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Abstract: Building information modelling (BIM) is the first step towards the implementation of the
industrial revolution 4.0, in which virtual reality and digital twins are key elements. At present,
buildings are responsible for 40% of the energy consumption in Europe and, so, there is a growing
interest in reducing their energy use. In this context, proper interoperability between BIM and
building energy model (BEM) is paramount for integrating the digital world into the construction
sector and, therefore, increasing competitiveness by saving costs. This paper evaluates whether there
is an automated or semi-automated BIM to BEM workflow that could improve the building design
process. For this purpose, a residential building and a warehouse are constructed using the same
BIM authoring tool (Revit), where two open schemas were used: green building extensible markup
language (gbXML) and industry foundation classes (IFC). These transfer files were imported into
software compatible with the EnergyPlus engine—Design Builder, Open Studio, and CYPETHERM
HE—in which simulations were performed. Our results showed that the energy models were built up
to 7.50% smaller than in the BIM and with missing elements in their thermal envelope. Nevertheless,
the materials were properly transferred to gbXML and IFC formats. Moreover, the simulation results
revealed a huge difference in values between the models generated by the open schemas, in the
range of 6 to 900 times. Overall, we conclude that there exists a semi-automated workflow from BIM
to BEM which does not work well for big and complex buildings, as they present major problems
when creating the energy model. Furthermore, most of the issues encountered in BEM were errors
in the transfer of BIM data to gbXML and IFC files. Therefore, we emphasise the need to improve
compatibility between BIM and model exchange formats by their developers, in order to promote
BIM-BEM interoperability.

Keywords: building information modelling (BIM); building energy model (BEM); green building
extensible markup language (gbXML); industry foundation classes (IFC); interoperability; digital twin;
sustainable construction; intelligent buildings assessment; sustainability performance; simulation
tools for building

1. Introduction

The challenge of designing a high-performance building demands better data ex-
change between the building information modelling (BIM) and building energy model
(BEM). The building sector is responsible for 40% of the energy consumption in Europe,
in which the building envelope is the main constructive element, in terms of its impact
on the building’s energy consumption [1]. The European Union has submitted a set of
directives to eliminate inefficient buildings, through the Energy Performance of Buildings
Directive (EPBD) [2,3], which is the leading legislative and policy instrument. This directive
focuses on the building sector (i.e., new and existing constructions) and determines that
the existing ones must be nearly zero energy buildings (NZEBs) by 2050 [4]. The NZEB
standard is valuable for the environment, as well as for the end-users of the building, as
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energy savings also reduce costs [5]. In this framework, there has been a growing interest
in energy modelling studies, in order to understand how to optimise energy consumption
in buildings [6].

In this context, on the 28 October 2020, the Sustainable Places 2020 virtual conference
took place, where nine EU-funded research projects showed their work and exposed some
innovative solutions advanced in their projects. All of them highlighted the challenges
that the industry continues to face under the digital transformation [7]. Recently, the
construction sector has been identified as the poorest in Europe, in terms of productivity,
as there exist many difficulties in this sector to integrate digital innovations [8].

Over the last two decades, BIM has been used in the construction sector, with the
focus to improve collaboration between different stakeholders [9], facilitate the fast cre-
ation of different designs, and to decrease its inefficiencies on-site and among the project
disciplines [10]. It has also become the core of the cyber-physical system and a great tool to
improve the energy efficiency concept in building design, once it is able to improve the
quality and performance of the construction life-cycle under the industry 4.0 paradigm [11].
At present, BIM is crucial for bridging the gap between digitalisation and the construction
field. The digital information management tools offered by BIM make it possible to opti-
mise and better control constructive processes, from the design stage to the management of
the building’s life-cycle and maintenance [12].

BEMs are the basis of energy performance certificates (EPCs) and assessments. Both
EPCs and assessments should be user-friendly, profitable, and more reliable, in order to
give investors confidence in the energy efficiency sector. Then, the certification processes
and BEMs should achieve these requirements [13]. In addition, BEMs can be organized
into three categories: Physics-based models (white-box) [14], pure data-driven or statistical
models (black-box) [15], and hybrid models (grey-box) [16]. In this paper, white-box
models were considered, as they enable the definition of all the elements that influence the
building’s energy behaviour (e.g., the weather, internal loads, construction) [17,18] and,
therefore, have a clear connection with BIM components. Although heating ventilation
air conditioning (HVAC) systems are also important to the energy analysis, they were not
considered in this study.

Furthermore, interoperability between BIM and BEM could be a step forward in
reducing costs and saving model re-creation time during the design phase. BIM has the
potential to streamline the production of energy models, by storing important data such as
building geometry, construction typology, and thermal properties [19], as well as enabling
the iteration of efficient designs in a shared environment [20]. In addition, BEMs are key
elements in understanding how to reduce energy consumption and how to improve it [21].
Furthermore, BEM tools and measures can carry out energy simulations, analyse energy
needs, and improve the project design [22]. Due to this, at present, there is a significant
interest in simplifying the creation of a BEM from the BIM authoring tool, by sharing and
exporting the data from the architectural model [23,24].

However, BIM-BEM interoperability is one of the existing digital gaps at the design
stage. Although BIM is considered a multidisciplinary tool, interoperability issues still
prevent many BIM applications in relevant industries [25]. The lack of compatibility
between the BIM model and the energy simulation applications, the repetitive manual
operations required to create a BEM, and the non-standardised and subjective process [26]
usually result in data loss and misinterpretation, especially when this was been taken into
account in the first phase of the design step [27,28]. Sanhudo et al. also concluded that the
main problem in transferring data between BIM and BEM is the information loss, which
can lead to a rework consisting of re-entering the BIM stored information into the energy
model [29]. Furthermore, Kamal and Memari were in accordance with Sanhudo et al.,
defending that BIM contributes to the easy handling of data, which can leads to automation
in building energy modelling and simulation, as well as providing up-to-date energy
models with real-time information. They also emphasised the need for clear standards and
solutions for the BIM to BEM interoperability process [30].
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The BIM-BEM process consists of three parts—BIM tool, model schema exchange
format, and BEM software—interoperability issues may appear in any or all of these; not
only in the energy simulation application. This means the problems that are encountered
are not exclusively due to the limited ability of BEM tools to translate input data from
BIM [31]. In order to transfer the BIM information to a building energy analysis software,
many file formats exist, such as hypertext markup language (HTML), extensible hypertext
markup language (XHTML), building construction extensible markup language (bcXML),
industry foundation classes extensible markup language (IFCXML), industry foundation
classes (IFC), and green building extensible markup language (gbXML), the last two being
the main open BIM standards [32]. Open standards enable and facilitate the integration and
collaboration of different professionals from all over the world, by providing a common
basis around which research, development, and deployment activities can be organised, as
has been done in the IBPSA Project 1 [33].

These open standards are commonly used in the BIM-BEM procedure, and there is
an ongoing discussion about which standard is the best for the data exchange process.
On the one hand, IFC reproduces a complete building project and, therefore, generates a
complex data schema and larger size data files. On the other hand, gbXML provides a more
flexible and direct approach to energy analysis [34]. Both of them transfer the material
properties, data for HVAC systems, and thermal zones; however, only gbXML provides
location data [30]. However, Gao et al. drew different conclusions about gbXML and IFC
data transfer. They invented a classification process called BIM-based-BEM, which divides
the information transfer from BIM into six categories: Geometry (step 1), material (step 2),
space type (step 3), thermal zone (step 4), space load (step 5), and HVAC (step 6). After
analysing the information transfer between distinctive softwares, they verified that the IFC
format is step 1 and gbXML is step 3. In addition, they concluded that the information
transfer is not user-friendly, as there are many steps between BIM and BEM [35,36]. In
summary, BIM-BEM interoperability has not yet become as widespread as expected, due
to the information loss, lack of a standard, software not being as interoperable as claimed
by their suppliers, and the data standards not having been clearly determined [37].

Due to the need to improve BIM-BEM interoperability in the design phase, this work
aims to verify and evaluate whether there is an automated or semi-automated BIM to BEM
workflow, comparing the importing of gbXML and IFC in three BEM software: Design
Builder, Open Studio, and CYPETHERM HE. These software were chosen as they are
all based on EnergyPlus [38], which is a notable and reliable energy simulation engine.
EnergyPlus does not have a user-friendly interface; therefore, these three different software
were chosen to run the engine. Firstly, Design Builder [39] is the most global tool, used by
most professionals in the simulation sector. Secondly, Open Studio [40] was chosen because
it is an open-source software, although it does not have the ability to model from scratch;
instead relying on SketchUp to do so which, by contrast, is no longer a free software. Both
Design Builder and Open Studio were created for energy simulations and they are the
most popular tools for BEM creation. Finally, CYPETHERM HE [41] is a tool that has
wide international outreach and is part of the complete CYPE package, made up of other
software related to architecture, engineering, and construction. Furthermore, this software
is BIM-oriented and should have a good interoperability process.

Furthermore, we intend to lead to an improvement in the building design stage
through this research, in terms of speeding it up, obtaining more precise energy data,
and encouraging professionals in the construction field to gain confidence in the process
and helping them to be aware of the limitations. This work could as well be a guide for
BIM/BEM software developers, in order to find new paths to overcome the main problems
that the process is now facing.

For this purpose, two case studies at different scales were chosen: A single-family
house and a warehouse. In both cases, we started from a BIM model and explored different
paths to reach the BEM. The difficulties and the problems detected in the thermal envelope
in the interoperability process were investigated.
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The rest of this paper is organized as follows: Section 2 explains the method, which
consists of the BIM exporting formats and the BEM importing software. Section 3 analyses
and discusses the results. Section 4 presents the conclusion and research directions for
future works.

2. Method

The aim of this research was to verify whether there is an automated workflow
between building information modelling (BIM) and building energy model (BEM) software,
and how this interoperability works. The idea was to experiment with three different flows
from BIM to BEM, which had the same BIM authoring tool in common and the same
calculation engine in the BEM software: Energy Plus. For this study, 3D models were made
in Autodesk Revit 2020 and the three BEM programs that were chosen were Design Builder,
Open Studio, and CYPETHERM HE. Figure 1 represents the paper’s structure and process.

The paper was divided into two main steps: The first one is about the interoperability
from BIM to BEM for two case studies, a residential building and an industrial warehouse.
For both projects, the files were exported from Revit in two formats: green building
extensible markup language (gbXML) and industry foundation classes (IFC). To export the
gbXML file, we needed to create an analytical model in Revit, which was not necessary for
the IFC format. However, to import the IFC file into CYPETHERM HE, another software
was required (Open BIM Analytical Model), in order to generate an analytical model based
on the IFC format without errors. At the end of this step, a comparison of the gbXML and
IFC import results was made to identify the interoperability strengths and weaknesses.
In addition, a qualitative evaluation of this first step was carried out, in order to verify
which of the three processes was more feasible, under the vision of an architect user of the
software.

The last step was a comparison of the simulation results of the first step. The extracted
files from BIM were imported into the BEM software: Design Builder and Open Studio
were used for gbXML and CYPETHERM HE for IFC. To make the comparison more
precise, we focused on the energy envelope performance through windows and opaque
surfaces. In this way, none of the data about people, equipment, lights, infiltration, or
HVAC were selected and, therefore, we could explore only the parameters affected by the
interoperability construction process in more detail.

As a result, we intended to discern whether there exists an automated or semi-
automated workflow between BIM and BEM.

2.1. BIM Exporting Formats

At present, many BIM authoring tools support the gbXML and IFC data formats. In
this paper, we chose Autodesk Revit 2020 as the BIM engine, in which only the geometry
and envelopes of the buildings were modelled. As mentioned previously, HVAC was not
considered in the BEM.

The first case study is a residential building of 143.60 m?, with two floors (Figure 2)
and 13 thermal zones. It has a simple and straight-line geometry, with vertical circulation
per staircase. Its Revit file had 4.20 megabytes of information.

On the other hand, the second case study was a much bigger and more complex
building (Figure 2). It is an industrial warehouse of 9.677 m?, with three floors and a
basement, in which 21 thermal zones were defined. Although it has a simple geometry, the
roof is curved, as well as some of the walls. In comparison with the residential case, this
one had 75.15 megabytes of information.
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Figure 2. Building information modelling (BIM) models of the residential and warehouse buildings.

2.1.1. Green Building XML (gbXML)

The Green Building XML (gbXML) schema, developed by Green Building Studio Inc.,
is focused on environmental data. It was originally developed to enable interoperability
between the building design in CAD softwares and energy analysis tools [34]. However,
gbXML also attends to exchange data among diverse simulation instruments. In its format,
the geometric and weather data, user profiles, and energy information are exchanged.
Nevertheless, some parameters about building HVAC components are discarded [42].

At the moment of exporting the gbXML file from Revit, some decisions must be made.
First, it is necessary to create an analytical model, and to check, in the Revit export gbXML
interface, if the spaces and the geometry are defined precisely. If there is any error with
both characteristics, it would not be able to conclude the gbXML export. Secondly, in order
to achieve good interoperability, some parameters must also be activated in Revit export
gbXML, such as rooms and detailed elements; otherwise, in the gbXML, there will be a lack
of information needed for the creation of the BEM, in reference to the geometry and the
envelope materials.

It is possible to see, from Figure 3, that all the thermal zones of the residential building
were generated correctly in the gbXML file. Contrarily, the warehouse study presented
a particularity in its analytical model and in the gbXML export. Its analytical spaces’ 3D
view did not show all the thermal zones that were created. However, at the point of the
gbXML export, it can be seen that the zones were generated properly.

“_l_'A;‘

=32 |
YR
AL

A

T

T

Figure 3. Analytical model of the residential and warehouse buildings.

2.1.2. Industry Foundation Classes (IFC)

The industry foundation classes (IFC) were developed by international association
interoperability (IAI), but are now administrated by the buildingSMART alliance. They are
the only 3D object-oriented open standards that use BIM. In contrast to gbXML, the aim of
the IFC format is to provide a single basis for the exchange of information in the field of
construction and facility management [43]. The IFC schema is more extensive and complex
than the gbXML format, and supports, in addition to a good geometric representation,
semantic data enrichment [44].
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Although there is an automated IFC export from Revit using the BIM collaboration
plug-in developed by CYPE, the IFC files for both case studies were exported manually.
In order to guarantee proper interoperability, in the Revit export interface, the phase
where the thermal zones were created must be selected. Otherwise, the room data will not
be transferred.

2.2. BEM Importing Software

As mentioned above, Design Builder and Open Studio were the software selected to
import the gbXML file, while CYPETHERM HE was used to import the IFC format.

2.2.1. Design Builder

First of all, the gbXML file was imported in Design Builder, which is a software
that allows for the editing of BEM geometry, spaces, and materials. In this research, as
the purpose was to study the interoperability from BIM to BEM, any modification was
made in the imported model. Nevertheless, at the moment of the gbXML file insert,
some parameters were activated and some templates were changed, as data related to the
typology template, weather file, ideal loads, and occupation schedule were not detailed in
Revit and, therefore, could not be imported with the gbXML file.

In the interface, “Import BIM Model” was selected to import the thermal properties
and the model as building blocks. The use of these parameters guaranteed that the materials
defined in Revit would be transferred into Design Builder and that the model would be
constructed with thermal zones. The activity template chosen was according to the type of
the building and, in the openings tab, the layout of the external windows was defined as
none. If these elements had not been defined properly, the BEM model would not work
correctly and this could not be considered an interoperability error but, rather, a mistake in
the configuration of the BEM file.

2.2.2. Open Studio

In order to compare the transfer of the data, the gbXML file was imported into the
Open Studio software. Differently to Design Builder, Open Studio only allows for the
change of the materials and the thermal zones and, if any adjustment to the geometry is
needed, the SketchUp Open Studio plug-in software must be used. Similarly to Design
Builder, it was also necessary to carry out some actions in Open Studio, such as changing
the typology template, choosing the appropriate timetable, activating the ideal loads, and
selecting the weather file.

2.2.3. CYPETHERM HE

Initially, three options for BEM software were considered to import IFC: CYPETHERM
HE, Space Boundary Tool (SBT), and Open Studio. Nevertheless, only CYPETHERM HE
was actually available. The SBT software, from the Lawrence Berkeley National Laboratory,
is no longer updated (since 2014). On the other hand, Open Studio can import gbXML, as
was previously explained, but when trying to import IFC files, an intermediate program
called BIMserver was necessary. The installation process of the BlIMserver required a high
level of expertise and, therefore, this workflow was discarded.

CYPETHERM HE is continuously updated and its interoperability between BIM and
BEM is an easy and intuitive process. Despite the fact that an intermediate software is
needed to transfer the IFC data to CYPETHERM HE (Open BIM Analytical Model), the
workflow is simple and does not require expert knowledge.

In the CYPETHERM HE import interface, it is possible to select a typology directory,
which refers to the project materials. In this case, as it was not possible to transfer the
envelope materials and its thermal properties from Revit and there was no typology
directory created in CYPETHERM HE, it was necessary to generate all the construction
systems in this tool. Once this typology is generated, it can be saved and be used in any
other project.
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Before importing the IFC file into the BEM tool, the Open BIM Analytical Model
software was used to create an analytical model and verify the extracted data, as it refers to
its dimensions, geometry, materials, and any inconsistency between the building geometry
elements. As a result, the IFC data of the residential case was extracted correctly from the
BIM authoring tool. All the 13 thermal zones and the envelope materials were transferred.
Furthermore, the model was constructed properly and its dimensions were the same as in
the BIM (see Figure 4).

On the other hand, the industrial warehouse model in the Open BIM Analytical Model
software seemed to be constructed properly, but only 19 thermal zones were imported. It
was found out that two thermal zones of the first floor were missing in the IFC data. No
reason was found, as to why these zones were not extracted, as the same procedure was
followed within all the thermal zones.

In order to cast light on the problem, the IFC of the warehouse was imported into the
Solibri Anywhere software and the same issues appeared as in the Open BIM Analytical
Model. The reason for this seemed to be connected with the generation of the model
from the IFC as a consequence of a wrong transfer of the BIM data to the IFC format and,
therefore, was not dependent on the type of software used. This is clearly an interoperability
problem related to the IFC format.

Figure 4. IFC files imported into Open BIM Analytical Model.

3. Results and Discussion
3.1. gbXML Import Results
3.1.1. Residential case in Design Builder

As it is possible to see in Figure 5, all the thermal zones established in the Revit file
of the residential building were correctly imported into Design Builder. Furthermore,
the library of materials was successfully transferred and a new template called “gbXML”
was generated.

However, although the model was perfectly constructed in Revit, it had some problems
in Design Builder. First, the model dimensions in the BEM software were not the same as in
BIM. In Design Builder, the building was 1.70% smaller than in Revit and, consequently, the
volumes of the thermal zones were also smaller. Another problem was found concerning
the model surfaces. In the north facade, there were errors in recognizing the walls and the
roof and the first floor was not constructed accurately. In addition, some of the walls were
imported without the construction assignment.
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Figure 5. Residential green building extensible markup language (gbXML) file imported in Design Builder.

3.1.2. Warehouse Case in Design Builder

On the other hand, the industrial warehouse gbXML file showed many more problems
than the first case study. Some walls and roof construction systems were created as shadow
elements, presented apertures in their surfaces, and did not assemble well with each other.
Furthermore, the roof was divided into many small parts, some of which were recognized
as walls or as windows, while some of them were missing (see Figure 6). Moreover, some
walls were generated automatically, although they did not exist in the BIM tool.

Figure 6. Warehouse gbXML file imported in Design Builder.

Table 1 summarizes the errors encountered in the gbXML file import into Design
Builder. In summary, the issues found were very similar in both models. However, it was
noticed that, when the file was bigger and had more data, more problems appeared during
model creation in BEM, mainly with respect to the construction of the thermal envelope
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(walls, floors, and roof). Moreover, both models showed different dimensions from Revit,
which could not be corrected at the importing step. The only way to guarantee that the
model has exactly the same external dimensions as in the BIM, would be to not import it as
“building blocks”. Otherwise, all of the model would be created as a building component,
without the generation of thermal zones. Therefore, it is better to accept a percentage of
dimension error than to have to build all the thermal zones, which were already made in
the BIM authoring tool.

Table 1. Comparative table between the gbXML files imported in Design Builder.

Design Builder

gbXML from Revit

The model

Residential case

Warehouse case

Dimensions

1. External dimen-
sions.

1. Solution.

2. Thermal zones
area.

2. Solution.

3. Thermal zones
volume.

3. Solution.

Some walls were 4% smaller and others
were 2% bigger than BIM

Modify the model in Design Builder.
Some areas were 4% smaller and other
up to 10% bigger than in the BIM.
Modify the model in Design Builder.
The volumes are at least 6% bigger than
in the BIM.

Modify the model in Design Builder.

Walls 0.56% smaller than BIM.
Modify the model in Design Builder.

Correct.

Correct.

Geometry

4. Zones recogni-
tion.
4. Solution.

5. Building surfaces.

5. Solution.

Correct. Total of 13 zones.

North walls and parts of the roof im-
properly constructed and presented
some gaps. First floor is missing. Parts
of the thermal envelope were recog-
nized as shadow elements.

Modify the model in Design Builder.

Correct. Total of 21 zones.

North walls and parts of the roof im-
properly constructed and presented
some gaps. Ground floor is missing.
Parts of the thermal envelope were rec-
ognized as shadow elements.

Modify the model in Design Builder.

Materials

6. Building materials.

6. Solution.

7. Material thick-
ness.

7. Solution.

8. Material thermal
properties.

8. Solution.

Correct. Two folders called “Imported”
were created: One for constructive sys-
tems and another for materials.

Correct.

Correct. The properties that do not ap-
pear in Revit were automatically filled
in Design Builder.

Correct. Two folders called "Imported”
were created: One for constructive sys-
tems and another for materials.

Correct.

Correct. The properties that do not ap-
pear in Revit were automatically filled
in Design Builder.

3.1.3. Residential Case in Open Studio

As was mentioned above, Open Studio was also used to import the gbXMI file, and
some steps were executed. First, it was verified that the imported data of the materials
and the thermal zones were in line with those determined in Revit. Second, with respect
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to the errors, it was not possible to measure the model facades in Open Studio. Then, the
SketchUp 2017 software and the plug-in Open Studio for SketchUp were used to import
the Open Studio file, in order to check whether the model dimensions were the same in
the BIM and BEM software. However, the building dimensions were between 1% to 6%
smaller and the thermal zones were 0.85% to 8% bigger than in Revit. These problems
may have occurred because of the transferred data of the wall dimensions, if they were
automatically recognized from external to external walls or from the middle of the internal
walls. Unfortunately, this recognition cannot be controlled, either in the export of the
gbXML or during its import into the BEM software.

Finally, the geometry was not generated properly: As in Design Builder, the first floor
and some parts of the wall of the north facade were recognized as shadow elements. This
might have occurred because it is only necessary to model the building surfaces that enclose
the thermal zones and the floor is modeled as a unique line in the BEM tool. Therefore,
as the model was generated automatically, every space that was left over as a shadow
element was recognized. In addition, some walls had gaps that did not appear in Revit
(see Figure 7).

Figure 7. Residential gbXML file imported in Open Studio.

3.1.4. Warehouse Case in Open Studio

The model of the industrial warehouse in Open Studio was built with less incon-
sistencies than in Design Builder and all 21 thermal zones were imported. However, it
also showed some errors in the construction of the walls and in its assembly with other
constructive systems, which directly affected the thermal zone areas and volumes. The
roof, again, was divided into many pieces, in which some parts were considered as shadow
elements. Additionally, the windows were missing (see Figure 8).

As the same phenomena occurred in Design Builder, it can be noted that, in the gbXML
import in Open Studio, the bigger and more complex the building, the more issues appear
(mainly on the envelope). It would not be a problem if the model had the same size as
the residential case, as there would not be many difficulties to be corrected. On the other
hand, if the project had the same proportion or bigger than the warehouse, it would be
complicated to verify all the model issues and to fix them. Finally, Table 2 compiles the
errors and possible resolutions for each case.
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Figure 8. Warehouse gbXML file imported in Open Studio.

Table 2. Comparative table between the gbXML files imported in Open Studio.

Open Studio

gbXML from Revit

The model

Residential case

Warehouse case

Model between 1% to 6% smaller than
in the BIM.

Modify the model in SketchUp.

The areas are between 0.85% to 8%

2. Thermal zones areabigger than in the BIM.

1. External dimen-
sions.
1. Solution.

Correct.

As the thermal zones were subdivided
and some parts were missing, it was not

Dimensions possible to measure its area.
2. Solution. Modify the model in SketchUp. Modify the model in SketchUp.
3. Thermal zones The volumes are between 4% to 12% As the thermal zones were Su.b divided
. . and some parts were missing, it was not
volume. bigger than in the BIM. . :
possible to measure its area.
3. Solution. Modify the model in SketchUp. Modify the model in SketchUp.
4. Zones recogni- Correct. Total of 13 zones. Correct. Total of 21 zones.
tion.
4. Solution. = =
Geometry North walls and parts of the roof im- Walls and parts of the roof improperly
5. Building properly constructed and presented constructed, divided into many small
surfaces. some gaps. Facade of the first floor parts and presented some gaps. Win-

transferred as a shadow element.
5. Solution. -

dows were missing.
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Table 2. Cont.

Open Studio

Materials

6. Building
materials.

6. Solution.

7. Material thickness.

7. Solution.

8. Material thermal
properties.

8. Solution.

Correctly imported, but some walls do
not have the same construction name
as in Revit.
Change the name in Open Studio or in
SketchUp.

Correct.

In Open Studio, there are some proper-
ties that do not appear in Revit and, in
this case, they were automatically filled
in by Open Studio.

Not all the construction systems were
transferred and some walls do not have
the same construction name as in Revit.
Modify the model in Open Studio or in
SketchUp.

For those materials that were imported:
Correct.

In Open Studio, there are some proper-
ties that do not appear in Revit and, in
this case, they were automatically filled
in by Open Studio.

3.2. IFC Import Results
3.2.1. Residential Case in CYPETHERM HE

Although CYPETHERM HE enables IFC import directly in the software, it has been
analysed that it is better to use the IFC exported from an Open BIM Analytical Model.
When the IFC file was imported in CYPETHERM HE directly from Revit, all the thermal
zones showed 0 m? and 75 m®. However, after exporting the IFC from the Open BIM
Analytical Model and importing it into CYPETHERM HE, the thermal zone dimensions
were not accurately transferred. The dining room thermal zone presented the biggest
difference from Revit, as its volume was 180% bigger than in the BIM. The other zones, in
turn, were about 6% to 12% bigger than in Revit.

Another problem found was the creation of two internal walls in the group of external
walls that could not be deleted. In addition, the floor that was in contact with the ground
was not transferred and, so, CYPETHERM HE considered this floor as a slab between
floors, which could be a relevant issue when analysing the building energy demand. In
contrast, all windows were properly imported, according to their dimensions, with only
one window missing (see Figure 9).

Similarly to Open Studio, it is possible to edit the materials of the building envelope
and to delete and add thermal zones in CYPETHERM HE. However, once a thermal zone or
a building surface is added, it cannot be referred to as specific space and, so, it is pointless
to make any change, in this aspect, in CYPETHERM HE. If there is necessity for modifying
the model geometry or thermal zones, it can be done in the BIM authoring tool, or in
another CYPE software called IFC Builder.

3.2.2. Warehouse Case in CYPETHERM HE

On the other hand, as happened at the moment of importing the warehouse IFC in
Open BIM Analytical Model, not all the thermal zones were imported in CYPETHERM
HE (see Figure 9). This might be a problem relating to extracting the data from the BIM
authoring tool to the IFC file, once it worked properly with the gbXML format.

Although the construction of the model seemed accurate, the thermal zones were
built with many errors. Firstly, some of the zones did not have all their enclosures or some
surfaces presented gaps; furthermore, they did not have the correct dimensions, compared
to the BIM. The thermal zone areas and volumes were bigger than in Revit; the same
happened in the residential case. Moreover, as occurred in Design Builder, some surfaces
of the thermal envelope were divided into many small parts, despite having the same
constructive system.
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Figure 9. Residential and warehouse industry foundation classes (IFC) files imported in CYPETHERM HE.

Finally, as can be seen in Table 3, the problems detected in the IFC import in CYPETHERM
HE increased with the size of the building and its complexity. In the residential case,
CYPETHERM HE was able to verify each constructive system and detect if there were any
missing elements. Nonetheless, the warehouse building had its surfaces divided into many
parts; in some of which the construction systems were changed and, as consequence, it
became difficult to measure and evaluate them. In addition, contrarily to Design Builder,
in CYPETHERM HE, it is not possible to correct model issues. One way to solve these
problems would be to import the IFC file into IFC Builder and to try to fix them there;
however, this work would take a long time and might still not be totally free of error.

Table 3. Comparative table between IFC imported in CYPETHERM HE.

CYPETHERM HE

IFC from Revit

Dimensions

The model Residential case Warehouse case
The dimensions were measured select-
1. External Model between 0.70% to 7.50% smaller ing the facades. Some of them were
dimensions. than in the BIM. more than 20% bigger and others 10%
smaller than in the BIM.
1. Soluti It is not possible to correct the external It is not possible to correct the external
. Solution.

2. Thermal zones
area.

2. Solution.
3. Thermal zones

volume.

3. Solution.

dimensions in CYPETHERM HE.
Areas between 6% to 12% bigger than
in the BIM.

It is not possible to correct the thermal
zone areas in CYPETHERM HE.
Volumes between 12% to 134% bigger
than in the BIM.

It is not recommended to modify the
thermal zone volumes in CYPETHERM
HE.

dimensions in CYPETHERM HE.
Areas between 1% to 5% bigger than in
the BIM.

It is not possible to correct the thermal
zone areas in CYPETHERM HE.
Volumes between 27% to 180% bigger
than in the BIM.

It is not recommended to modify the
thermal zone volumes in CYPETHERM
HE.
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Table 3. Cont.

CYPETHERM HE

4. Zone recogni-
tion.

4. Solution.

Geometry 5. Building

surfaces.

5. Solution.

Correct. Total of 13 zones.

Gaps in the surfaces of the thermal
envelope. Some walls and the ground
floor had the wrong recognition of
their constructive system. One window
was missing.

It is not possible to correct the building
geometry in CYPETHERM HE.

Incorrect. Total of 19 zones, not 21.

It is not possible to correct the zone
recognition in CYPETHERM HE.
Missing walls in the corresponding
thermal zone. Gaps in the surfaces of
the thermal envelope. The roof was di-
vided into many parts, although it had
the same construction system. Some
constructive systems did not have any
building surface assigned.

It is not possible to correct the building
geometry in CYPETHERM HE.

6. Building materials.

6. Solution.

Materials 7. Material thickness.

7. Solution.
8. Material thermal

properties.
8. Solution.

The name of the constructive system
was imported correctly, but none of the
materials could be imported from Re-
vit.

Create the typologies in CYPETHERM
HE.

None of the materials could be im-
ported from Revit.

Create the typologies in CYPETHERM
HE.

None of the materials could be im-
ported from Revit.

Create the typologies in CYPETHERM
HE.

The name of the constructive system
was imported correctly, but none of the
materials could be imported from Re-
vit.

Create the typologies in CYPETHERM
HE.

None of the materials could be im-
ported from Revit.

Create the typologies in CYPETHERM
HE.

None of the materials could be im-
ported from Revit.

Create the typologies in CYPETHERM
HE.

3.3. Evaluation of the Processes

As this article aims to evaluate the interoperability of BIM to BEM, all the processes are
summarized in Table 4, in order to determine which one is the most feasible to implement
in a daily office routine, under the vision of an architect user of the softwares. The feasibility
was analysed according to the time spent, the effort dedicated, and the difficulty presented
in each process, rated on a scale from 1 to 5, where 1 represents the easiest process and
5 represents the most difficult. This analysis was made according to a generic model which
had a complexity level similar to that of the warehouse case.

As can be seen from Table 4, exporting to the gbXML file was considered easier than
the IFC format. At the moment of exporting the IFC from Revit, some specific parameters
must be set correctly; otherwise, it cannot extract the data properly.

Table 4. Comparative table with assessment of the processes. Scale range: 1 to 5, where 1 means the most feasible.

Export Import
Process Revit Design Builder Open Studio CYPETHERM HE
gbXML  IFC gbXML gbXML IFC
Export/Import the files 3 3 1 1 1
Verify the information transferred - - 4 4 3
Correct the dimension errors - - 3 5 5
Correct the geometry errors - - 3 5 5
Correct the material errors - - 3 3 2
Total 3 3 14 18 16
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In turn, in the BEM softwares, importing the gbXML and IFC did not present any
difficulty, as long as the interface at the time of import was correctly defined in the energy
tool. The interoperability in Design Builder was considered the most feasible one and that
in Open Studio was the least viable.

3.4. Simulation Results

After analyzing the import of the gbXML and IFC files of the residential building
and the warehouse into BEM software, all the models were simulated with the aim of
assessing whether the energy results would differ, with respect to the BEM software used.
The simulations were executed monthly, from 1st January to 31st December, using the
weather file of Madrid, Spain, under ideal loads.

However, among the three processes carried out, only the first and the third related to
the residential case presented results. The gbXML file of the house imported in Open Studio
showed some fatal errors in its geometry (e.g., missing walls and floors), which made its
energy calculation impossible. Furthermore, the warehouse case was not simulated. Its
gbXML and IFC files were imported in BEM tools without any problem; however, the
model was not constructed properly. Missing elements and gaps in the thermal envelope,
such as in the roof and external walls, were among the fatal errors encountered.

Therefore, only the results of the first and the third processes (see Figure 1) of the
residential case were analysed:

1.  gbXML file exported from Revit and imported in Design Builder.
2. IFC file exported from Revit and imported in CYPETHERM HE.

As this research intends to verify the interoperability between the data transfer from
BIM to BEM, at the moment of comparing the results, two constructive elements were
selected that can be inserted and modified in BIM and are essential to the study of energy
modelling: the windows and the opaque envelope.

e Windows Heat Gain

As can be seen in Figure 10, there was a big difference between the model results
of the residential case. First of all, the windows heat addition value of the first process
was six times smaller than the third case, simulated in CYPETHERM HE. Once the huge
discrepancy among these values was determined, we intended to discover where the
problem originated from and, so, we collected the information about three parameters that
could have influenced the window heat addition: Area of multiplied openings (m?), glass
U-factor, and glass SHGC (Table 5).

16.000
14.000
12.000
§ 10.000
v 8.000
6.000
4.000
2.000
0 ||
Window Opaque Window Opaque
Heat Surface Heat Surface
Addition Conduction Removal Conduction
[kKWh] [kWh] [kWh] [kWh]
® gbXML Design Builder 2.502 1 4.610 8.884
m [FC CYPETHERM HE 15.016 729 4.196 11.934

Figure 10. Heat gain components of the residential building simulations.
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Table 5. Window properties.

Windows Heat
Addition

Glass Windows

SHGC Frame [Total m2]

Glass
U-Factor [W/m2K]

Area of
Openings [m?]

Revit

gbXML in Design
Builder

IFC in
CYPETHERM HE

- 39.24
2501.83

15,015.64

0.78 6.70
0.13 -

3.69

38.13 293

33.00 3.68 0.70 -

Therefore, we found that, in the gbXML file, the glass U-values and SHGC were not
equal to those in Revit (see Table 5). For some reason, the U-value was 2925 W/m? K and
the SHGC was 0.13, while, in Revit, they were 3.68 W/m? K and 0.78, respectively. This
was a failure in the transfer of the data from BIM to the gbXML file, which explains the
lowest value of window heat addition among the two cases.

On the other hand, the third process, which had the IFC file imported in the CYPETHERM
HE software, presented the exact same glass U-value as in Revit. However, at the moment
of analysing the IFC file in Notepad, we detected that the glass SHGC was not transferred
to the IFC and, therefore, a SHGC default value equal to 0.70 was set automatically in
CYPETHERM HE.

Regarding the area of openings, gbXML had a value closer to the BIM. In Revit, the
window total was 39.24 m?, while the gbXML and IFC files presented values 3% and 15%
smaller than BIM, respectively.

Another interoperability problem was related to the window frames. In the BIM
model, the openings had wooden frames, but their thermal properties were not defined.
This information was not extracted to the gbXML and IFC files and, therefore, none of this

opaque fraction of the opening was transferred to the BEM.
*  Opaque Surface Conduction

As can be seen from Table 6, there were differences between the areas and U-values of
the thermal envelope opaque elements (i.e., floors, walls, and roof).

Table 6. Opaque Surface Conduction Elements.

Opaque Surface
Conduction Addition

[kWh]

Exterior Wall
U-Factor
[W/m2K]

Ground Floor
U-Factor
[W/m2K]

Sloped Roof
U-Factor
[W/m2K]

Area
[m?]

Area
[m?]

Area
[m?]

Revit

gbXML in
Design Builder
IFC in
CYPETHERM
HE

0.76

728.50

309.00
132.84

0.33
0.46

113.00
67.05

3.03
1.92

98.00
No
information

0.41
0.44

No

information 0.61

243.05 0.37 84.40 0.36

The gbXML presented the lowest value for the exterior walls: 132.84 m?, 57% less than
the area in the BIM (309.00 m?). In addjition, the IFC also showed a small value, but only
21% less. Moreover, the U-factor in the first process was 39% bigger than in the BIM model
baseline, which was inconsistent as, in Design Builder, a template was created with all Revit
materials imported. Consequently, the material properties should have been the same.

In relation to the ground floor, clearly there were issues regarding the recognition of
the imported data. First of all, in the simulation of the third case, there was no information
about the area of this floor, and its U-value was much lower than in the BIM (by 80%).
Moreover, the gbXML also showed differences with Revit, as its surface area was 40.67%
smaller and its U-factor was 36.63% lower.

Finally, referring to the sloped roof, the U-factor values did not differ much from the
baseline model. However, in the first simulation process, any information about the roof
area was extracted and, in the IFC, there was a difference of —13.87%.
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These differences between BIM and BEM must be taken into account, as they are
relevant to the energy analysis. In addition, in a smaller scale building, it is easier to correct
the differences in the thermal properties of the envelope materials. However, when it
comes to a bigger building, the work required to correct them would take a long time and
would be prone to human error, by missing some property that was transferred incorrectly.
Therefore, it is crucial that these values are either the same as in the BIM authoring tool, or
present very small differences that can be disregarded.

4. Conclusions

The lack of BIM-BEM interoperability is one of the existing gaps between digitalisation
and the construction area. As BEMs are the basis of energy performance certificates (EPCs),
they should present accurate results, in order to guarantee the confidence of investors in
the energy efficiency sector.

It was observed that there exists a semi-automated workflow between BIM and BEM.
First of all, at the moment of exporting the gbXML and IFC files, some parameters must
be activated in Revit. Secondly, it is necessary to set the BEM tool appropriately for the
model schema data import, with respect to the building typology, ideal loads, occupation
schedule, and weather file.

However, their configuration was not sufficient to ensure adequate interoperability, as
many of the problems encountered in the BEM softwares were consequences of errors from
transfer of the BIM authoring tool data to gbXML and IFC files. Neither the energy models
created with gbXML nor IFC can be trusted as a reference for the BIM, as they presented
thermal properties and geometry values different from the baseline model, which led to
distinctive and erroneous simulation results.

In addition, the BIM-BEM interoperability does not work for all types of buildings.
It was shown that the bigger and more complex the building is (related to its shape and
constructive systems), the less reliable the data transferred is and, so, the greater the
problems in creating the model in the BEM software. These geometry issues resulted in
fatal errors and made the energy simulations impossible.

In summary, BIM-BEM interoperability still has many shortcomings. We generated
simulation results for the residential building, but they were not reliable. On the other
hand, the warehouse could not even be simulated. For these reasons, it is possible to
conclude that greater confidence can be had when recreating the model in a native BEM
tool, in order to guarantee the better quality of results without geometric or construction
component errors. Therefore, it is understood that the BIM to BEM interoperability is not
ready to save time and costs in the design process, under the current state-of-the-art. A
bigger effort should be made by standardization bodies, in order to increase the confidence
of stakeholders.
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Abbreviations

The following abbreviations are used in this manuscript:

BIM Building Information Modelling
BEM Building Energy Model
EPC Energy Performance Certificates

HTML Hypertext Markup Language

XHTML  Extensible Hypertext Markup Language

bcXML Building Construction Extensible Markup Language
IFCXML Industry Foundation Classes Extensible Markup Language
IFC Industry Foundation Classes

gbXML  Green Building Extensible Markup Language
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