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Abstract: In the building operation phase, the Heating, Ventilation, and Air-Conditioning (HVAC)
equipment are the main contributors to excessive energy consumption unless proper design and
maintenance is carried out. Moreover, HVAC problems might have an impact on occupants” discom-
fort in thermal comfort. Hence, the identification of the root cause of HVAC problems is imperative
for facility managers to plan preventive and corrective maintenance actions. However, due to the
complex interaction between various equipment and the lack of data integration among Facility
Management (FM) systems, they fail to provide necessary information to identify the root cause
of HVAC problems. Building Information Modelling (BIM) is a potential solution for maintenance
activities to address the challenges of information reliability and interoperability. Therefore, this
paper presents a novel conceptual model and user-centric framework to determine the causes of
HVAC problems implemented in BIM for its visualization. CMMS and BMS data were integrated
into BIM and utilized by the framework to analyze the root cause of HVAC problems. A case study
in a university building was used to demonstrate the applicability of the approach. This framework
assists the FM team to determine the most probable cause of an HVAC problem, reducing the time to
detect equipment faults, and providing potential actions to solve them.

Keywords: building information modelling; maintenance management; operation and maintenance;

HVAC system; facility management; decision making; visualization

1. Introduction

In the large context of Facility Management (FM), building maintenance is generally
recognized as the main activity, since more than 65% of the total cost in FM comes from
facility maintenance management [1]. Maintenance activities are imperative to prevent
defects and failure of building elements as well as extending the service life of the materials,
and as a result, improve energy efficiency [2]. Among the building elements, HVAC systems
account for one of the highest percentage of energy use in a building [3,4]. Moreover, the
HVAC system failures would result in low occupant satisfaction, energy waste, and even
sick building syndrome (SBS) [5]. This implies that important energy and economic savings
as well as high occupant satisfaction can be achieved by improving the efficiency of the
HVAC systems.

Automated fault detection and diagnosis (AFDD) technologies might be applied to
current HVAC systems, detecting defects in a timely and cost-effective manner [6,7]. Precise
diagnostics of system defects can help the system become fault-tolerant and self-healing in
the future [8]. Fault detection and diagnosis (FDD) methods in HVAC systems are classified
in a variety of ways, according to the literature study [7,9], such as data driven-based
approaches [10,11] and knowledge-based strategies [12-15]. However, to improve accuracy
and overcome the limitations associated with this method, some researchers employed a
combination of different approaches [16-18].
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The selection of HVAC systems in a given building depends on the architectural and
construction design of the buildings. Tertiary buildings (e.g., hospitals, schools, offices)
are normally compartmentalized and, thus, their HVAC systems are generally distributed.
Distributed systems include: the energy supply; exterior units (e.g., boilers, chillers, heat
pumps) located outdoors or in specific rooms; and indoor units such as fan coils located
close to the room to heat, cool and ventilate [19]. When thermal comfort in a building
room is not achieved, it might be attributed to either the undersized HVAC components
(i.e., HVAC design problem) or the equipment failure [19,20]. In such circumstances, end-
users might complain for not having the desired indoor comfort [21]. The FM team is
responsible for the upkeep of HVAC systems to prevent functional failures by finding out
the root cause of a problem and applying corrective and preventive maintenance plans
with the aim of achieving energy-efficient and cost-effective operations and improving
occupants’ comfort [21,22].

A supportive data management system for maintenance activities with the appro-
priate information, modeling, and planning can have a significant impact on building
performance, allowing buildings to maintain serviceability before deterioration propagates
and extend their service life [23,24]. Various types of historical data, including inspection
records and sensor data, are frequently used by the FM team to make decisions on HVAC
problems [25]. Some building maintenance systems, such as computerized maintenance
management systems (CMMS), are typically used for capturing data to perform mainte-
nance activities [26]. However, finding the root cause of a problem only based on data in
a CMMS is almost impossible due to the complex interaction between different building
components [26]. Another reason is that the current FM systems do not collect all required
data from building maintenance or operations owing to a lack of data integration among
FM systems [27]. Moreover, failing to capture and use these data results in impractical
corrective and preventive maintenance plans [28].

Building Information Modelling (BIM) has been emerging as a potential solution for
maintenance activities to address the challenges of information reliability, interoperabil-
ity [29,30], and guide decision-makers in addressing HVAC problems. BIM constitutes
an effective platform by which to depict high-quality information and integrate different
platforms. BIM utilizes 3D, parametric, and object-based models to create, store, and use
coordinated and compatible data throughout the life cycle of a facility [31]. Acting as a
central resource for decision-makers, BIM has the ability to provide better documentation,
improved collaboration and work flexibility, and updated information through the building
life cycle [21,27].

With emphasis on data integration, industry foundation classes (IFC) are mostly
used as the data exchange schema between BIM and other systems such as CMMS [23,32].
Nojedehi et al. [33] utilized BIM as a common data environment to connect BIM with main-
tenance management system logs, providing two methods for automatically exchanging
and visualizing such data. Cheng et al. [34] developed an integrated data-driven system for
building facility predictive maintenance based on BIM and IoT technology. Chen et al. [1]
presented a solution for automatic maintenance work order scheduling based on BIM
and FM software. While the potential benefits of BIM implementation for maintenance
activities are significant, there remains a gap in data integration for maintenance activities
to determine the root cause of HVAC problems [24,35].

Therefore, this research presents a conceptual model and a BIM based-framework
to determine the causality of HVAC problems considering a user-centric approach which
puts humans at the center, aiming to optimize positive interactions between occupants and
buildings. The FM team can make decisions on building operational problems centered
on occupant comfort with minimal effort, overcoming a key barrier to collecting required
information during the operation and maintenance phase. First of all, the conceptual
model and the necessary information to develop the HVAC causality framework is defined.
Then, the framework is integrated in to the BIM model. Finally, a color and friendly
visualization is incorporated into the model. The framework allows to semi- automatically
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detect which are the causes of occupants’ complaints (i.e., maintenance requests) about
thermal comfort in specific rooms. Furthermore, it helps the FM team to optimize building
operation strategies and supports decision-making on maintenance activities to enhance
both occupants’ comfort and energy efficiency.

2. Decision-Making Framework

The conceptual model and decision-making framework to assist facility managers
in finding the root cause of HVAC problems and thus meet occupants’ needs is shown in
Figure 1. To do so, HVAC problems were categorized under two groups: (a) undersized
HVAC components or HVAC design problem; and (b) failure of the equipment which is
related to either an indoor or outdoor unit [19,20]. These problems can be reported by
occupants who are discomfort in terms of thermal comfort [21]. To address discomfort due
to already installed undersized HVAC components two options are possible: (al) reduce
the thermal demand of the room by insulating the envelope including facade, windows,
roof, and/or floor, if possible; and (a2) substitute indoor units for those with the correct
cooling/heating capacity. On the other hand, the detection of the specific equipment is
needed to address the failure of an HVAC equipment. Failures can stem from outdoor
units (e.g., frozen evaporator coils, dirty condenser coils, dirty filters) and indoor unit
(e.g., motor fans failure, air outlet obstruction). Therefore, the framework identifies whether
the problem is related to indoor units or outdoor units to enable the FM team to provide
practical corrective actions.

To analyze if the HVAC system is correctly designed, the indoor unit capacity against
the thermal load of the room should be assessed. To do so, the indoor unit capacity can
be obtained from the equipment database while the thermal load can be automatically
calculated if the architectural and constructive design is correctly defined. If the indoor
unit capacity is higher than the thermal load of the room, then the thermal discomfort
might be attributed to the failure of the equipment. However, if the indoor unit capacity
is lower than the thermal load of the room, facility managers should check if the heat
transfer through the envelope can be improved. To do so, all envelope elements (fagade,
windows, roof, floor) insulation should be evaluated. If all envelope elements are within
the insulation threshold, then the only option would be to substitute indoor units with
higher cooling /heating capacity. However, if any of the envelope elements have lower
insulation properties, insulation refurbishment should be considered.

If the envelope insulation is within the limits and the HVAC components are correctly
designed, the probable main cause of thermal discomfort might be attributed to a failure
of any of the HVAC system equipment. To determine if the failure is attributed to the
outdoor unit or the indoor unit, information about the pressure and temperature from the
Building Management System (BMS), a computer-based system for managing, monitoring,
and controlling of building services, should be analyzed. If both pressure and temperature
are within the acceptable values, then the failure might come from the outdoor unit. If not,
the failure might be related to the indoor unit.
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Figure 1. Conceptual model and decision-making framework for HVAC root-cause detection.

3. Implementation of the Decision-Making Framework into BIM

Once the decision-making framework was created, the BIM capabilities were uti-
lized to: (a) implement the framework; and (b) provide the FM team with color-coded
visualization to indicate the root cause of a certain failure or problem.

In the first step, the required data for the decision-making framework was defined.
Next, the required data were integrated into the BIM model using Dynamo scripts to
implement the framework detecting the root cause of HVAC problems. Then, the BIM
visualization was used to add color in malfunction equipment. Autodesk Revit, one of
the most popular BIM tools in the AEC sector, was used in this study. Figure 2 shows the
process of framework implementation and data visualization.

3.1. Data Requirement

Although BIM provides building and spatial information, it still cannot represent
complete information on maintenance activities in which the decision-making framework
can be implemented. Therefore, the data requirement for the framework was defined from
various sources such as CMMS and BMS, shown in Table 1.

The occupants’ complaints (i.e., maintenance requests) regarding the thermal comfort
might come from the CMMS and should include information about the building, the room,
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the date, and the hour. From this information, data about the indoor unit related to that
room can be obtained. Moreover, other relevant data such as temperature and pressure of
the malfunction equipment’s pipes can also be obtained from the BMS or Building Energy
Management System (BEMS) or Building Automation System (BAS).

In this study, a shared parameter was utilized to allow BIM models to contain such
data. Shared parameter is a Revit term that can be added to the Revit family for custom
data fields. It can also be accessible for any project due to holding parameters in a separate
file [21]. The parameters for room data were assigned to rooms in BIM, while for system
data, they were assigned to the mechanical family.

Table 1. Data requirement for the decision-making framework.

Required Information Source
Number BIM
Area
Thermal load

Facade material
U-value of envelope elements
Type of heating (Radiators/Air
water/Splits/VRV)
Type of cooling (Air-water/Fan coils and
AHU/Splits/VRV)
Description of the problem CMMS
Location of the problem
Date of the reported problem

Equipment ID BIM
Cooling capacity
System data Heating capacity
Temperature BMS
Pressure

Room data

. 1
Data requirement '} Data integration
I

1!
CMMS 53, Maintenance requests HVAC problems : :
1!

h
EigipmenslD || Framework  implementation
h . . .
1, and Data visualizatio
Equipment Cooling capacity 1,
h
h
1
Heating capacity |:
Iy o O &
Temperature
Pressure

Figure 2. Process of framework implementation and data visualization.
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3.2. Data Integration

To populate the parameters that were created in Section 3.1, the CMMS and BMS were
integrated into the BIM model. To do so, the HVAC problems were extracted from CMMS
and stored in Microsoft Excel. Then, the HVAC problems with corresponding equipment
codes were imported and sorted to match relevant mechanical equipment in BIM by using
Dynamo and scripts of Python. Figure 3 shows the process of mapping HVAC problems
into the BIM model.

Excel file subset selection and processing

UstTranspose.

Figure 3. Dynamo scripts to map HVAC problems into BIM.

The column of equipment code in HVAC problems in the Excel file was connected to
the Python code block as an input (input#0), whilst the mechanical equipment in the BIM
model was also connected as inputs input#1. Next, a Python code block queried input#1 to
find equipment that matched those from the HVAC problems (input#0) and created a new
list with HVAC problems and their corresponding information.

To integrate the BMS with the BIM model, the similar approach to Dong et al. [36]
was utilized to acquire data regarding temperature and pressure of HVAC equipment and
incorporated them into the BIM model.

3.3. Data Visualization

Once the “maintenance requests” concerning the HVAC problems was reported, BIM
integrated CMMS/BMS provided various kind of information, such as the building, the
room, and the date. Hence, the decision-making framework utilized these data as initial
inputs to analyze the root cause of HVAC problems. When the HVAC problems and their
causes were determined, the BIM model provided the visualization of the malfunction
equipment. Thus, the tabulated data taken from Revit’s schedule (e.g., Calculated Value)
was visualized in a 3D format in the BIM model by applying view filters. The BIM
visualization for HVAC equipment problems is shown in Figure 4.

The FM team can filter the malfunction equipment in the BIM model to view its
corresponding necessary information to facilitate decision making.
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(a)

(b)

Indoor unit

(c)

Figure 4. The BIM visualization of malfunction HVAC equipment: (a) an under design of the indoor
unit, (b) a malfunctioning of the indoor unit, and (c) a malfunctioning of the outdoor unit.
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4. Case Study
4.1. Case Study Description

The TR5 building from the Universitat Politecnica de Catalunya (UPC) was used as
a Case Study to validate the proposed framework. TR5 was constructed in 1960, it has
11,492 m? and five floors with a concrete structure, a brick facade, and an inverted roof.
The majority of the windows are single-glazed, and the interior partitions are plain brick
walls. When TR5 was built, only a radiant system was installed, with two boilers and
four air handling units (AHU) (one for each floor) located in the underground. A duct
network brought the heated air from the underground to the habitable areas. There was no
cooling system at all, and the ventilation was only natural, by opening windows. In the
1990s, splits providing both cooling and heating were installed in some offices. Later, the
boilers were substituted by condensing boilers with high efficiency. Finally, by 2010, most
of the third floor, which includes both offices and classrooms, was reconditioned, and an
air-water system was installed to provide both heating, ventilation, and air conditioning. A
chiller was installed in the roof while the existing boilers were also connected to the new
HVAC system for the third floor. Then, several fan coils were installed in each room (offices,
classrooms, and corridors) of this floor.

TR5 has been using a CMMS Archibus called FACIL since 2012. The FACIL allows
tracking all infrastructure and equipment inventories, as well as the management of pre-
ventive and corrective maintenance of the equipment. Whenever there is an incidence
in any of the equipment, it can be reported by UPC staff and administrative personnel
through the FACIL. Furthermore, TR5 has been using a BMS Schneider, comprising a set of
products and software, multi-sensor probes for rooms, to improve its energy efficiency and
provide the real-time building data.

4.2. Case Study Results

In order to identify HVAC problems for the TR5 building, all maintenance requests
were exported from FACIL into Microsoft Excel as an intermediate format, including the
following information: equipment ID, floor code, space code, request code, and description
of the problem. Table 2 shows some examples of HVAC problems in the TR5 building.

Among these HVAC maintenance requests, a maintenance request (No. 8) was con-
sidered as a scenario in this study to implement the framework. The occupants located in
building TR5, room 306 experienced thermal discomfort and reported a problem associated
with the split in that room through the FACIL portal explaining the equipment was not
working properly. This HVAC maintenance request was extracted from the FACIL and
imported into the BIM model to match with the corresponding mechanical equipment
using Dynamo and scripts of Python. When the maintenance request was assigned to its
corresponding equipment, the relevant data of the equipment and the room, where the
equipment was placed for the decision-making framework, was provided by integrated
BIM to implement the framework.

The framework then queried the possible causes of the problem by comparing the
required cooling load (calculated in Revit) with the cooling capacity of the split to identify
whether or not the problem was related to HVAC design. A “Calculated Value” within a
Revit schedule was used to define formula-driven reporting values by modifying existing
parameter values through the use of mathematical (e.g., Volume/Area) or conditional
expressions. The energy demands for the room 306 was calculated in Revit and compared
with the characteristic of the split obtained from the BIM model (e.g., cooling capacity)
using “Calculated Value”. Since the cooling capacity of the split was higher than the
required cooling load for that room, there were no HVAC design problems or undersized
HVAC components. In the next step, the framework monitored the temperature and the
pressure of equipment’s pipes to determine whether an indoor unit or an outdoor unit had
a problem. Both the temperature and the pressure of the split’s pipes were not within the
acceptable values; therefore, the framework determined that the problem was related to
the energy production (i.e., outdoor unit). As a result, the outdoor unit corresponding with
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the reported split was turned to red color to assist facility managers, illustrated in Figure 5.
Therefore, the results of the decision-making framework suggested that the problem was
probably related to the outdoor unit. Then, the FM team moved directly to where the
outdoor unit was located and found a refrigerant leak. They repaired it and solved the
problem without moving to the room where the end-user made the complaint.

Table 2. Example of HVAC maintenance requests in TR5.

No. Equipment ID Floor Code Space Code Maintenance Request Description
1 TR-CLIFC0082 P03 310 33,325 The fan-coil fan does not stop.
2 TR-CLIFC0083 P03 312 40,504 The air conditioning does
not cool.
3 TR-CLISI0304 P03 318 51,823 The radiator does not work
4 TR-CLISI0045 POE 055 71,944 It does not cool the
air conditioning
The previous incident occurs
5 TR-CLIFC0094 P03 329 79,299 again, this time so that the
noise is not continuous. This
is a very annoying sound.
6 TR-CLISI0250 P03 307 80,962 Heating equipment
not working
HEATING DOES
7 TR-CLISI0215 P01 130 83,738 NOT WORK (111111
8 TR-CLISI0238 P03 306 98,316 The 3.06 air conditioner does
not work
9 TR-CLIFC0073 POl 158 106,728 The air conditioning does
not cool.
Hot air does not work. A
10 TR-CLISI0237 P03 305 115,297 warning LED has been lit,
perhaps for filter cleaning.
The heating does not seem to
B AA-PROVA 120,025 work. The radiators are cold.
12 TR-CLISI0003 P00 0128 126,853 Disassemble and remove

Climate equipment.
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Malfunction
equipment

(outdoor unit)

Figure 5. Visualization of the possible causes of the problem in BIM.

5. Discussion

The proposed framework allows to semi-automatically detect which are the causes of
occupants’ complaints about thermal comfort in specific rooms. The proposed approach in-
tegrates CMMS and BMS with the BIM model to identify the root cause of HVAC problems.
When the end user reports a problem (e.g., too cold), the framework queries the possible
causes of the problem. It enables the FM team to address the challenges of information
reliability, interoperability, and usability.

The proposed approach utilizes BIM to deliver visualization to the FM team, allowing
them to provide practical maintenance plans to enhance occupants’ comfort. The visualiza-
tion of the malfunction equipment was implemented in Revit. Dynamo, on the other hand,
includes an automated procedure for extracting and mapping data, allowing for customiza-
tion and interoperability with the majority of existing platforms (e.g., Data studio).

Although some studies integrate BIM with other FM software, they do not provide a
root-cause detection to deal with HVAC problem in buildings, which allows the causes of
occupants’ discomfort (in thermal comfort) to be properly understood. Existing studies
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focus on the visualization of equipment condition or building performance in different
platforms [26,37,38]. However, they only considered spatial information of the reported
problem. The approach of this visualization focuses on malfunction equipment illustrating
in red color, so that the effort of looking for the location of the real problem, is minimized.
This type of visualization allows for a more intuitive detection of the reasons of occupant
discomfort and makes it easier to address the issue, resulting in a significant improvement
in occupants’ comfort and the optimization of building operation techniques to enhance
occupant comfort and energy efficiency.

The case study was used to validate the proposed framework. For the scenario of a
maintenance request, it was highlighted that although the occupants in room 306 were
dissatisfied in terms of thermal comfort and reported a problem associated with the split,
the real problem was the outdoor unit and no actions were required for the split. This helps
the FM team to plan corrective actions without going through the building physically. It
also provides the relevant data for facility managers to perform maintenance activities on
HVAC systems, reducing the time and effort the FM team spends on searching appropriate
and reliable information.

There are some limitations: (1) only the HVAC maintenance requests were mapped
into BIM. The approach does not consider another type of problem such as electrical or
firefighting. To address this issue, different frameworks should be developed. (2) This
framework is conceived to be used in those HVAC systems that are within their life-
span and all preventive measures are done. Therefore, the influence of degradation is
not considered.

6. Conclusions

The proposed approach discussed the necessity of defining the framework and in-
tegrating various sources of data while considering BIM as a central database. Existing
studies neither detect the causality of HVAC problems nor provide a real problem visu-
alization to have easily accessible data. This paper presents an automated approach that
provides a framework for identifying problems and integrates CMMS and BMS into the BIM
model in order to streamline the process of resolving HVAC problems. There are two key
benefits of this integration: (1) BIM performs as a data repository, providing relevant data
for the proposed framework; (2) BIM can visualize malfunction equipment and provides a
potential solution for improving occupants’ comfort. The framework semi-automatically
detects which are the causes of HVAC problems. Based on the proposed framework, a
case study was developed to show how this approach may be used to visually analyze
the potential causes of HVAC problems in a room. This visualization approach focuses
on real problems in discomfort spaces and assists the FM team to establish the necessary
measurements for improving occupants’ comfort and energy efficiency.

The contributions of this paper include: (1) an approach that enables integrated
representation of HVAC troubleshooting-related information, which is typically stored
in BIM, CMMS, and BMS; and (2) the framework that identifies possible causes and
visualizes them in order to solve a problem. The proposed approach assists the FM team
in identifying the most probable cause of a particular HVAC problem, ensuring that they
do not overlook the main cause or spend time tracing and locating components on the
site. It also provides the FM team with the relevant and required data about these reasons,
allowing them to determine the real problem. The FM team can make decisions on building
operational problems cantered on occupants’ comfort with minimal effort which overcomes
a key barrier both to location of the problem and collection of relevant data within the
operation and maintenance phase. The proposed approach can be further developed by:
(1) considering other scenarios for root-cause detection; (2) developing new frameworks for
other types of problem; (3) employing Artificial Intelligence (Al), Digital twins and Internet
of Things (IOT) to create a fully integrated and automated solution; and (4) incorporating
wearable technology that allow people to semi-automatically connect to the building system
and control their own comfort.
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