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Abstract: Improving energy efficiency in office buildings is key to achieving net-zero carbon emissions targets,
particularly in hot and humid subtropical regions where cooling demand dominates. This study suggests an
integrated framework that combines building information modeling (BIM), computational fluid mechanics (CFD),
and energy simulation to evaluate the energy performance and indoor environmental conditions of various heating,
ventilation, and air conditioning (HVAC) system configurations in an office building in Taiwan. An office building
was created with Autodesk Revit. Annual energy simulations were carried out in accordance with ASHRAE
Standard 90.1-2019. Four HVAC cases were analyzed, including variable air volume (VAV) with direct expansion
(DX), VAV with a chiller, variable refrigerant flow (VRF), and a four-pipe fan coil unit (FCU) with a chiller. The
energy performance of the four HVAC systems was evaluated using energy use intensity (EUI), together with
CFD analysis of airflow and temperature distribution in the occupied zones. The comparison showed that the
system configuration had a clear influence on overall performance. Case 2 produced the lowest EUI, with annual
energy consumption 41.5% lower than that of Case 1, and its performance met the ASHRAE benchmark. Case 4
also showed favorable performance with high operational flexibility, while Case 3 showed intermediate efficiency.
Case 1 demonstrated the highest energy consumption and lowest efficiency. CFD results under the prescribed
boundary conditions indicate that the simulated occupied zones maintained acceptable temperature and airflow
distributions. The findings show that chiller-based HVAC systems perform more effectively than DX-based
systems in subtropical office buildings. The BIM—CFD—energy simulation framework developed in this study
provides a useful basis for early-stage HVAC system comparison and selection, particularly for energy-efficient
building design in high-cooling-demand climates.

Keywords: building information modeling (BIM); heating, ventilation, and air conditioning (HVAC); energy use
intensity (EUI); flow simulation

1. Introduction

Energy use in buildings has become a major concern as countries work toward carbon reduction and net-zero
targets. Although renewable energy is important, reducing the amount of energy buildings consume is still
necessary to lower greenhouse gas emissions. The building sector accounts for roughly 30—40% of global energy
consumption [1]. Among different building types, office buildings commonly have relatively high energy demand
because they operate for long hours and contain dense occupancy, lighting, equipment, and other internal heat
sources [2]. This issue is more pronounced in hot and humid regions such as Taiwan, where cooling is needed for
much of the year and HVAC systems account for a large share of building electricity use [3]. For this reason,
improving HVAC efficiency remains an important topic, and recent studies have examined passive and hybrid
cooling strategies to reduce cooling demand and improve indoor environmental quality in office buildings [4—6].

BIM has gradually become an important tool for building performance studies because it can store both
dimensional and spatial data, as well as non-structural data, within a single digital model [7]. Beyond design
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visualization, BIM has evolved into a central data backbone for energy simulation and performance improvement [8].
Previous studies have shown that BIM-based energy simulation enhances visualization, improves the identification
of spatial problems, and supports early detection of HVAC system malfunctions, thereby increasing the reliability
of simulation inputs and results [9]. The integration of BIM and energy analysis tools, such as Autodesk Revit,
enables evaluation of building energy performance during the early design stage. It also allows design parameters,
including building orientation, envelope properties, construction materials, and mechanical system settings, to be
examined before the building design is finalized. Previous BIM-based sustainability studies have reported that this
type of workflow can assist in comparing different HVAC options and may help reduce EUI and lifecycle cost
when the input data are properly defined [10,11]. However, the reliability of the simulation still depends strongly
on the quality of the BIM data and on how well the information is transferred between the modeling and simulation
platforms [12]. For BIM applications in building retrofits, incomplete information requirements, fragmented data
organization, and limited interoperability have been identified as factors that can weaken the practical value of
energy analysis results [13,14]. In addition, studies at the building design level have shown that orientation,
envelope design, and climate-responsive parameters can significantly affect energy performance [15,16].

BIM has also been used alongside CFD simulations to support building energy performance evaluation.
While energy models mainly describe whole-building or system-level performance, CFD provides more detailed
information on airflow, temperature distribution, and heat transfer. These factors are closely related to HVAC
operating efficiency and indoor thermal comfort. Autodesk CFD, which is based on fluid mechanics and heat
transfer theory, can visualize airflow patterns and thermal behavior in more detail than conventional energy
models. This is useful for buildings in dense urban areas, where surrounding structures, complex geometry, and
local microclimate conditions can affect energy performance [17,18]. The combination of BIM and CFD is
therefore useful for improving building energy analysis. By exporting detailed 3D models from Revit to Autodesk
CFD, researchers can run repetitive simulations to examine airflow distribution, thermal stratification, and
interactions between HVAC systems and indoor spaces. Kang et al. [19] reported that BIM—CFD integration can
improve data interoperability and support “what-if” analysis for HVAC optimization. However, CFD simulation
in buildings still depends strongly on boundary condition settings, treatment of heat accumulation, and model
validation. Accurate calibration is therefore needed to obtain realistic results [20]. Recent studies have also stressed
the need for CFD workflows that are experimentally guided, reproducible, and appropriate for complex indoor
environments [21,22].

Occupant thermal comfort has also become an important issue beyond system-level airflow and temperature
analysis. Previous studies on localized cooling and radiant-based systems have reported that indoor comfort can
be improved without conditioning the whole indoor volume unnecessarily [23]. In non-uniform indoor
environments, thermal comfort evaluation also needs to consider local physiological responses, radiant asymmetry,
and spatial differences in thermal conditions, rather than treating the room as a uniform thermal space [24]. For
this reason, HVAC evaluation in office buildings should include more than whole-building energy indicators.
Airflow distribution, thermal stratification, and comfort conditions around occupants should also be examined.

EUI is widely used to assess building energy efficiency because it allows buildings with different sizes and
functions to be compared on a common basis [25]. Earlier studies have shown that EUI is strongly influenced by
the choice of HVAC system, envelope design, and operating strategy [26,27]. BIM-based energy modeling using
Revit and Insight has demonstrated the potential to reduce energy use by over 50% in optimized scenarios [28] .
Such results show that early-stage energy modeling might provide useful support for design decisions before the
building configuration is finalized. BIM-based simulation can be applied not only to energy evaluation but also to
the analysis of economic performance and lifecycle impacts. With cost assessment incorporated into the energy
analysis process, different HVAC configurations can be assessed in terms of operating cost and practical
feasibility. Studies that integrate real operational data from smart meters and sensors into building energy modeling
(BEM) have improved the reliability of energy cost prediction and lifecycle assessment [29,30]. Recent work has
also applied BIM to energy labeling, retrofit decision support, and lifecycle-based sustainability evaluation. Muta
et al. [31] showed that BIM-based approaches can improve the accuracy and reliability of building energy labeling
by integrating multiple evaluation methods into a single framework. Similarly, Kulthanaphanich et al. [32] developed
a seven-module BIM framework for retrofit selection, quantitative analysis, energy assessment, seismic evaluation,
lifecycle carbon and cost analysis, scheduling, and visualization. Their study showed that BIM can simplify data
management and support multi-criteria evaluation in building retrofit projects. From a practical operations
perspective, actual office-building energy optimization also needs to be evaluated in terms of technical feasibility,
economic return, and environmental benefit rather than energy reduction alone [33].

This work compares four HVAC configurations for the same office building in Kaohsiung, Taiwan. The
comparison was carried out using a Revit-based energy simulation model with the same building geometry,
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operating schedule, and assessment conditions as in ASHRAE Standard 90.1 [34,35]. The four systems considered
were VAV with DX cooling, VAV with an air-cooled chiller, VRF, and FCU with an air-cooled chiller. Rather
than treating CFD as the primary tool for ranking a system's energy performance, this study uses CFD to assess
whether the selected HVAC settings can provide acceptable indoor airflow and temperature distributions. In this
way, the study provides a practical comparison of HVAC system options for office buildings in hot and humid
subtropical climates.

2. Research Method

Figure 1 presents the research procedure used in this study. The office building was first developed as a three-
dimensional BIM model in Autodesk Revit. After the model geometry was completed, the required simulation
inputs were assigned, including envelope material properties, project location, weather data, operating schedule,
and space zoning. The four HVAC system configurations were then created within the same Revit model to ensure
that they were evaluated under consistent building and operating conditions. An annual energy simulation was
conducted to determine the energy consumption, EUI, and operating cost for each case. The Revit model was also
used as the basis for the CFD analysis, which examined the airflow and temperature distributions in the occupied
zones. In this work, the CFD results were used to check the indoor environmental conditions rather than to
determine the annual energy ranking of the HVAC systems. The energy simulation results and CFD analysis were
then compared to evaluate the performance of the four HVAC configurations.

| Create 3D model in Autodesk Revit |

I

Define building inputs: materials,
location/weather, schedules, spaces and zones

| Define four HVAC configurations in Revit |

| Energy consumption calculation ‘

Obtain annual energy outputs: energy
use, EUI, and operating cost

I

| CFD simulation for airflow and temperature distribution |

| Energy consumption and CFD simulation analysis |

Figure 1. The workflow for the comparative evaluation of four HVAC systems.

2.1. Building Information

In this study, the target building is located in Kaohsiung, Taiwan. The building consists of two floors and a
rooftop, with a total floor area of 2165 m?. The overall dimensions of the building are 45.5 m in length and 24 m
in width. A three-dimensional model of the building was developed using Autodesk Revit, as shown in Figure 2.
The spatial configurations of the first and second floors are illustrated in Figures 3 and 4, respectively.

Figure 2. The building 3D model.
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Figure 3. 1st floor plan of the studied building.
455m
5m l‘ 5m
L =y L [ L - - L L
I 208 209 216 P 219
228
201 207 & 210 218 “:/’l
1 =
211 % o 217 221 =
u B I g B L] O —1> |
bos g 213 ™\ )
N
212 214 20 _J R
. gl gling 230 [—k 3
202 > 215 <
0a. LT U B d O o [N
205 225 b
< 3
— 222 223 (%
206
L — 226 227
] ] ! ! I M Im! . [
3.3m

Figure 4. 2nd floor plan of the studied building.

Before comparing HVAC energy performance, the Revit energy model was set up with the required building
and operation-related parameters. These included the thermal properties of the envelope, the project location,
weather data, the operating schedule, the space function, and zoning information. Particular attention was given to
the building envelope because windows and doors directly affect heat transfer through the building. For the
windows, the glazing properties were specified using the U-factor, solar heat gain coefficient (SHGC), and visible
transmittance (VT). Door settings were assigned based on their material makeup and insulation characteristics.
The envelope-related parameters followed the requirements of ASHRAE Standard 90.1-2019. The project location
in Revit was set to Kaohsiung, Taiwan, permitting the model to use the corresponding geographic coordinates,
time zone, and local weather data. To represent a typical office-building operation, the office-building schematic
type in Revit was selected. This setting provided default office assumptions for occupancy, internal loads, HVAC
operation, and lighting. A 12-h-per-day, 5-day-per-week operating schedule was then applied to all simulation
cases to compare the four HVAC systems under the same operating conditions. The main energy model settings
are summarized in Table 1. The indoor spaces, including offices, toilets, stairs, and corridors, were first classified
by function and then divided into conditioned and unconditioned areas. Conditioned areas were connected to the
HVAC system for temperature control, while unconditioned areas were not provided with active heating or
cooling. Based on this classification, the spaces were grouped into thermal zones, as listed in Table 2. Using the
same zoning and scheduling assumptions across all cases allowed the comparison to focus on the effect of HVAC
system configuration rather than on differences in building operation or space assignment.
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Table 1. Energy simulation assumptions and input parameters.

Parameter Value
Thermostat setpoint Cooling: 24-26 °C
Occupancy density 0.1 person/m? (Revit automatic setting)
Lighting power density 8.5-10 W/m? (Revit automatic setting by space type)
Equipment power density 10-15 W/m? (Revit automatic setting by space type)
Weather data source Revit data station (online automatic)

Table 2. Classification of indoor spaces and building air-conditioning status.

Floor Function Conditioned Status Room Number
Office Conditioned 107-110,112-115,119-123,125,126
IF Toi}et 101,104—-106,111
Stairs Unconditioned 102,103,117,124
Corridor 116,118
Office Conditioned 207,210-212,217,218,220,222,223,226-228
oF Toi}et 201,203-206,224,225
Stairs Unconditioned 202,214,230
Corridor 213,215

2.2. Four HVAC Systems Evaluated in This Study

To investigate the impact of HVAC system design on building energy consumption, four HVAC system
configurations were implemented in the building model: VAV with DX, VAV with an air-cooled chiller, VRF,
and FCU with an air-cooled chiller. The four cases are summarized in Table 3.

Table 3. HVAC systems and cooling types for each case.

Case HVAC System Cooling Type
1 Direct expansion
2 VAV Air-cooled chiller
3 VRF Refrigerant
4 FCU Air-cooled chiller

2.2.1. VAV System with DX (Case 1)

Case | was designed as a centralized VAV system using direct expansion (DX) cooling for the studied office
building. The system layout is presented in Figure 5. In this case, a central air handling unit (AHU) was equipped
with a DX cooling coil and electric resistance heating. Conditioned air was supplied to different thermal zones
through single-duct VAV terminal units. The airflow rate for each zone was controlled by terminal dampers
according to the local zone demand. During part-load operation, electric reheat at the VAV terminals was used to
maintain the required zone temperature. Since no chilled-water loop was included, the plant-side system was
simpler than the chiller-based configurations.

For the energy model, Case 1 used the office-building settings in Autodesk Revit, including envelope
properties defined by function parameters, no infiltration, and a 12/5 operating schedule. The DX cooling system
was assigned a coefficient of performance (COP) of 5.96. Therefore, this case represents a typical refrigerant-
based VAV system with centralized air handling and zone-level airflow control. It was used as the baseline case
for comparing the other HVAC configurations in this study.

2.2.2. VAV System with Air-Cooled Chiller (Case 2)

Case 2 was configured as a centralized VAV system using an air-cooled chiller as the cooling source. As
shown in Figure 6, chilled water from the air-cooled chiller was supplied to a single AHU serving the office
building under study. The AHU included a chilled-water cooling coil, a variable-volume supply fan, and an electric
resistance heating coil. Conditioned air was delivered through four primary VAV terminal units, with two units
assigned to the first floor and two to the second floor. Each primary terminal then supplied several sub-zones, allowing
zone-level temperature control through a hierarchical zoning arrangement. Electric reheat was used at the VAV
terminals when needed to prevent overcooling and maintain stable temperature control during part-load operation.
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Figure 6. VAV air-cooled chiller diagram.

For the energy model, Case 2 used the same advanced energy settings as the VAV-DX case because both
cases adopted the same VAV air-distribution arrangement. The office-type operating schedule and envelope-
setting approach were therefore kept consistent. In this case, the DX cooling source was replaced by an air-cooled
chiller, while the central AHU and VAV terminal layout remained unchanged. This setup made it possible to examine
the effect of the cooling source on annual energy performance under comparable VAV operating conditions.

2.2.3. VRF System (Case 3)

Case 3 was modeled as a VRF system for the studied office building, with the system layout shown in Figure 7. In
the simulation setup, the system consisted of 16 air-cooled CDUs, and each CDU was connected to one or two indoor
fan coil units. This configuration formed a distributed refrigerant-based system for conditioning different thermal
zones. Cooling was provided through direct refrigerant expansion with variable refrigerant flow control, while heating
was supplied by heat pump operation under mild winter conditions. As chilled-water pumps and condenser-water
equipment were not required, the system provided greater zoning flexibility and allowed decentralized conditioning
at the room level.

For the energy model, the VRF case used envelope settings defined by function parameters, a 12/5 facility
operating schedule, and no building infiltration. These settings were kept consistent with the other cases to evaluate
the VRF system within the same office-building framework. Case 3, therefore, represents a distributed refrigerant-
based HVAC option with zoning flexibility and part-load responsiveness. It was included to compare the performance
of the VRF system with the more centralized VAV and chiller-based configurations.
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Figure 7. VRF diagram.

2.2.4. FCU with Air-Cooled Chiller System (Case 4)

Case 4 was configured as a centralized four-pipe FCU system for the studied office building. As shown in
Figure 8, the system used an air-cooled chiller for chilled-water supply and boilers for hot-water supply. A total
of 27 FCUs were distributed throughout the building. The chilled-water loop served the cooling coils, while a
separate hot-water loop served the heating coils. Each FCU was assigned to an individual thermal zone, allowing
cooling and heating to be provided in different zones according to local space demand. This four-pipe configuration
allowed flexible zone-level control for multi-zone office operation.

For the energy model, the air-cooled chiller was assigned a COP of 5.96, and the boilers were assigned an
efficiency of 84.5%. The model also used envelope properties defined by function parameters, no infiltration, and
a 12/5 facility operating schedule. In the comparison of the four HVAC cases, Case 4 represents a water-based
terminal-unit system with simultaneous heating and cooling capability. It was included to compare this type of
system with the air-based VAV configurations and the refrigerant-based VRF system.
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2.3. CFD Simulation

In Autodesk CFD, the simulation model was prepared by first assigning material properties to the main
physical components. The building envelope surfaces were treated as concrete, with the material selected from the
Autodesk CFD library and its thermal properties adjusted as required. The air region inside the model was defined
as the computational domain, with air used as the working fluid under standard atmospheric conditions. Boundary
conditions were then applied to the HVAC components to describe the supply and return airflow. At the contact
surfaces between the concrete walls and the air domain, conjugate heat transfer was automatically generated by
the software. The material interfaces were also checked to confirm proper connection, especially in areas where
the airflow interacted with solid HVAC components.

The boundary conditions were set to describe the airflow and heat transfer behavior inside the model. At the
diffuser surfaces, the supply air was modeled as a velocity inlet with an inlet velocity of 1.5 m/s, a supply
temperature of 18 °C, and downward flow to represent conditioned air entering the space. The return grilles were
assigned as pressure outlets, with an outlet pressure of 0 Pa and an upward flow direction to represent air extraction.
Internal heat gains were added based on the load values calculated in the Revit model. The detailed boundary
condition settings are listed in Table 4. The boundary conditions were applied as steady-state inputs, with fixed
velocity and temperature values. To represent the thermal difference between spaces, conditioned and
unconditioned zones were given different initial temperatures. The conditioned zones were set at 25 °C, which
corresponds to the indoor comfort temperature maintained by the HVAC system. The unconditioned zones were
initialized at 30 °C to represent spaces without active cooling. Because the conditioned and unconditioned zones
were initialized with a 5 °C temperature difference, a thermal gradient was formed between adjacent spaces. This
gradient affected heat transfer, airflow exchange, and convective heat migration across the shared boundaries.
Once the geometry, material properties, and boundary conditions were set, the solver was configured to account
for airflow, heat transfer, and gravity. The simulation was allowed to run until the residuals decreased and the
monitor plots showed stable behavior.

Table 4. Boundary condition setup parameters.

Boundary Condition Type Value
Diffuser Velocity Velocity: 1.5 m/s; Temperature: 18 °C
Grille Pressure Pressure: 0 Pa
Electricity Load Load density: 11.84 W/m?
Occupant People Sensible heat: 73.27 W, Latent heat: 58.61 W

3. Results and Discussion
3.1. Energy Consumption of Various HVAC Systems

This section presents the energy consumption results for the four HVAC system configurations. The building
was modeled in Autodesk Revit, and the model was linked with energy simulation to estimate energy performance
based on the defined building parameters. The following subsections discuss the energy results of each HVAC
case in detail.

3.1.1. VAV with DX System (Case 1)

Figure 9 shows the annual energy consumption of the VAV system with DX cooling. Because Kaohsiung has
a humid subtropical climate, with an average annual temperature of about 24 °C and a long hot season, the building
load is mainly cooling dominated. This trend is also reflected in the simulation results for the VAV-DX case.

In the simulation, the system was modeled with a single AHU that included a DX cooling coil, an electric
resistance heating coil, and a variable-volume supply fan. The conditioned air was distributed to the first and second
floors by two VAV terminal units. During part-load operation, electric reheat at the terminals was used to regulate
the temperature of each zone. Although this arrangement allows zone-level control, it also increases reheat energy
use when cooling and reheating occur at the same time. The annual results indicate that cooling was the largest energy
end use, reaching 164,403 kWh. Fan energy was the second largest component, at 35,156 kWh, mainly due to air
distribution through the ductwork and between floors. Heating energy was 16,900 kWh per year and was mostly
related to electric reheat at the VAV terminals. Although the heating requirement is not large in Kaohsiung’s climate,
the use of electric resistance reheat still reduces the overall system efficiency. The annual energy consumption of
office equipment and interior lighting was 38,883 kWh and 28,706 kWh, respectively, and both contributed to the
internal cooling load. In contrast, pumps, heat rejection, humidification, and refrigeration showed no energy
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consumption. This result is consistent with the DX-based configuration, as the system does not include a water loop
or cooling tower.
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Figure 9. Annual energy consumption of Case 1.

3.1.2. VAV with Air-Cooled Chiller System (Case 2)

For Case 2, an annual energy simulation was conducted for a VAV system with an air-cooled chiller as the
cooling source. The system included one AHU with a chilled-water cooling coil, an electric resistance heating coil,
and a variable-volume supply fan. Conditioned air was supplied to both floors through four VAV terminal units,
with two units serving each floor. The energy consumption results for this case are shown in Figure 10. The annual
cooling energy was 66,792 kWh, much lower than in the VAV-DX case. This difference indicates that chilled-
water cooling performed more efficiently for the studied cooling-dominated building. Fan energy and pump energy
were 13,583 kWh and 3292 kWh, respectively. Although the chiller-based system required additional pump
operation, the pump energy remained small compared with the reduction in cooling energy. Heating energy was
14,850 kWh per year, primarily due to the continued use of electric reheat at the VAV terminals during part-load
operation. Office equipment and interior lighting consumed 38,883 kWh and 28,706 kWh per year, respectively,
and these internal loads also increased the cooling requirement. The monthly electricity use followed the seasonal
pattern of Kaohsiung’s subtropical climate. The cooling load was highest in July, reaching 10,271.14 kWh. Heating
demand occurred mainly in winter, with January and December showing relatively higher values. Lighting and
office equipment, however, showed little monthly variation. Total electricity use ranged from 11,776.01 kWh in
March to 17,912.57 kWh in July, giving an annual consumption of 166,105.56 kWh. Overall, the chilled-water
VAV system used less energy than the VAV-DX system, primarily due to its improved cooling efficiency and
more stable temperature control.
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Figure 10. Annual energy consumption of Case 2.

3.1.3. VRF System (Case 3)

The VRF system was composed of 16 air-cooled CDUs, each connected to one or two indoor VRF fan-coil
units. With this arrangement, cooling was provided through direct refrigerant expansion, while the refrigerant flow
rate was adjusted according to the cooling demand. The energy consumption results for the VRF case are shown
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in Figure 11. Among all end uses, cooling accounted for the largest share of energy consumption, reaching 131,289
kWh annually. This result can be explained by the climatic conditions in Kaohsiung, where hot and humid weather
leads to a relatively high cooling load. By comparison, the annual heating demand was small, with energy
consumption of only 8,253 kWh. This is because winter conditions are generally mild, so the VRF system requires
heating operation in heat-pump mode only for a limited period. Fan energy reached 19,589 kWh per year, primarily
due to the operation of multiple indoor fan-coil units serving different zones. The annual energy use for office
equipment and interior lighting was 38,883 kWh and 28,706 kWh, respectively. These two end-use loads acted as
internal heat sources and therefore increased the building’s cooling demand. The simulation results showed no
energy consumption for pumps, heat rejection, humidification, or supplementary refrigeration. This result is
mainly related to the design of the VRF system, where cooling and heating are handled by refrigerant circulation
instead of relying on a separate chilled-water system or additional refrigeration equipment. On a monthly basis,
the energy use followed the expected seasonal trend, increasing during periods with higher cooling demand and
remaining relatively low when heating or cooling loads were limited. Heating demand was highest in January at
2545.89 kWh and December at 1680.03 kWh, and was nearly zero from April to October. Cooling demand began
to rise in March, reaching 5,392.42 kWh, and peaked in July at 20,965.11 kWh. Lighting and equipment energy
remained almost constant throughout the year. Fan energy also stayed within a narrow range of 1525-1674 kWh
per month, indicating relatively steady operation of the indoor units. Total monthly electricity consumption ranged
from 11,020.36 kWh in December to 28,122.9 kWh in July, giving an annual total of 226,719.48 kWh. Cooling
accounted for about 58% of the total energy use. The VRF system offered flexible zoning and part-load control,
but its annual energy use remained closely related to the high cooling demand of the subtropical climate. For
similar office buildings, VRF performance may therefore be improved by applying more refined control strategies
or combining it with other system arrangements.
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Electricity Consumption (kWh) - view table

30k 5

25k -

labe!: Interior Equipment
20k~ label_x: May
value: 3k

15k

Bl Fans

B Interior Equipment
[ Interior Lighting
W Cooling

Il Heating

Electricity Consumption (kWh)

g
1

5k~

Month

Figure 11. Annual energy consumption of Case 3.

3.1.4. FCU with Air-Cooled Chiller System (Case 4)

Case 4 used 27 four-pipe FCUs connected to separate chilled-water and hot-water loops. This arrangement
allowed heating and cooling to be supplied at the same time according to the thermal demand of each zone. Since
the studied building is located in a humid subtropical climate, where cooling is required for much of the year, this
configuration was considered suitable for multi-zone office operation. The energy consumption results for the
FCU system with an air-cooled chiller are shown in Figure 12. Cooling energy was the largest component of annual
energy use, reaching 88,167 kWh. This reflects both the high cooling load of the building and the operation of the
air-cooled chiller in maintaining indoor comfort. Heating energy was 19,831 kWh per year and was mainly related
to hot-water loop operation during cooler periods. Fan and pump energy were 9219 kWh and 4294 kWh,
respectively, corresponding to air circulation through the FCUs and water circulation in the chilled-water and hot-
water loops. Office equipment and interior lighting consumed 38,883 kWh and 28,706 kWh per year, respectively,
adding internal heat gains and increasing the cooling load. The monthly results followed the seasonal cooling
demand. Cooling energy began to increase in March, reaching 3101.97 kWh, and peaked in July at 15,406.19
kWh. Cooling accounted for about 47% of the annual total energy consumption of 188,656 kWh. Heating demand
was small on a monthly basis, while lighting and equipment loads remained nearly constant at about 2400 kWh
and 3300 kWh per month, respectively. Fan and pump energy also increased during the cooling season, with
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summer peak values of 1399.39 kWh and 645.18 kWh. Total monthly electricity consumption ranged from
7168.14 kWh in December to 22,948.65 kWh in July. The period from May to September accounted for 58% of
the annual electricity use. The four-pipe FCU system provided flexible zone-level control and was suitable for
spaces where simultaneous heating and cooling may be required. Compared with the VRF and VAV-DX systems,
however, this configuration showed higher pump and heating energy use. Its performance could be further
improved by using variable-speed drives, optimizing chiller operation under part-load conditions, and integrating
renewable energy systems for subtropical office applications.
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Figure 12. Annual energy consumption of Case 4.

The lower energy use of the VAV system with an air-cooled chiller is mainly related to its better part-load
operation, more effective latent heat removal, and adjustable airflow control. In office buildings, HVAC systems
often operate below full load for much of the time. During part-load operation, chiller-based systems tend to deliver
more stable performance, while DX systems are more likely to lose efficiency because of repeated compressor
cycling. In addition, humidity control is a key consideration in Taiwan, where the outdoor air is often warm and
moisture-laden. The more stable coil temperature of chilled-water systems allows latent heat to be removed more
effectively than in VRF or DX systems. As a result, indoor comfort can be improved with less additional energy
required for humidity control. By comparison, the DX system showed the poorest performance because of its
weaker part-load efficiency and limited dehumidification capacity. The VRF system provided zoning flexibility,
but refrigerant distribution losses and control complexity may have reduced its overall efficiency. The FCU system
also offered flexibility, although the additional pump energy and lack of centralized optimization led to only
moderate energy performance.

3.2. Energy Use Intensity and Cost Analysis

This study evaluates the energy performance of four HVAC system configurations implemented in a 2165 m?
office building located in Kaohsiung, Taiwan, which is characterized by a hot and humid subtropical climate. The
energy performance assessment was conducted in accordance with ASHRAE Standard 90.1-2019 [34]. The
operating cost was calculated using the Taiwanese electricity tariff presented in Table 5. The tariff reference year
used in this study was 2024. Electricity costs were converted from New Taiwan dollars (NTD) to USD using the
average 2024 exchange rate of approximately 1 NTD = 0.031 USD. Table 6 summarizes the EUI and operating
cost results for the four HVAC systems. Case 1 had the highest annual energy use, with an EUI of 41.59 kBtu/ft*-yr
and an annual consumption of 284,048 kWh. This value was higher than the ASHRAE Standard 90.1-2019
benchmark of 27.1 kBtu/ft?-yr for small office buildings. The high energy use of Case 1 was mainly related to the
limitations of DX cooling in hot climates and the relatively high energy demand of direct expansion operation.
Case 2 had the lowest EUI among the four cases, at 24.322 kBtu/ft*-yr, with an annual energy consumption of
166,106 kWh. This value met and slightly improved upon the ASHRAE benchmark. Compared with Case 1, Case 2
reduced annual energy consumption by 41.5%, showing the benefit of chiller-based cooling under subtropical
climate conditions. Case 3 showed a middle-level result, with an EUI of 33.2 kBtu/fi*>yr and annual energy
consumption of 226,720 kWh. Although it used less energy than Case 1, it was still less efficient than the chiller-
based configurations, which suggests that its suitability may be limited for office buildings of this scale in
subtropical regions. Case 4 also showed favorable performance, with an EUI of 27.62 kBtu/ft>'yr and annual
energy consumption of 188,656 kWh. This value was close to the ASHRAE benchmark and represented a 33.6%
reduction in energy consumption compared with Case 1. Taken together, the EUI results indicate that the chiller-
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based systems performed better than the DX-based system under the hot and humid conditions considered in this
study, regardless of the air distribution strategy.

The comparison confirms that HVAC system selection influenced the annual energy performance of the
studied office building. Case 2 provided the highest energy efficiency among the four configurations, followed by
Case 4 and Case 3. Case 1 showed the lowest efficiency. For subtropical office buildings, the selection of HVAC
systems should therefore focus on cooling efficiency and annual energy consumption.

Table 5. Electricity tariff used for the operating cost calculation in Taiwan.

Summer Electricity Non-Summer Electricity

Peak/Off-Peak Time Rate (June 1st to Rate (Outside of
September 30th) Summer Months)
Basic Charged per household 75.00 NTD/household ~ 75.00 NTD/household
electricity charge
09:00-24:00 5.01 NTD/kWh -
(summer month)
Peak hours 06:00-11:00
14:00-24:00 - 4.78 NTD/kWh
Weekdays (not in summer months)
. (Monday to Friday) 00:00-09:00 1.96 NTD/kWh )
Time-of-use (summer month)
electricity rate Off-peak hours 00:00-06:00
11:00-14:00 - 1.89 NTD/kWh
(not in summer months)
Holidays Off-peak time 00:00-24:00 1.96 NTD/kWh 1.89 NTD/AWh
(Saturday to Sunday) ) ) ) )
Additional charge for monthly consumption

exceeding 2000 kWh +1.02 NTD/kWh +1.02 NTD/kWh

Table 6. Energy use intensity and cost comparison among the four HVAC system cases.

Case Energy Use Intensity (kBtu/ft>-yr) Total Cost (USD)
1 41.59 43,033
2 24.32 23,971
3 33.20 34,336
4 27.62 25,672

3.3. Airflow and Temperature Distribution Results

Figure 13 shows the CFD-simulated temperature field on the first floor at a height of 1 m. In the conditioned
zones, the temperature was generally maintained between 24 and 25 °C, indicating a relatively uniform thermal
distribution. The unconditioned areas were warmer because no HVAC conditioning was applied. These regions
appeared as reddish—orange zones in the contour plot, with temperatures of approximately 27.5-31 °C. Figure 14
presents the airflow distribution on the same floor and at the same height. The simulated air velocity remained
below 25 cm/s, which is within the commonly accepted comfort range and is unlikely to cause a draft sensation.
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Figure 13. Temperature distribution on the first floor of the building.
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Figure 14. Flow distribution on the first floor of the building.

Figures 15 and 16 present the temperature and airflow distributions on the second floor. The conditioned zones
maintained temperatures of approximately 24-25 °C, whereas the unconditioned zones were warmer, with temperatures
ranging from 27.5 to 31 °C. The airflow field was examined on horizontal planes at a height of 1 m. The simulated air
velocity remained below 20 cm/s, which is within the acceptable comfort range for office environments.

(6): Temperature - Celsius
31.2404

Figure 15. Temperature distribution on the second floor of the building.

In this study, CFD analysis was used to check the steady-state indoor airflow distribution and thermal comfort
under the selected HVAC configurations. It was not used as the main basis for comparing system-level energy
performance. On both the first and second floors, the simulated HVAC layouts maintained acceptable indoor
thermal conditions in the occupied zones, with similar temperature ranges and airflow velocities. Therefore, the
differences in energy consumption and EUI among the four cases were more closely related to HVAC system
efficiency and cooling-source characteristics than to problems with air distribution or thermal comfort control.
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Figure 16. Flow distribution on the second floor of the building.

4. Conclusions

This work compared the energy performance and indoor thermal behavior of four HVAC configurations,
referred to as Cases 1-4, for a 2165 m2 office building in Kaohsiung, Taiwan. All cases were analyzed using the
same modeling assumptions under hot and humid subtropical climate conditions. The annual energy simulation
results show that the choice of HVAC system affected the building energy performance under cooling-dominated
operation. Among the four cases, Case 2 had the lowest EUI and the best energy performance. Case 4 also showed
favorable results and may be useful for buildings that require functional flexibility or simultaneous heating and
cooling. Case 3 presented intermediate energy performance, while Case 1 had the highest energy consumption,
which may be related to lower part-load efficiency and the use of electric reheat. The CFD results showed that,
under the prescribed boundary conditions, all four cases maintained acceptable airflow and temperature
distributions in the occupied zones. For this building and the selected simulation conditions, the differences in
annual energy use were therefore more closely related to system efficiency and cooling-source characteristics than
to major differences in indoor air distribution. The results also indicate that chiller-based configurations, especially
Case 2, may be more energy-efficient than the DX-based configuration for this office building in Kaohsiung. The
results, however, should be interpreted within the limits of the present study, which considered only one building,
one climate condition, one set of schedules and assumptions, and did not include field-based validation. Future
work needs to include model calibration, sensitivity analysis, and additional building cases to examine whether
the same trends apply more broadly.
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