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a b s t r a c t
Based on 2050 Swiss and European Union targets, signiﬁcant energy performance improvements will be
required for new and renovated buildings. However, the construction industry has a poor record for delivering productivity and eﬃciency advancement. As proven in other industries, digital methods can shorten
product development time and cost by reducing prototyping with the use of numerical simulation. Further, a digital twin is an extensive computational model of a product that is planned to improve over its
lifecycle by leveraging operational data. This paper presents a coupled simulation for the thermal design
of a heating and cooling system that is integrated with a lightweight roof structure. The concrete roof
structure is shape optimised to provide a low embodied energy building element, which is thermally activated to supply space conditioning from a renewable geothermal source. This work is focused on the
modelling methodology used by the energy domain to support the development of a digital twin for a
multifunctional building element. High-resolution analysis is used to resolve building physics issues and
to provide the initial system performance. A parametric geometry model is used to apply the hydronic
pipework to a complex roof shape. With input from the previous two steps, a reduced resolution method
is used to add the characteristics of the system to an industry standard whole building simulation model.
This ﬁnal step allows for the development of initial control strategies for the novel multifunctional element. The implications of the research ﬁndings are discussed in the context of possible alternations to
the building design process due to the inﬂuence of digital fabrication.
© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Traditionally, building engineers have largely relied on a sequential approach based on design tables and guidelines. While
this approach can be effective, it can also lead to buildings that
are overdesigned due to an accumulation of safety factors [1]. Sustainable development has become a prominent societal goal due to
concerns by environmental scientists on the shortage of natural resources and the effects that our existence is having on the global
environment [2,3]. These concerns have been translated into the
2050 Swiss and European Union energy targets [4], which will require signiﬁcant energy eﬃciency improvements for new and renovated buildings.
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One method of incorporating sustainable development is to use
digital design and to encouraging interdisciplinary outcomes [5].
Since the early1990’s, this factor has seen an increase in research
in the AEC (Architecture, Engineering and Construction) industry
with major improvements in terms of 3D visualisation [6], drawing
systems [7], project management [8] and engineering design tools
[9,10]. The emergence of digital fabrication has further strengthened the call on the construction industry to utilise digital methods for productivity and eﬃciency improvements [11]. Barriers to
digitisation in AEC are well deﬁned, software cost and expert user
time are examples. This work examines the use of application
scripting and analysis process automation to demonstrate a viable
use of digital methods for the development of a multifunctional
building element [12].
Increasing digitalisation at each phase of the construction process has the potential to improve productivity and lifecycle energy
performance [11]. Advanced structural design offers a promising
pathway to low embodied energy buildings [13]. However within

https://doi.org/10.1016/j.enbuild.2019.07.015
0378-7788/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

2

G.P. Lydon, S. Caranovic and I. Hischier et al. / Energy & Buildings 202 (2019) 109298

the energy domain, new structural elements require novel methods
for dealing with complex geometry, building physics and operational energy performance issues. If these issues are not adequately
resolved, the overall product development process can stall. Therefore, the approach is to provide high-resolution numerical energy
analysis to support key areas of the product development. This aids
the design of products with non-typical composition or geometry.
The overall aim is to build a simulation work-ﬂow for the product development, which can be reﬁned and automated during the
manufacturing phase.
In previous work, we presented a CFD (computational ﬂuid dynamics) methodology for the modelling of a lightweight thermally
activated building system (TABS) that included a technique for
dealing with the complex geometrical and structural constraints
[14]. We supplemented the systems model with a CFD comfort
model of the associated conditioned room [15]. Further, we detailed the energy analysis of a building at the design phase on a
building-scale and a district-scale [12].
The contribution of this work relates to the development of
thermal systems for lightweight structures. As the operational behaviour of lightweight TABS can differ from traditional heavyweight TABS, the work is focused on simulation methods for the
design phase and the operation phase of a building project. Highresolution analysis is used to resolve building physics issues and
to provide the initial system performance. A parametric geometry
model is used to apply the hydronic pipework to a complex roof
shape. With input from the previous two steps, a reduced resolution method is used to add the characteristics of the system to
an industry standard whole building simulation model. This ﬁnal
step allows for the development of initial control strategies for the
novel multifunctional element. The solution is formulated based on
a digital twin approach with the aim to utilise operational sensor data later in the product lifecycle. The digital twin concept
extends a simulation-based systems concept by using the design
phase models to support the operation phase with a link to operational data [16].
System integration of sensor and meter data points to the corresponding simulated data is a signiﬁcant task for the digital twin
approach. In addition, the management of simulated and experimental data must be carefully structured to ensure that the active
digital twin can be leveraged to eﬃciently improve future product
versions. For this implementation, it was decided that the speciﬁcation of the simulation methodology would inform the preparation of the system integration planning. Therefore, as the instru-

mentation side speciﬁcation and testing requires a different skill
set, this work will be presented in a future publication.
The paper is organised as follows: to emphasise the contribution of the research, review and background information of
relevant topics is outlined in Section 2. Section 3 discusses the
methodology for numerical simulation of the multifunctional element. It provides an overview of the modelling speciﬁcation for
the digital twin approach. Sections 4 to 6 outline the results of
each simulation component. The value of the methods are highlighted through examples of results, descriptions of the user workﬂow or the summary of planned or completed experimental validation. Section 7 provides a discussion on the implications of the
research outcomes and an outline of future work. Finally, the main
conclusions are outlined in Section 8.
2. Background and review
2.1. Structural design
The Block Research Group (BRG) developed the lightweight thin
shell roof, which is based on a lightweight cable-net and fabric formwork system. A numerical method [17] predicts the formwork structural conditions before concrete placement, relative to
the ﬁnal shell shape. This provides a high level of control during the design and construction phases. The structural computational process involves form generation, structural analysis and a
multi-criteria shape optimisation. The improvement in structural
performance reduces the overall volume of concrete compared to
a typical concrete roof section. The shell roof is cast by a reusable
and lightweight cable-net and fabric formwork system, which is
expected to have less environmental impact compared to a standard method. A full scale prototype of the roof shell, shown in
Fig. 1, was completed at the Robotics Fabrication Laboratory at ETH
Zurich, Switzerland in 2017.
2.2. Embodied energy
The total building lifecycle energy consists of operational and
embodied energy. Embodied energy considers the contribution
during the construction, demolition and disposal phases (direct),
which includes the production of materials (indirect). The operational energy is related to the use of the building, including
heating, cooling, lighting and equipment. Embodied energy has
traditionally been neglected from the energy analysis of buildings.

Fig. 1. Roof shell prototype by BRG (Photo by Michael Lyrenmann).
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In the European Union (EU), advances in minimising energy usage
have been largely focused on operational energy. Improvements in
building envelope performance, energy systems eﬃciency and onsite power generation are delivering on 2020 targets for Net Zero
Energy Buildings (NZEB) [18]. With a view to EU 2050 targets, that
is an 80% reduction in greenhouse gas (GHG) emissions from 1990
levels [4], further developments in GHG emissions reduction must
also consider the impact of embodied energy.
There is agreement among researchers that the ratio of embodied energy to operational energy cannot be generalised. This is due
to the high number of factors involved in the respective calculations, such as climate, geographical location and fuel mix [19].
However, based on studies by Sartori and Hestnes [20] and Bastos et al. [21], it can be agreed that operational energy is typically
more dominant in the overall lifecycle. Therefore, when optimising
a building element for embodied energy usage, it is important to
check the impact of modiﬁcations on the operational performance.
The shape optimisation methods outlined in the previous section have the potential to reduce a signiﬁcant volume of materials. This reduction is related to a speciﬁc roof element in comparison to a typical roof element. A detailed embodied energy analysis
is outside the scope of this work. However, simpliﬁed calculations
can provide a guide for the product development. When the structural and operational energy design is at a more advanced phase,
a detailed analysis of embodied energy would be beneﬁcial.
2.3. Multifunctional element concept
Integrated design improves outcomes of projects requiring cross
disciplinary input [22,23]. Due to the large number of dependant
factors related to the ﬁnal metric, this approach is particularly relevant for building lifecycle (BLC) design. The use of multifunctional
elements is an application of the integrated design approach. These
elements implement a number functions simultaneously by identifying synergies at concept phase [12]. This method is in contrast to
sequential design where each element performs a single function.
In addition to structural performance, the lightweight roof integrates a number of other functions. It is a thermally active panel
due to an embedded hydronic network (Fig. 2). This feature provides room heating and cooling through the thin concrete radiant
panel at ceiling level from a renewable geothermal source. Photovoltaic panels are integrated on the external surface to utilise non-

3

typical building envelopes as a resource for local renewable energy
harvesting during the BLC [24]. Due to the shape and the materials, the roof offers further beneﬁts. For example, thermal mass
refers to the use of the internal materials of the building to absorb internal or solar heat gains, this process dampens internal air
temperature ﬂuctuations [25].
Integrated design outcomes require additional resources and a
higher level of expertise [26]. The implementation of the digital
twin concept is planned to distribute the development knowledge
over the lifecycle of the product and reduce future design resource
requirements. The multifunctional roof element discussed in this
paper will be constructed as part of a demonstrator building in
Zurich, Switzerland in 2019. See the following Ref. [12] for further
information on the building and district scale systems of the NEST
HiLo project (Fig. 3).
3. Methodology
High-resolution models (Fig. 4a) are used for the initial product
development and the exploration of different design strategies. The
range of models varies from an edge detail model to a sectional
model. As the design starts to mature the sectional model and the
complex geometry model are used to provide performance feedback. The complex geometry model (Fig. 4b) takes the actual roof
geometry and uses scripting to automate the interaction with the
thermal systems. This approach allows the geometry to inform the
various simulation models without oversimpliﬁcation of the connected system and structures. A reduced resolution model (Fig. 4c)
is created from the output of the high-resolution sectional model.
This allows the roof thermal systems to be connected to a standard
whole building simulation model (Fig. 4d). The modelling approach
was used to support the product design and to assist with the development of control strategies.
4. Results - High-resolution model
In this section, examples of high-resolution analysis related to
building physics and TABS performance are presented. This discussion illustrates and highlights the value of this approach for the
development of innovative building products. A modelling process
automation method, which is solver independent, is also outlined.
The commercial CFD code ANSYS Fluent 17.0 [27], based on a control volume approach with the pressure-based solver, was used for

Fig. 2. Isometric view of the multifunctional roof element.
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Fig. 3. External render of the HiLo building.

all of the numerical simulations. As the model settings for all of
the examples are similar, a single description of model settings is
provided in Section 4.3.

4.1. Building physics - Sandwich shell

Fig. 4. Overview of the modelling methodology over the product lifecycle.

The design of the multifunctional roof element underwent
many design iterations, driven by structural, energy and aesthetic
constraints. In terms of thermal performance, the key transition
was the change from a single shell to the current sandwich shell.
At the roof/facade interface (Figs. 3 and 5), the lower surface of the
shell is exposed internally and externally, which results in a linear
heat loss (psi-value) at this interface. This is driven by the total
external heat transfer coeﬃcient (he ) of up to 25 W/m2 K [28] and
the thermal activation of the internal shell. The psi-value at the
roof/facade interface was one of the main factors for the development of the sandwich shell.
At an early design stage, a CFD study of the thermal performance of the single shell roof (Fig. 5) found that the psi-value
did not comply with Swiss building standards (SIA 380/1 [29]).
In addition, the thermal losses would have an adverse impact on
the performance of the thermally active systems. As the concrete
shell is thin (30 to 50 mm) in comparison to a typical concrete
roof element (225 mm), commercially available solutions such as
thermal breaks or concrete mixes with insulation pearls (expanded
polystyrene) could not be easily applied to resolve thermal losses
at the roof/facade interface. This issue was further complicated
in edge sections by large overhangs that required additional reinforcement for structural performance.
After discussion between the structural and energy teams, the
structural engineer proposed a sandwich roof shell [30], which
provided thermally separate internal and external shells. A CFD
study of the sandwich shell (Fig. 6) showed that it had a superior
thermal performance compared to the single shell (Fig. 5) in terms
of the psi-value. Further, the preliminary embodied carbon calculations showed that the sandwich shell roof design is superior to a
typical concrete roof section in terms of carbon emissions.
To improve the thermal performance, the design roof U-value
was set at 0.170 W/m2 K. This is provided by a lower layer of PU
insulation (155 mm) and an upper layer of PU insulation (50 mm)
with a thermal conductivity of 0.035 W/m K. At a later stage, further detailing of the sandwich shell facade interface was provided,
based on a standard facade detail, as shown in Fig. 7. The analysis
results (Fig. 8) show that the sandwich shell roof complies with
the current Swiss energy regulation recommendations.
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Fig. 5. Numerical model results for the single shell roof.

4.2. Building physics - Reinforcement layers and shear connectors
Temperature differences between the external and internal
concrete shell volumes would cause stress at the sandwich interface layers. To counteract these forces, it was decided to add
shear connections between the shells (Fig. 9a). From the energy
perspective, the thermal performance of the TABS panel would
be signiﬁcantly reduced if the shear connection were not planned
to consider thermal losses. In addition, the use of reinforcement
changes the thermal properties of the concrete panel. This section
provides a discussion of the impact of the shear connectors and
reinforcement layers on the thermal performance of the concrete
panel.
For the roof shell, the three main reinforcing materials options
are steel mesh (or ﬁbres), glass ﬁbres and carbon mesh (or ﬁbres). For structural reasons, a carbon ﬁbre mesh was selected as
the reinforcing layer and glass ﬁbre reinforced polymer (GFRP) as
the shear connectors. A high-resolution model of the roof buildup that included reinforcing mesh layers and shear connections
was used to estimate the thermal performance of the TABS panel
(Fig. 9). The dimensions of the model were 300 mm (width) x
240 mm (height) x 175 mm (depth). The detailed geometry of the

section resulted in a ﬁne mesh of approximately 8 million cells
with hexahedral cells in the ﬂuid domain and tetrahedral cells in
the solid domain (Fig. 10). See Section 4.3 for an overview of the
procedure for the computational sensitivity analysis. The model included one layer of carbon mesh reinforcement of 1 mm thickness,
12 mm spacing and shear connectors with a cross-sectional area of
30 mm2 . The thermal conductivity of the carbon reinforcement was
set at 16.17 W/m K, the concrete at 1 W/m K and the shear connector at 1 W/m K. A comparison of the temperature contour plots of
the reinforced and unreinforced sections, showed that the inﬂuence of the reinforcement on the heat distribution was minor.
Fig. 9b shows the temperature contour plots of shear connectors at a central position and located near to the hydronic
pipework. Further, Fig. 10 shows the temperature proﬁle along a
line on the ceiling surface of the TABS panel. These results show
that the shear connectors have a minor localised impact on the
panel thermal performance. The local impact is caused by connecting the lower concrete panel to the upper concrete panel by
a shear connection (1 W/m K) with a higher thermal conductivity
than the lower insulation layer (0.035 W/m K). The additional thermal losses could be offset by increasing the thickness of the upper
insulation layer.

6

G.P. Lydon, S. Caranovic and I. Hischier et al. / Energy & Buildings 202 (2019) 109298

Fig. 6. Numerical model results for the sandwich shell roof.

4.3. Performance - Sectional model
After the completion of the building physics models, it was possible to assemble a sectional model that contained the key design
parameters of the TABS panel. The results of the building physics
models are used to provide a computationally eﬃcient model. For
example, the structural reinforcement can be excluded from the
geometry as it had a minimal impact on the TABS performance.
This model provides the opportunity to modify parameters, such
as pipe spacing and insulation thickness, until a suitable level of
performance is achieved. Fig. 11a shows the geometry of a version
of a sectional model with sample results using a temperature contour plot. An important aspect of high-resolution modelling is to
ensure that an adequate computational sensitivity analysis is performed. This section will provide a brief overview of this process.
The heat transfer from the ﬂuid domain to the solid domain
was modelled with 3D steady Reynolds-averaged Navier Stokes
equations (RANS) CFD simulations with a turbulence model. The
performance of the turbulence model requires a suitable mesh resolution depending on the ﬂow velocity and ﬂuid properties. The

numerical performance of a mesh can be estimated by a nondimensional wall distance value y+. This provides the size of the
ﬁrst computational cell at the wall of the ﬂuid domain (Fig. 11b).
In this case, the performance of the k-ɛ model with enhanced wall
functions and the Shear-Stress Transport (SST) k-ω model will be
compared. The latter turbulence model requires a y+ value of less
than 1 [27]. Therefore, the SST k-ω model requires a signiﬁcantly
larger computational mesh. Fig. 11b shows images of the computational mesh used for the sensitivity analysis. Mesh-03 is used for
the SST k-ω turbulence model. Mesh-01 and Mesh-02 were used
for the k-ɛ turbulence model. Each mesh was constructed with
hexahedral cells that resulted a maximum skewness value of less
0.7 and minimum orthogonal quality value of 0.5. To evaluate the
performance, a line (line1) is placed at a location of high temperature gradients. The results in Fig. 11c show that the performance
of both turbulence models is similar. As the k-ɛ turbulence model
requires less computational resources, it was used for the sectional
model. It should be noted that geometry of the pipework for the
sectional model is relatively simple. In cases that the ﬂuid encounters a more complex geometry or has a higher Reynolds number,

G.P. Lydon, S. Caranovic and I. Hischier et al. / Energy & Buildings 202 (2019) 109298
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Fig. 7. Numerical model geometry for the detailed sandwich shell roof.

Fig. 8. Numerical model results for the detailed sandwich shell roof.

the SST k-ω model has been shown to be superior to the k-ɛ model
for heat transfer cases [31].
It is also important to ensure that the solid domain has a suitable mesh resolution. Fig. 11b shows images of meshes with a ﬁne
(Mesh-03), medium (Mesh-02) and course (Mesh-01) resolution.
As shown is Fig. 11c Mesh-01 does not capture the correct temperature proﬁle in the concrete solid. Mesh-02 is a good balance between mesh size and accuracy, therefore resolution of Mesh-02 is
used for the solid domain. As the complex geometry of the model
is mainly related to the solid domain, the computation run time
(approximately 7 minutes per case on a 16-core Intel Xeon workstation) is not a barrier to applying CFD analysis within a digital
twin.

4.4. Model automation
One of the barriers to high-resolution modelling is the requirement for extensive expert user setup time. While many commercial codes provide methods of automation, these solutions are dependent on the commercial code and can have limitations depending on the user case. In this section, we discuss the use of a solver
independent automation process that is customised to the user
case. The aim is not to replace the domain expert but instead to
reduce the overall setup time. Further, this allows a non-expert
user to modify the input parameters to generate useful results. The
automation of the case setup and results post-processing is developed using windows based open source scripting methods.

With reference to Fig. 12, the automation process is described
below:
1. CFD expert: The ﬁrst step is to create the computational
mesh (.msh) and the model settings (case) ﬁle (.jou). The
previous two building physics steps are used to inform the
mesh and case ﬁle creation. Depending on the problem, one
or a number of meshes can be included. This step is completed by the CFD expert.
2. Systems expert: When the CFD model has been setup and
tested, the expert knowledge and judgement is captured in
the case and mesh ﬁles [32]. Therefore, it is reasonable to
transfer responsibility for the next steps to the systems expert. As the case ﬁle is human readable, it is possible for the
systems expert to identify the model parameters to be varied. This step is completed by replacing the parameter value
with a key word. The updated case ﬁle becomes a template,
which is used to generate a set of case ﬁles in the next step.
A range of values is also selected and stored in the parameter list ﬁle.
3. Case generator: Python code is used to generate all of the
possible combinations based on the parameter values and
meshes. These combinations are recorded in the case index
ﬁle. A Python reader code is then used to build the CFD case
ﬁles based on the case index.
4. Auto run: All of the case ﬁles and mesh ﬁles are moved to
a folder, which contains a Windows batch (script) ﬁle [33].
This script counts the number of case and mesh ﬁles. Based,
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Fig. 9. Numerical geometry and results for the shear connectors.

on the ﬁle calculation, the folder structure is built and indexed. When the folder structure is complete, the run solver
cycles through the case index and transfers the results to the
relevant case folder.
5. Post processing: A Python code using Pandas (open source
Python library for data structures and data analysis) [34] is
then used to extract the results from each folder and transfer to a dataframe. The results dataframe can then be easily
modiﬁed to visualise the output data.
As described above, the automation process separates the
model setup by the CFD engineer from the model running and re-

sults analysis by the systems engineer. For example, the systems
engineer can run a set of CFD simulations to compare the impact
of varying the properties of the concrete mix on thermal performance. The results can be post-processed without a detailed understanding of the CFD workﬂow. Therefore, modiﬁcations to key
components (e.g. the edge detail) can be easily updated and transferred to the whole building model (Fig. 4d). The main limitation of the automation process relates to major changes to the
geometry. These changes currently require the intervention of the
CFD engineer to create a new mesh and index in the library. This
step could also be fully automated. However, the quality of the
computational mesh is a vital component in the overall modelling

G.P. Lydon, S. Caranovic and I. Hischier et al. / Energy & Buildings 202 (2019) 109298
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Fig. 10. Thermal analysis of the shear connectors - temperature proﬁle on heating surface.

Table 1
Extract from the case_index.csv ﬁle for the heating systems study.
ﬁlename

inlet_t

inlet_v

in_ref_t

in_htc

ex_ref_t

ex_htc

pu-lower_lamda

Jou_1.jou
Jou_2.jou
Jou_3.jou
Jou_4.jou
Jou_5.jou
Jou_6.jou
Jou_7.jou
Jou_8.jou
Jou_9.jou
Jou_10.jou
Jou_11.jou

29
29
29
29
29
29
29
29
29
32
32

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

18
18
18
21
21
21
24
24
24
18
18

6
7
8
6
7
8
6
7
8
6
7

-8
-8
-8
-8
-8
-8
-8
-8
-8
-8
-8

25
25
25
25
25
25
25
25
25
25
25

0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035

framework. Therefore, it is more prudent to retain the CFD expert
for this task. The value of this approach has been highlighted in
previous research studies [35].
4.5. Sectional model results
This segment presents the results of the sectional model for a
heating study. The sectional model has a high number of parameters from the thermal conductivity of the solid materials to the
model boundary conditions. All of these parameters are present in
the case index ﬁle (Fig. 12 and 1). To prepare the set of case (.jou)
ﬁles for the heating study, the parameters of interest are identi-

ﬁed and this provides a list of variables. For example, the variable
parameters for the heating study are supply water temperature (5
variables), internal heat transfer coeﬃcient (hi ) (2 variables) and
internal reference temperature (3 variables). Based on the overall
number of variables, there are 45 possible case combinations. All
of the other parameters are ﬁxed, such as external temperature at
−8 ◦ C and he at 25 W/m2 K. When all of the cases have been solved,
the results data is automatically post-processed to provide an estimate of the performance of the TABS panel (Fig. 13). This approach
is feasible due to the reduction in expert user time by process automation and by the use of a parallel solver with multi-core processors.
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Fig. 11. Mesh independence study of the sectional model.

High-resolution models are closely aligned with the physical
mechanisms of the studied system. Therefore, the model can be
used to solve a range of problems. This is not achieved by modifying the model but by adjusting the extraction of results data
and processing to a suitable domain format. For example, the sec-

tional model was envisioned to evaluate the heating and cooling
performance of the TABS panel. However, during the design phase
the structural engineer requested thermal input on the temperature difference between the upper and lower shells (Section 4.2).
This input was created by modifying the results data (Fig. 14).

G.P. Lydon, S. Caranovic and I. Hischier et al. / Energy & Buildings 202 (2019) 109298
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Fig. 12. Overview of the model automation process.

5. Results - Complex geometry model
In contrast to other manufacturing industries, geometrical variation is a signiﬁcant resource sink for the realisation of a building
project [36]. This task is a critical interface between the design and
the construction phases. The application of the hydronic pipework
on the doubly curved geometry of the concrete shell is a useful example of a geometrically complex problem. It can be expected that
the geometry will change signiﬁcantly from project to project and
a high level of interdisciplinary interaction will be necessary [14].
A lack of preparation for this task can have a signiﬁcant impact
concerning project time planning, cost and overall product performance. Further, an innovative product involving complex geometry
cannot be readily accommodated in standard building information
models (BIM) (e.g. IFC or gbXML). Therefore, the provision of digital methods to assist a project planner with this task is essential
for the market acceptance of a building product. Based on this requirement, a robust method to support the testing and planning
of the hydronic pipework is a key design problem regarding the
TABS performance and the ﬁnal construction process. To support
the transition of the research geometrical model to a standard BIM
representation, an interdisciplinary online repository will be developed in the COMPAS project [37], which is an open source Pythonbased computational framework. This work will combine the energy systems, structural and architectural speciﬁcations, which can
then be translated to a BIM object when the overall lightweight
TABS product matures.

In this section, a CAD system [38] with visual programming
[39] is used to support the placement of hydronic pipework on a
roof geometry. The concept and the user process of the scripting
are described to illustrate the functions of the application. In addition, a pipework placement experiment on a 1:1 prototype (Fig. 1)
was completed to test the performance of the method.
5.1. Model automation
Steps for the selection of hydronic loop ﬁelds, pipework generation and anchor point locations:
1. Based on the average pipe spacing from the high-resolution
model (Section 4.5) and the total active roof surface, estimate the total pipe length needed.
2. Decide on the number of loop ﬁelds to cover the active roof
surface.
3. Visually divide the top-view of the roof in convex polygonal ﬁelds of similar area and proportions. Preferably, deﬁne
areas with almost square proportions.
4. Assign numbers to the loop ﬁelds, starting with those that
have a higher requirement to be of a certain length, or that
correspond to areas of large curvature variations (Fig. 15).
5. Draw the control polylines on the two opposite sides that
have stronger curved edges (Fig. 16).
6. Draw the boundary polylines (Fig. 16).
7. Set up the Grasshopper script inputs (Fig. 17):
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Fig. 13. Heating performance of the roof TABS panel.

(a) Choose the roof mesh, the control polylines and the
boundary polylines
(b) Set the pipe spacing (distance)
(c) Choose the number of levels for the pipe loop spiral
(start with a low count and increase until the ﬁeld is
completely covered, up to the centre)
8. Iterate through multiple input parameters until a satisfactory
result is reached for the basic shape of the pipe loop.
9. Once the basic geometry has been found for the pipe loop,
update the data dam and go on with the manual adjustments, anchor point avoidance and mounting points generation.
10. Bake the projection of the pipe loop on the XY plane.
11. Manually draw the inlet/outlet extensions and adjust the
pipe loop projection as required. Make sure to rebuild the
curve with a reasonable number of points in order to avoid
having kinks or deviating signiﬁcantly from the base curve.
12. Import the adjust curve to Grasshopper.
13. Set the distance that the anchor points (shear connectors)
should be avoided by (anchor threshold).
14. Set the number of attenuation points, deﬁning how
smoothly the anchors will be avoided.
15. Set the distance between the mounting points to be generated.
16. Set the number of ﬁeld subdivisions for analysing the average inclination.
17. If needed, manually insert additional mounting points using
the position slider and the data recorder.

18. After achieving a satisfactory result, bake the geometry of
the pipe loop.
5.2. Model validation
Fig. 18 shows an image of the ﬁnal hydronic pipework layout
for the HiLo project. The key outputs are updated pipe spacing,
loop area, loop surface slope, pipe length for each loop and a list of
coordinates for the mounting position for the hydronic pipework.
A 1:1 prototype of the HiLo roof shell was constructed for assembly process and structural testing. This prototype was used
to test an early version of the visual programming application.
Fig. 19 shows the completed test where pipework loop was
planned and the mounting point locations were predicted.
6. Reduced resolution and whole building model
6.1. Whole building model
The selection of a whole building simulation model is dependent on the project phase. For the HiLo project, the simulation
framework for the design phase and the operation phase is shown
in Fig. 20. At the design phase a simpliﬁed model (Lesosai [40])
is used to facilitate quick annual simulations, which are compliant
with Swiss energy regulation. The sacriﬁce of accuracy for speed is
justiﬁed due to the high variability of the design parameters during
this phase. This design phase model provides feedback to the design team in terms of the performance of the building and district
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Fig. 14. Structural performance study of the temperature difference between the upper and lower concrete shells with a range of supply water temperatures.

Fig. 15. Selection of the loop ﬁelds on the roof surface with an assigned index.

systems. For example, the impact of changes to the building layout
and facade surface area. As investigated in previous studies, a signiﬁcant performance gap in comparison to the actual energy usage
is expected in these results due to simpliﬁed systems and occupant
modelling. For more information on the design phase modelling of
the HiLo project, see the following Ref. [12].
As the design phase is completed, the main parameters become
ﬁxed, such as the building envelope and the sizing of the heating
and cooling systems. For the operation phase the focus shifts to the
control strategies for the building systems. Therefore, the operation
model is initialised with the design phase model using the ﬁnal

geometry and system sizing results. The simulation period is also
reduced to a one month duration to focus on a particular set of
conditions. The key feature is that the simulation results can be
compared to actual sensor data [41]. This feedback to the model
is used to reﬁne and improve the control of the current building
systems and the design of future buildings.
The main concept of the operation model is that the core calculations are performed with a whole building simulation model
that is suitable for control studies. TRNSYS has been shown to be
a robust and adaptive method for modelling thermal energy in
buildings [42]. In cases where the operation model does not fully
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Fig. 16. Initial control polylines for a loop ﬁeld.

capture the complexity of a system, the systems in question are
modelled in an external application and the results are transferred
back to the operational model. An example of this approach is the
TABS model, where MATLAB is used to provide a custom resistance
capacitance (RC) model and the output is then transferred to TRNSYS. In addition, the ventilation systems are modelled in CONTAM
to fully capture the system complexity. An overview of the whole
building simulation model is shown in Fig. 21.

the limitations and constraints of traditional construction methods
by providing adaptable and controllable workﬂows. For the energy
domain, new design methods will have to be adopted to leverage the increased ﬂexibility of digital fabrication. As demonstrated
with this work, the digital twin approach can be used to support
new methods of construction by evaluating performance in terms
of a whole building simulation.
7.2. Implications of the digital twin approach for design teams

6.2. Reduced resolution model
Based on the output from the high-resolution model, a reduced
resolution model is created to enable the assessment of TABS performance within a whole building simulation. TRNSYS provides a
standard TABS model that has been tested and validated. However,
as the roof TABS is still in a development phase, a more detailed
model is required. The main function of the TABS reduced resolution model is to capture variations in concrete thickness (30 to
50 mm), surface slope (horizontal to near vertical) over the total
surface of the roof TABS. By capturing this additional level of detail, the impact of the variation can be investigated.
Previous work by Gwerder et al. [43] is used as the basis for
the reduced resolution model. The key difference is the addition
of subdivisions of the model structure. These subdivisions allow
for the local variations to be inserted in each hydronic loop of the
TABS panel [44].
7. Discussion and future work
This section provides a discussion on the implications of the
presented modelling methods for design teams and digital fabrication. The discussion is in the context of the design phase of a
real building project with a multifunctional building element. In
addition, a summary of future work is outlined.
7.1. Implications of the digital twin approach for digital fabrication
Accelerating the development timeline was a key driver for the
selection of the modelling methodology for the design phase of the
novel multifunctional element. These methods can also be applied
in general for evaluating and supporting energy related innovation
in the built environment. Digital fabrication involving off-site fabrication with the inﬂuence of robotics has the potential to change

This work was completed during the design phase of a demonstrator building project. This provided day to day interaction with
industry planners and consultants. Based on this experience, it became clear that a signiﬁcant barrier to digital construction is the
current planner workﬂows for constructing buildings. This process
is typically fragmented and sequential, which makes it very diﬃcult to focus on adaptable high performance outcomes. These issues have been highlighted in previous studies. Examples range
from low rates of investment in R&D to split incentives relating
key energy performance decisions [45,46].
In terms of building design, the approach of combining key attributes into a multifunctional element has a number of advantages. Firstly, an integrated design approach is ingrained from the
product concept, which is uncommon in the built environment.
Secondly, the overall value of the multifunctional element can be
increased in comparison to a sequential construction method by
reducing on site construction time with the potential to improve
overall performance. This method could encourage a single company to develop and market the element as a self-contained product. A single stakeholder would provide the opportunity to concentrate dependant analysis workﬂows in one location. This results in
the responsibility for the overall product performance to be transferred to a single stakeholder. It implies that the planning and consultant engineer will manage the process of an individual building
product by modifying digital twin models supplied by the company. Further, as new products enter the market a selected building
could transfer measurement data to drive improvement and acceptance by leveraging the digital twin concept.
7.3. Future work
Simulation automation methods are available in most modelling
software packages. In this case, a custom automation method was
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Fig. 17. (a) Outline of the main geometrical components. (b) Overview of the script inputs and outputs.
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Fig. 18. Final layout of the hydronic pipework of the HiLo roof.

Fig. 19. Hydronic pipework experiments of the 1:1 prototype.
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Fig. 20. Whole building simulation (a) Design phase [12] (b) Operation and control.

Fig. 21. Whole building simulation - connectivity overview.

developed for a number of reasons. Firstly, the commercial simulation automation had some limitations in terms of results post
processing and the possibility to link results with other software.
Secondly, it was preferred that the automation method would be
application independent. As software cost is a barrier to the adaption of high-resolution methods, this would allow the replacement
of a commercial code with a suitable open source code. An additional driver was the availability of robust, open source and well
documented scripting languages. A notable example is Python with

extension libraries such as Pandas for data structures [34] and
Seaborn for data visualisation [47]. Further work is planned on the
inclusion of open source tools and solvers.
Computational models should be validated to ensure that the
required level of accuracy is delivered. As the TABS setup is novel,
there were no available experiments to capture the geometry, materials and systems of the panel. The TABS panels will be constructed in a real building. However, it would be diﬃcult to control
the key experimental variables and boundary conditions within the
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setting of an operational building. While the real building case
is expected to provide valuable results relating the systems performance, it was decided that preconstruction experiments would
beneﬁt the product development. Therefore, based on the initial
simulation results, a small scale experimental setup will be designed to provide a method of validation for the sectional model.
Further, the small scale prototype will support the system integration of sensor and meter data with the simulation structure. The
setup includes all of the key system components and sensors of
the planned digital twin.
Future simulation work will focus the conditioned zone in
terms of thermal and occupant comfort. The planned models will
require higher computational resources [15] in comparison to the
operation and control models. Therefore, a similar custom automation approach will be followed in order to reduce the CFD expert
user time. In addition, it will be essential to plan the simulation
process to facilitate the reliable comparisons of simulated and thermal comfort experimental data within the digital twin concept.
8. Summary and conclusion
This paper presented simulation methods for the design of a
thermal system that is integrated in a lightweight roof structure.
The methodologies are based on a digital twin approach with the
long term strategy to link simulated and sensor data. It is expected
that this will reduce the high planning resources necessary for
the implementation of multifunctional building elements. Further,
a digital twin approach has the potential to support methods of
construction that are related to digital fabrication in general.
High-resolution models were used to resolve building physics
and systems performance issues at the development phase. A
model automation method, which is solver independent, was implemented to reduce expert user time and to provide controlled
access to a non-expert user. A CAD system with visual programming with was used to parametrise a complex geometrical task.
This involved the planning of hydronic pipework layout and the
calculation of the mounting point positions. Finally, the design
phase models were extended to provide a whole building simulation model with a focus on the development of the initial control
strategies for the multifunctional element.
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