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Abstract: This study demonstrates the research and development of a visualization method called
thermal performance simulation. The objective of this study is providing the results of thermal
performance simulation results into building information modeling (BIM) models, displaying a series
of thermal performance results, and enabling stakeholders to use the BIM tool as a common user
interface in the early design stage. This method utilizes a combination of object-oriented physical
modeling (OOPM) and BIM. To implement the suggested method, a specific BIM authoring tool called
the application programming interface (API) was adopted, as well as an external database to maintain
the thermal energy performance results from the OOPM tool. Based on this method, this study created
a prototype called the thermal energy performance visualization (TEPV). The TEPV translates the
information from the external database to the thermal energy performance indicator (TEPI) parameter
in the BIM tool. In the TEPI, whenever BIM models are generated for building design, the thermal
energy performance results are visualized by color-coding the building components in the BIM
models. Visualization of thermal energy performance results enables non-engineers such as architects
to explicitly inspect the simulation results. Moreover, the TEPV facilitates architects using BIM as
an interface in building design to visualize building thermal energy performance, enhancing their
design production at the early design stages.

Keywords: thermal energy performance simulation; object—oriented physical modeling; building information
modeling; information visualization

1. Introduction

A lack of information needed to visualize building energy simulation results prevents the efficient
use of such results in developing schematic designs in the early design stages. Ozkan et al. [1] pointed
out that the visualization of building energy performance information at the early design stage can
facilitate the energy—reduction strategies. Some of software applications including plug-in applications
are available in the market to support building energy simulation—based design at the early design
stage [2-8]. Most of the applications have the difficulty of seamless object mapping for information
visualization between a building component and the simulation result. In order to improve information
visualization, we investigated a platform for depicting building energy performance, focusing on
thermal energy performance in building information modeling (BIM). To develop the platform, we first
created a BIM model of Building Energy Simulation Test (BESTEST) Case 600 [9] to experiment
with our method and develop a case study. Second, we created a thermal energy performance
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indicator (TEPI) parameter to store thermal building energy performance results after conducting
object-oriented physical modeling—based building energy performance simulation (OOPM~-BEPS).
Third, we designed a visibility setting in the BIM authoring tool that uses TEPI values to color—code
building components. Finally, we developed the thermal energy performance visualization (TEPV)
using the application programming interface (API) programming method. The TEPV enables building
components in a BIM model to update TEPI values for simulated time and change the building
components’ colors automatically.

The research objectives in developing this platform includes (1) providing the results of thermal
energy performance through the TEPI parameter in BIM models, (2) displaying a series of thermal
energy performance results as color-coding building components, and (3) enabling stakeholders in
the early design stages to use the BIM tool as a common user interface when developing architectural
models and thermal energy performance visualizations.

Our study is significant in that we demonstrate a new method for associating the representation of
thermal energy performance obtained from an OOPM—-BEPS with color-coded building components in
BIM. This approach is distinctly different from other building performance representations and other
BEPS tools; our information visualization in BIM from OOPM-BEPS provides a new and sophisticated
object—based performance visualization and mapping method. Consequently, the developed platform
facilitates that architects become better informed based on the intuitive object—oriented building
performance simulation results at the early design stage.

The following sections present the details of our research methods, implementation, verification,
and results. Also, findings from the interfacing of BIM and OOPM—BEPS for visualization are discussed.
In this research, the terms “building information modeling” and “building information models” may
both the abbreviated as BIM and used in different contexts.

2. Problems and Challenges

While building energy performance simulation (BEPS) tools have become one of the main means
of evaluating building performance in sustainable design, most of the current thermal simulation
applications such as DOE-2, EnergyPlus, eQUEST, Green Building Studio (GBS), etc. require a
building geometry information retrieval process achieved through computer-aided design tools [10]
that exchange BIM data with thermal modeling [11]. In addition, BES tools typically generate a large
quantity of numbers in tables and charts after thermal simulations are conducted [12,13]. Such a process
causes interoperability problems and stakeholders involved in the early design stage, such as designers
and engineers, may find it difficult to investigate thermal results after completing simulations. Currently,
few BEPS tools are supporting integration with BIM; GBS can be utilized during the simulation process
with specific BIM authoring tools such as Revit [12,14-17]. Research efforts for visualization of
energy simulation results [18,19] have explored developing a better comprehension of building energy
performance analysis. However, the tools developed still have difficulties providing feedback during
the early design process. They only offer many tables and numbers; it is time-consuming to find the
distinct relationships between the simulation result and the building component (i.e., which components
perform well and which do not), which is information critical to improving building design.

3. Objective and Approach

The objective of this study was to facilitate sustainable design through information visualization
of OOPM-BEPS results in the early design stage. To achieve this goal, we developed a platform
by integrating BIM and the results from OOPM-BEPS tools (i.e., we integrated the capability of
OOPM-BEPS visualization in BIM).

For this integration, our research method is based on the BIM technologies including the API of the
BIM tools and OOPM-BEPS using the OOPM method. Even BIM facilitates access to comprehensive
building information that accumulate throughout the building’s lifecycle [20] and allows parametric
modeling in the design stage, OOPM supports object-oriented building performance simulation
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results [21]. Our research utilizes the advantages of BIM and OOPM-BEPS for visualization—an
object-based modeling approach for building and energy modeling and an object-oriented programming
method. The object-based modeling approach enables direct access to BIM and simulation results,
and the object-oriented computer programming method facilitates a system interface for visualization
between BIM and OOPM~-BEPS. Figure 1 shows the overall process of this research, including all steps
and activities (A1, A2, A3, and A4).
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Figure 1. Overall process diagram using Integration Definition of Function Modeling(IDEF)0 [22].

The green component (A1) in Figure 1 represents the process of creating a BIM model, including the
information required to create an OOPM—BEPS. The Al activity consists of the following three major
control components: (1) visibility setting and TEPI parameter, (2) physical properties, and (3) design
intent and specifications. The stakeholders and specific tool, represented as architects/engineers and
BIM authoring tools in the A1 activity, enable a BIM model to be created with particular values
for the controls. The output from the Al activity is a BIM model consisting of geometry and no
geometry information.

The blue component in Figure 1 is the OOPM-BEPS process adopted from [12,14,15,23,24].
Previous work integrating BIM and OOPM-based building energy model (BEM) evaluated the use of
object-oriented BIM and BEM, enabling more reliable and efficient model translation and guaranteeing
efficient maintainability [12,14-16,23,24]. The A2 activity represents the object-based BEPS method
adopted for thermal energy performance simulations, based on the BIM model. The control components
of the A2 activity include the physical BIM library developed from [14] and object—oriented physical
library developed from [25]. The control components facilitate model translation and BIM-based
OOPM-BEM [12,14,23]. The three main control components (i.e., OOPM using Modelica, API,
and Mechanism) of the A1 activity enable model translation between BIM and OOPM-based BEM
under two control components. Thus, three OOPM—-BEM model translated from the BIM model can
be used to conduct building energy performance simulations and provide object-oriented thermal
simulation results.

The simulation results from the A2 activity are converted as input data for the A3 activity.
The main function of A3 is to create an external database to accumulate the object-based thermal
simulation results from the A2 activity. Even simulation results consisting of object-based results
mapped with specific building components including walls and floors are still composed of a large
quantity of numerical simulation results. In order to access specific information among the results,
each value needs to be stored in individual containers such as cells in the external database applications
(Excel or Access).

The A4 activity represents the TEPV workflow. The activity has geometric information from
the A1 activity as the input and database information from the A3 activity as the control component.
Based on the input and control component, the specific value is represented as a color-coded building
component under the API mechanism and BIM authoring tool.
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4. Methodology

Our methodology included the following process:

1.  Designing a set of steps for the TEPV, including creation of the TEPI parameter and visibility setting;
Prototyping a system interface through BIM’s API to implement TEPV; and

3. Conducting a case study using a benchmark energy performance test model
(i.e., BESTEST Case 600) to verify the prototype.

In the following section, we discuss BIM preprocessing to define the steps for the TEPYV,
prototyping of the TEPV implementation, and verification of the suggested method by applying
the prototype to a benchmark model.

4.1. BIM Preprocessing

Before executing the TEPV, the BIM needed to be preprocessed to apply thermal simulation
results, as follows. In order to implement the TEPV, we utilized the modeling ability of a specific BIM
authoring tool (i.e., Revit 2020 version [26]).

e  Creating the TEPI parameter: We created the TEPI parameter to apply the thermal simulation
results from the OOPM—-BEPS to the building components, due to the absence of a relevant
parameter in the BIM model. The parameter was assigned as a project parameter so that all of
the building components could include information from the OOPM—BEPS results. Figure 2
shows how to create a TEPI parameter in Revit and illustrates that the TEPI was defined as a
project parameter to apply its values to the building components. Once the TEPI parameter
was defined as a project parameter, we assigned the TEPI’s properties to the energy analysis
group parameter and applied it to building component categories such as ceilings, columns,
curtain panels, curtain systems, curtain wall mullions, doors, walls, etc.
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Figure 2. TEPI parameter creation in the BIM authoring tool (Revit).

After creating the TEPI parameter and its properties (see Figure 2), users could confirm the
assigned parameter with the selection of building components in the Properties window in Revit
(see Figure 3). We assigned the TEPI parameter to the energy analysis group when in the project
parameter creation stage. The Properties window of the building components selected showed the
TEPI parameter under the energy analysis group (the red solid—lined box in Figure 3).
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Figure 3. TEPI parameter applied to wall components. The wall components located the TEPI parameter
in the energy analysis group. The value was assigned from the connected database.

e  Visibility setting: Visibility settings were needed to generate the color—coded building objects
through the updated values in the TEPI parameter. The visibility settings enabled the building
components to be represented by target colors. The settings consisted of a series of ranges,
each with a different color (e.g., a range from 0 to 100 could be assigned a light red color, and if the
value of the TEPI parameter was within the range, the component containing the value would be
visualized as a light red color). As shown in Figure 4, we created a rating system using the Filters
function in the Visibility/Graphic Overrides window in Revit. The rating system had 10 levels
with different colors, each divided into 50 numbers, from Rating_2 to Rating_10. The Rating_1
and Rating_10 levels had 100 and 30 numbers, respectively. (i.e., the values for the 10th level were
between —400 and —430 Watts).

............................................................................................................................................................................
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Figure 4. Visibility/graphic overrides setting for assigning different colors to the 10 levels.

4.2. Prototyping

We created the TEPV prototype using Autodesk Revit as a BIM authoring tool and its API
(in C# programming language) [27] and utilized Lawrence Berkeley National Laboratory, Berkeley,
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CA, U.S. (LBNL)'s Modelica Buildings library [25] for the OOPM-BEPS. We also used Dymola®,
Vélizy-Villacoublay, FRANCE [28] as the OOPM~-BEPS environment. The prototype feeds the
information from the OOPM—-BEPS tool into the TEPI parameter through an external database.
The database was generated after completing the OOPM-BEPS, which provided object—based energy
simulation results such as the heat flow rates for each building component. Because the value of the
TEPI parameter was updated automatically, the building components were represented by designated
color from the visibility settings for the simulation time.

Based on the OOPM-BEPS tool (i.e., Dymola), the object-based thermal simulation results were
generated as shown in Figure 5. Figure 5 illustrates the heat flow rates simulation results of four walls
in a one—room energy simulation model. The results were represented by graphs and the external
database stored them as numbers, checking corresponding building energy performance results for
building components using the export function in the Dymola tool. We utilized Excel spreadsheets
for the external database. The graphs were translated into a comma-separated value (CSV) file in
Excel. We created a script file and executed it in Dyamola to automatically retrieve the thermal energy
performance simulation values and export them into the CSV file.
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Figure 5. Object—based BEPS results from the OOPM to represent the heat flow rates for four walls.

The prototype checked the building components and saved the identification (ID) numbers.
From the ID numbers, the prototype retrieved the simulation results from the database. The results
were stored in the TEPI parameter in a BIM model. Once the building components had their TEPI
values, they were represented by colors designated through a previous visibility setting. Figure 6
shows the workflow diagram of the TEPV.

The TEPV prototype had six phases: (1) create a BIM model, (2) add the TEPI parameter,
(3) set up visibility, (4) create color codes, (5) execute the TEPV API, and (6) collect the color-coded
simulation results.

e  Create a BIM model: We created a sample BIM model to which we applied the TEPV APL
The specific information from the BIM model is described below, in the verification section.
e  Add the TEPI parameter: We applied the TEPI parameter creation process to the BIM model.

e  Set up visibility: The visibility setup process for applying a specific value range of simulation
results was conducted through the BIM model.

e  Create color codes: Ten colors were assigned to the visibility rating filters created.
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e  Execute the TEPV API: We created the Viz TEPI command for the TEPV APIL The TEPV API
consisted of the Viz TEPI command (the dark red box in the “Execute TEPV API” process in
Figure 6) and application (the right figure in the “Execute TEPV AP1” process in Figure 6)). The Viz
TEPI command had the VizTEPLdIl file, allowing for the stored thermal simulation results to be fed
into the CSV file within the TEPI parameter in the BIM model. The Viz TEPI command facilitated
development of dll files without using an AddIn file that would enable Revit to recognize any
APIs of dll files when the process began. Once the dll was verified through several experimental
test cases, we created the Viz TEPI application. The Viz TEPI application facilitated execution of
the command.

e  Collect the color-coded simulation results: Once the Viz TEPl application was executed, the building
components targeted in the BIM model were represented as designated colors, as shown in Figure 6.
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Figure 6. Workflow of the thermal energy performance visualization (TEPV).

4.3. Verification

We have conducted a case study for the verification of our TEPV prototype by creating a equivalent
BIM model for BESTEST Case 600 (see Figure 7). The case study visualized the heat flow rate among
the thermal simulation results for the wall components. After the BIM model was created, we generate
the TEPI parameter into the project parameters (see Figures 2 and 3). As shown in Figure 2, the entire
set of wall components provided heat flow rate results through the TEPI parameter. We executed the
OOPM-BEPS tool to generate object-based thermal simulation results. Figure 5 illustrates some of the
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thermal simulation results and heat flow rate for the wall components for one year. The values from
the graphs were translated into an Excel (CSV) file by the Dymola’s export function. Our case study
only utilized part of the heat flow rate; the results provided six stages for each wall, and we chose the

sixth heat flow rate value for the case study.

T . 2 03 2R ONOP

Figure 7. BESTEST Case 600 Revit model.

Table 1. BESTEST 600’s Material Specifications as Adapted from Judkoff and Neymark [29], ASHRAE [9],
and Jeong [12].

Thermal Conductivity Specific Heat Mass Density

Material Thickness (m) (W/m K) Capacity (j/kg K) (Kg/m?)
Exterior wall (outside to inside)
Wood siding 0.009 0.140 900 530
Fiberglass quilt 0.066 0.040 840 12
Plasterboard 0.012 0.160 840 950
Floor (outside to inside)
Insulation 1.003 0.040 0 0
Timber flooring 0.025 0.140 1200 650
Roof (outside to inside)
Wood siding 0.019 0.140 900 530
Fiberglass quilt 0.1118 0.040 840 12
Plasterboard 0.010 0.160 840 950

The BESTEST Case 600 building model is defined in [29,30]. The detailed building description is

as follows:

One room consists of a single thermal zone and its dimension is 8.0 m, 6.0 m, and 2.7 m for the

length, width, and height, respectively.
The building had two south oriented 6 m?2 windows and no doors.

8of 12
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e  The building envelope’s material properties are shown in Table 1.

e The shade and internal heat gain of the building from occupancy and equipment was nonexistent.

e  The main floor of the building was above ground level, no attached to the ground.

e  The location of the building was Denver, CO, USA.

e  The building was lightweight, and the room temperature control set to 20 °C and 27 °C for heating
and cooling, respectively.

The experimental BIM model for the BESTEST 600 case was created using Autodesk Revit
2021 version [26] as a BIM authoring tool (see Figure 7), Dymola [28] as a Modelica development
environment, and the LBNL Modelica Buildings library as an OOPM—BEPS solver. The solver tolerance
for the thermal energy performance simulation was 107, and the interval of the simulation was 3600 s
for the year.

After generating the external database for the heat flow rate information, we executed a TEPV for
a one-year thermal simulation. Even the database provided 8760 different time snapshots for each
wall, we retrieved only 12 for each wall in the visualization. The TEPV began the thermal performance
visualization with the north wall and continued to from the west wall till east wall through south wall
sequentially. Table 2 includes visualization of the TEPI values for one year.

Since we considered the sixth of the total heat flow rate values from the BEPS results, Table 2
shows all negative values (i.e., the total heat flow rates were positive in summer and negative in winter,
as shown in Figure 5); the negative values indicated that heat flowed from the inside to the outside of
the walls. The heat flow rate values were calculated according to how many joules were measured
per second (in Watts) and stored in the TEPI parameter in the BIM model. Based on the visibility
setting, the range of each rate ware 30, 50, or 100 (see Figure 4), and assigned the color. If the values in
the wall were of same rate, the wall was represented by the same color at different simulation times
(e.g., the north wall was represented by a dark red color on the 175th, 200th, 225th, and 250th days
because the values for those days represented the same rate in the visibility setting). Table 2 shows
which walls were critical for heat flow on a specific date (e.g., the north, west, south, and east walls
were represented by dark blue, light blue, dark red, and light blue, respectively, on the 275th day,
where light red was assigned to indicate a low heat flow rate).
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Table 2. TEPV execution in BIM and TEPI values.

North Wall West Wall South Wall East Wall
I R i

1st hour ? -121.99 o —-89.17 o —-27.42 /0 —-90.98
25th day O -191.70 o -137.25 o —41.50 o -137.75
50th day O —-233.33 O -164.70 o -50.05 o -168.53
75th day O —-183.66 o -127.87 O —-38.69 (0 -127.86
100th day O -178.49 o -133.84 o -39.42 //0 -129.84
125th day 0 -99.71 o —74.08 o -22.30 0 -72.75
150th day 0 -55.30 O —-34.37 O -9.83 o -39.90
175th day O —-29.49 O -20.89 O —4.02 o -15.34
200th day O —-32.68 O -17.23 o —4.52 o -19.53
225th day O -31.82 O -17.13 O —4.52 O -19.57
250th day O -29.75 O -15.93 O —4.20 O -21.54
275th day O -171.19 o —-119.39 o —-36.06 0 —-123.10

5. Conclusions

Our approach demonstrates a new method that supports an improved sustainable design
process by providing visualized thermal BEPS for BIM users. The prototype developed is expected
to benefit sustainable building energy design by visualizing thermal performances of building
components. Moreover, the TEPV prototype shows BIM capability, serving as a common user interface
for designers to explicitly check BEPS results by visualizing building components for the building
design process. In addition, our method facilitates architects to identify the specific building objects
most critical to thermal efficiency by investigating color-coding building components at the early design
stages. Consequently, our prototype facilitates architects becoming better informed, improving their
sustainable designs in the early design stages, where the impact of design decisions is critical to
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building thermal energy performance. Current prototype only represents the loads simulation
results into opaque building components such as walls, floors, and roofs, while the developed
framework [12] of OOPM—BEPS can represent building component—based simulation results. We will
demonstrate thermal performance visualization of the non—opaque building component in the future
research. Also, in near future, we will investigate additional OOPM-BEPS results such as indoor
air temperature, solar radiation, infiltration, and energy performance of the self-shading building
envelope in our prototype.
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