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a b s t r a c t

Thermal performance of the building envelope exerts considerable influence on maintaining indoor
environmental conditions. Acquisition of sensor data of a building is essential to ensure the improvement
of the indoor thermal environment for the occupants. The environmental sensor technologies together
with Building Information Modeling (BIM) are tools for assessing/analyzing the performance of a
building. Although BIM has a potential to verify thermal performance by using a BIM database, inte-
grating the surface-heat of building envelopes and sensing data has not been fully explored in the
existing BIM. BIM requires tools to enable building professionals to effectively detect the location of
thermal defects and analyze the thermal performance and indoor thermal comfort by accommodating
environmental information to be used in the analysis process. Therefore, this research presents a novel
method for integrating time-stamped 3D thermal data in the BIM. In the proposed method, the BIM
model is integrated with spatio-temporal thermal and air temperature data. Visual scripting is used for
extracting and then mapping spatio-temporal thermal data to a 3D BIM model. The proposed system
converts the collected thermal images into numeric surface temperatures, integrates collected envi-
ronmental data in the BIM, calculates thermal comfort variables, such as mean radiant temperature
(MRT), and assesses the thermal comfort level for various locations inside the building. The applicability
of the proposed method is validated in a real-world case study. The developed prototype system provides
valuable visualization information and statistical data for analyzing thermal performance and assessing
the thermal comfort level.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The building sector uses nearly 40% of the total global energy
consumption [1]. Moreover, 37% of the total energy in the building
sector in the U.S. is used for maintaining indoor comfort level, e.g.,
space heating, cooling and ventilation [2], and 28% of the total
energy in the building sector is used in commercial buildings in
Japan [3]. A reduction in energy use for heating and cooling in
existing buildings can make a substantial contribution toward
minimizing the energy demands for buildings.

Improving the thermal performance of the building envelope is
one of the most effective ways to prevent excessive energy

consumption for heating and cooling and to maintain optimal
thermal comfort conditions for occupants. According to ASHRAE
standard 55 [4], the following physical factors that are relevant to
indoor thermal comfort should be considered during analysis: air
temperature, relative humidity, mean radiant temperature (MRT),
and air velocity. In order to obtain such information, sensors have
been widely used to monitor and record building conditions.
Various sensors can be used to capture and provide real-time in-
formation necessary for building operation and maintenance [5],
e.g., room temperature, humidity level, air flow rate, CO2 level, and
infrared images.

Thermal analysis of a building envelope using infrared ther-
mography is a common method for qualitative and quantitative
assessment of thermal irregularities of building envelopes [6e8].
This type of analysis is typical to investigate deficiencies in building
envelopes by visualizing areas of undesired heat losses and heat* Corresponding author.
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sources, thermal bridges, heat infiltration, and assessing the per-
formance of insulation. The infrared camera is an efficient tool for
diagnosing and monitoring heat radiation from buildings [9]. Cur-
rent thermographic survey methods rely on 2D thermographic
images, which lack complementary information, such as the ge-
ometry, the volume of space, the actual location of objects, and
areas of heat leakage of a building [10]. For this reason, the inte-
gration of 3D geometry with thermal data results in having accu-
rate and geometrically referenced thermal distribution data, which
provides useful quantitative and qualitative information of heat
radiation of building surfaces. Such integration is useful for con-
ducting a comprehensive evaluation of thermal data through nu-
merical analysis and visual evaluation of the color patterns of
surfaces of different temperatures. The use of color-coded building
elements to identify root-causes of problems in a building has been
investigated. For example, Motamedi et al. [11] investigated the
detection of root-causes of HVAC problems in a building by using a
Building Information Modeling (BIM)-based visual analytics tool,
which uses color coding of components and visualizes them in 3D
and 4D models to help experts with problem solving.

BIM has been widely used in the architecture, engineering, and
construction (AEC) industry. BIM is a digital representation of the
physical and functional characteristics of building facilities [12]. BIM
offers benefits to all participants in a building's lifecycle manage-
ment by facilitating multidiscipline collaboration, from primary
design through the construction and operation phases [13]. BIM can
therefore be defined as an integrated database and interoperable
information of a project that covers all detailed information about
each building component, e.g., geometry, spatial relationships,
quantities, and properties of building components. BIM has been
used for verifying building thermal performance in order to achieve
a higher level of thermal comfort (e.g. [14]). Due to the ability to
share multidisciplinary information, BIM has the potential to sup-
port and increase efficiency in analyzing the thermal performance of
buildings. Although BIM has the potential to verify thermal perfor-
mance, the current BIM is not yet mature enough to be readily used
for integrating thermal and environmental sensor information to
assess thermal comfort. BIM requires tools to extend its ability to
analyze thermal performance and thermal comfort by accommo-
datingenvironmental information tobeused in the analysis process.

Therefore, this paper proposes a BIM-based method for inte-
grating BIM geometry data, timecoded surface temperature of the
building envelope, and environmental sensor data for assessing the
performance of the building envelope and the indoor thermal
comfort level per location. The objectives of this research are: 1) to
develop a method for integrating spatio-temporal thermal and
environmental sensor data with the BIM model; 2) to calculate the
thermal comfort index and to evaluate the occupants' thermal
comfort level for each space using the integrated data; and 3) to
analyze thermal performance using 3D and 4D thermographic vi-
sualizations in order to identify root-causes of problems and in-
efficiencies of building envelopes.

The main contribution of the present paper is to create a novel
method and a system for integrating BIM model with 4D thermal
information (building surface temperature and air temperature) to
help visualize the thermal information of building surfaces over
time and evaluate the indoor thermal comfort condition in the
building. The proposed system uses time-coded thermographic
images that are acquired by infrared thermographic survey and
indoor/outdoor dry-bulb temperature collected by sensors. The
acquired data are integrated with a BIM model. This integration is
performed in order to visualize changes in surface-temperature
patterns with respect to building geometry and setup in a holistic
manner. Similarly, integrating BIM model with environment data
facilitates the calculation of thermal comfort variables, such as

operative temperature and MRT, by considering the position of the
occupant in the room.

2. Literature review and related research

2.1. Building information modeling (BIM)

A basic premise of BIM is to provide collaboration between
design stakeholders in order to facilitate the multi-disciplinary
exchange of building information among project participants
throughout the entire lifecycle of the building [15,16]. BIM has
potential applications in many areas. BIM has been used in building
performance analysis to improve overall building performance.
There is increasing interest in using BIM technology not only for
design and construction but also for building operation and
maintenance. Integrating BIM with sensing data has become an
integral technique for monitoring indoor conditions and analyzing
building performance. However, current BIM lacks interoperability
between measurement data and the BIM database. Ham et al. [17]
stated that the result of recent BIM-based building energy analyses
still deviate from actual measurements because the simulation
process relies only on information derived from the BIM database,
without considering the deterioration of building materials. In or-
der to remove the integration barrier between actual data
capturing and semantic building data in BIM and to improve
building performance analysis, a tool that can connect the BIM
database and the collection of actual data should be developed.

2.2. Infrared thermography

Infrared thermography or thermal imaging and environmental
sensors are currently available tools for diagnosing building issues,
recognizing problems, prioritizing building maintenance, inspect-
ing hidden problems, and predicting required maintenance.
Infrared thermography has been widely used to help identify po-
tential problematic areas that need to be improved [9] by identi-
fying thermal performance, precisely detecting heat sources in a
building, measuring heat emissivity by transforming hidden char-
acteristics to visible images [18], recording potential defects and
apparent temperature readings, which can be interpreted for the
propose of predictive maintenance, and assessing the energy effi-
ciency of buildings. An infrared camera or thermographic camera
can detect the intensity of radiation and converts invisible radiation
emitted from a heated surface into temperature, which is then
displayed as a thermal image (thermograph) [19]. Infrared ther-
mography has proved to be an adequate technique for measuring
surface temperature in a continuous manner [20]. While using an
infrared thermometer is useful for measuring a single spot tem-
perature, an infrared thermal imaging camera can scan and mea-
sure an entire building. This can also be achieved using hundreds of
infrared thermometers simultaneously [20]. However, thermal
cameras measure only surface radiation rather than the actual
temperature. Surface temperature readings by a thermographic
camera indicate apparent temperature values [19].

Theoretically, the total radiation received by the infrared camera
comes from three sources: the emission of the target object itself,
the emission of the surroundings reflected by the object, and the
emission of the atmosphere [21]. According to the Stefan-
Boltzmann law, the surface temperature can be obtained using
the following equation [22,23]:

E ¼ εsT4 (1)

where E is the radiation emitted per unit of surface (W/m2), ε is the
total hemispherical emissivity of the surface (0 < ε < 1) (non-
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