output is a curated

Python dictionary with 3D geometries, each associ-
ated with specific object and material names.
Objects of type IfcSpace play a special role, as heat
sources will be placed into them at later stages of the
thermal simulation. To identify these elements later,
their names are prefixed with ‘Air_body’ followed
by a sequential number.

Secondly, we implemented a function aimed at ex-
porting the processed geometries into a STEP file
format. The STEP format is extensively recognized
for its compatibility with various Computer-Aided
Design (CAD) and meshing software for FE analy-
sis. All geometries apart from the IfcSpace objects
carry their original name as in the input IFC model.
Due to limitations regarding STEP file importing in
the consequent discretization step (see Section 2.2)
the material information of the geometric objects is
stored in a separate JSON-file and not directly in the
STEP-file itself. The JSON-file contains a mapping
between the geometry names and their material

names.

2.2 Discretization

For the execution of FE simulations, it is imperative
to discretize geometries into finite elements, a pro-
cess commonly referred to as meshing. One com-
monly used free and open-source meshing software
is Gmsh (Geuzaine & Remacle, 2009). Gmsh encom-
passes a comprehensive set of robust meshing algo-
rithms suitable for both 2D and 3D discretization. In
addition, it is equipped with a Python programming
interface, thus enabling access to all functionalities
via Python code. Additionally, Gmsh supports pro-
cessing the STEP file format as an input.

In the context of this study, we have developed a
Python module that harnesses the meshing capabil-
ities of Gmsh. We have also devised an algorithm
that automatically identifies all external boundaries
of the processed geometrical model. The algorithm
iterates through entities of the geometric model,
which are one dimension lower than the model itself
(surfaces in 3D models or lines in 2D models).

For each entity, it examines the adjacent higher-di-
mensional entities. If an entity is adjacent to only
one higher-dimensional entity (e.g., a surface adja-
cent to only one solid in 3D), it is considered part of

an external boundary. This is based on the premise
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that external boundaries will not be shared by mul-
tiple higher-dimensional neighbours.

Gmsh offers several configurable parameters to tai-
lor the meshing process. The parameters of para-
mount importance include the meshing algorithm,
the size of the resulting mesh elements, and the
mesh output file format. For the sake of file format
compatibility with Elmer FEM, the software em-
ployed for thermal FE simulation (refer to Section
2.3), we have opted for the UNV as mesh output file
format. The remaining parameters are designed to
be adaptable, allowing for customization based on
specific use-case scenarios. Detailed discussions on
the parameters selected for the case-study examined
within this study are provided in Section 3.

In this step, our objective is still to maintain the ma-
terial information preserved during the IFC pro-
cessing (see Section 2.1), while also incorporating
details about the external boundaries. The UNV file
format is limited to representing only the geomet-
rical aspects of the stored mesh, lacking the capabil-
ity to include metadata such as materials, object
names, or tags identifying external boundaries. To
overcome this limitation and ensure the retention of
this essential metadata, we once again employ a
JSON file. This file facilitates a linkage between the
3D mesh geometry IDs and their respective materi-
als, in addition to enumerating the IDs of any de-
tected external boundaries. Both the 3D geometry
IDs and the boundary IDs are cross-referenced in
the UNV file.

2.3 Thermal FE Simulation

Leveraging the discretized geometry model and as-
sociated metadata obtained from the preceding
step, we employ Elmer (CSC - IT Center for Science,
2023), an open-source finite element software for
multiphysical problems to solve a steady state heat

equation (1) with at least one internal heat source.

-V (kVT) = ph M

Where T is the temperature, k is the thermal conduc-
tivity, p is the density and h is the heat source. Heat
sources are placed in all 3D objects that carry the
‘Air_body’ tag placed during the IFC processing
step (see Section 2.1). In our workflow, these objects
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are meant to represent the indoor air volume inside
of the building model and should simulate the heat-
ing of a building. Elmer exposes a functionality
called Smart Heater Control that adjusts the intensity
of the prescribed heat source. This adjustment en-
sures that a given target temperature is reached at a
designated point within the heated object. Utilizing
this feature, we aim to regulate the desired indoor
room temperature effectively. The initial value of
the heat source is set to a predetermined default in
our code. However, the target indoor temperature
remains adjustable, allowing the flexibility to ac-
commodate various use-case requirements. We sim-
ulate the indoor air with equation (1) which is a sim-
plification. Instead of applying an indoor heat trans-
fer coefficient, we model the indoor air as a volume
with high thermal conductivity (see Section 3 for the
specific value).

As an external boundary condition, we apply a
boundary condition which simulates the heat trans-
fer between the external boundaries and the sur-
rounding environment of the building model using

a heat transfer coefficient (2).

q=a- (T —Tex) 2)

Where q is the heat flux, @ denotes the heat transfer
coefficient (combined convective and radiative) and
Teyxt refers to the external temperature.

Due to the fact that Elmer does not provide a built-
in Python interface, we made use of the library py-
elmer (Wintzer et al., 2023) which enables the setup
of the Elmer simulation through Python code. Elmer
processes UNV files and converts them into mesh
files readable by the Elmer solver. With pyelmer we
were able to assign the boundary condition to all de-
tected external boundaries from Section 2.2. The ma-
terial parameters for the different geometries are
queried from a YAML file that contains the density
and thermal conductivity of a predefined set of ma-
terials. This material database can be easily ex-
tended by inserting the desired material infor-
mation into the YML-file.

When the materials and boundary conditions are
set, the Elmer solver is triggered. The output of the
solver is a VTU file that contains a calculated tem-
perature for every mesh point. Furthermore, the

Elmer solver also returns the tuned heating power
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of the heat sources. These results can be used to
identify thermal bridges, to calculate heat and cool-
ing loads and seasonal heating or cooling demands.
For visualization and postprocessing purposes tools
like ParaView (Ahrens et al., 2005) can be used.

2.4 Two-Dimensional Case

In addition to the 3D case, we implemented the pos-
sibility to run a 2D thermal simulation on a horizon-
tal cross-section of the digital building model. For
this we added a function to the IFC processing mod-
ule that takes a given height as input parameter and
creates a horizontal cross-section of processed ge-
ometries at this height. The rest of the algorithm
then works analogously to the 3D case following the

workflow described in Sections 2.1 to 2.3.

3. Application and Case Study

To test the developed workflow, we modelled a sim-
ple 3D building which serves for demonstration
purposes in this study. The model was created with
Autodesk Revit (Autodesk, 2022) and exported in
IFC-format (see Fig. 2). It is a two-storey residential
building with two separated apartments (one per
storey). The outer walls consist of 30 cm of sand-
lime bricks, followed by 12 cm of external insulation
(EPS), and a 1-cm thick layer of plaster on both the
interior and exterior surfaces. All external horizon-
tal structural elements like slabs and roof consist of
20 cm reinforce concrete, 10 cm of external insula-
tion (EPS) and in case of the roof also of a 1-cm thick
exterior finishing layer. There are six one-winged
wooden windows and two double-winged wooden
terrace doors. Both windows and terrace doors are
modelled with simple rectangular wooden frames.
The glass is modelled as a 5 cm thick monolithic
block with equivalent thermal conductivity to sim-
plify the modelling of a triple-paned window and
avoid the modelling of the gas layers. For simplicity
reasons internal walls and rooms were not mod-
elled. The model contains two elements of type
IfcSpace (one per storey) which represent the air vol-
umes inside ground floor and first floor storey re-

spectively.

Fig. 2 — Digital building model in IFC file format

We use this model as input for our automated work-
flow. In the first step the trees, the hand railing and
the external stairs are filtered out then the STEP file
with the remaining processed geometries is gener-
ated.

As meshing algorithm, we conducted the Delaunay
algorithm (Gmsh Developers, 2024) which gener-
ates a mesh of linear tetrahedral elements. The tar-
get mesh size was set to 5 cm. Fig. 3 shows the result
of the meshing process: the discretized model with
all meshed geometries. The mesh consists of nearly
3 million elements with a total of approximately
510 000 nodes.

Fig. 3 — Discretized model with meshed geometries in UNV file
format

For the Elmer FE simulation we set the external tem-
perature T,y to 277.15 K (4 °C). We applied a uni-
form value of 25 W/(m? K) for the heat transfer coef-
ficient @, which represents linearised radiative and
convective heat transfers. The internal temperature
at the control point of Elmer’s Smart Heater was set
to 293.15K (20 °C). The thermal conductivity k of
the most relevant materials that appear in the model
are listed in Table 1.

In Fig. 4 we show a visualization of the obtained re-
sults after the simulation finished. The figure shows

a screenshot from the visualization tool ParaView
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with the temperature distribution of the simulated
model. Through this, a first plausibility control of
the results can be done. The temperature on the sur-
face of the building model is almost constant in all
points. Only the window frames have a slightly
higher temperature compared to the rest of the sur-
face. We chose a well-insulated building as use case
because this is how new buildings today are de-
signed and planned. However, another interesting
use case would be an existing historic building with
poor thermal insulation characteristics and exten-
sive thermal bridges.

A more detailed view is shown in Fig. 5. Here a
cross-section of a window in the upper storey of the
model is depicted. The temperature distribution in-
side the insulated wall and the connection to the
window can be observed. The concrete roof slab has
a significantly higher thermal conductivity than the
sand-lime brick wall, which can also be observed in
the figure.

The total heat source power was calculated to
3850 W and the computing time of the whole work-
flow was 408 seconds (6.8 minutes). In Table 2 the
induvial computing times for every workflow step
can be found. It was run on a machine with an Intel
Core i7-1165G7 (2.80 GHz) processor.

Table 1 — Primary materials and their thermal conductivity

Material Thermal conductivity
(W/(m K))

Sand-lime-brick 0.560

Reinforced concrete 2.300

EPS 0.035

Plaster 0.500

Window wooden 0.130

frame

Window glass 0.033

(modelled as mono-

lithic block)

Air volumes 1000

(ground and first

floor)
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Fig. 4 — Visualized simulation results (temperature distribution on
building envelope) in VTU file format

Fig. 5 — Cross-section view of window, wall and roof from the up-
per storey of the building model, temperature contour lines
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Table 2 — Computing times of individual steps

Workflow step Computing time (s)
IFC Processing 3.89
Discretization 102.44
Thermal FEM simulation 301.93
Total 408.27

4. Discussion

Because we expose relevant parameters both for
meshing and FE simulation, the workflow is highly
adaptable and can be used for a wide range of dif-
ferent use-cases. However, a drawback that we
found was that the solid air volume inside the build-
ing, represented by IfcSpace elements, must be mod-
elled quite accurately in order to avoid gaps be-
tween the internal air volume and the building
structure. This can be a tedious modelling task es-
pecially when dealing with complex window geom-
etries or other openings. Another possible approach
here would be to use the same procedure as for the
external boundaries and apply a boundary condi-
tion with heat transfer coefficient also to the internal
boundaries with an internal temperature instead of
using the air volume with a heat source. In this case
it would be more complex to detect all boundaries
automatically. It might be necessary then to have
some sort of user selection to distinguish the inter-
nal and external boundaries and to apply the de-
sired temperature.

In terms of computation time, our implementation
has still potential for optimizations. The meshing al-
gorithm can be fine-tuned to have adaptive mesh
sizes depending on the complexity of geometries.
The FE simulations is now running in a single pro-
cess, but Elmer also supports multiprocessing, so
there is potential for parallelising the simulation
and to reduce the computation time significantly, al-
ways depending the machine the simulation is run-

ning on.

5. Conclusions and Outlook

We developed and implemented an automated
open source-based workflow to efficiently interface
BIM with FE thermal simulations. The correspond-
ing simulation results can be used to evaluate the
building energy performance. The key features of
our workflow are the consistent data flow of geom-
etry and material information and high degree of
automation, in specific the automatic assignment of
boundary conditions.

With the conducted case-study we were able to
demonstrate that our workflow produces plausible
results within a short computing time and little need
of manual configuration. Furthermore, we offer a
high degree of flexibility since the relevant parame-
ters can be configured based on the needs of specific
use-cases. Due to its open-source nature the work-
flow and algorithms are easily reproduceable and
extendable.

The proposed workflow has the potential to be inte-
grated in digital twins in order to run simulations
based on real-time sensor-data and assist prediction
models. In future work the encountered drawback
of missing flexibility in terms of the assignment of
different boundary conditions for different areas of
the digital model must be addressed. The optimiza-
tion of meshing and parallel processing could also
be subjects. An additional possibility for further en-
hancements could be to leverage thermal properties
or any other properties related to materials that are
already integrated in the digital building model in-
stead of retrieving them from a separated material
database. Furthermore, the workflows’ evaluation
and testing on a broader range of different use cases
(e.g. existing historic buildings) should be included
in future works. In terms of simulation capabilities,
the integration of time-dependent dynamic simula-

tions including solar radiation would be a valuable

enhancement.

Nomenclature

Symbols
T Temperature (K)
k Thermal conductivity (W/(m K))
o Density (kg/m?)
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h Heat source (W/kg)

\Y Nabla operator (-)

q Heat flux (W/m?)

a Heat transfer coefficient (W/(m2K))

Text External temperature (K)
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