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ABSTRACT: Heating, Ventilation, and Air Conditioning (HVAC) systems are critical for maintaining thermal comfort
in office environments which also crucial for occupant well-being and productivity. This study investigates the impact
of integrating ceiling fans with higher air conditioning setpoints on thermal comfort and energy efficiency in office
environments. Field measurements and questionnaire surveys were conducted to evaluate thermal comfort and energy-
saving potential under varying conditions. Results show that increasing the AC setpoint from 25°C to 27°C, combined
with ceiling fan operation, reduced power consumption by 10%, achieving significant energy savings. Survey data
confirmed that 85% of participants reported consistent thermal sensations across all conditions, with ceiling fans
effectively compensating for higher setpoints through enhanced air circulation. CFD simulations revealed that medium-
speed ceiling fan operation produced the most uniform airflow distribution, with an average air velocity of 0.45 m/s, and
minimized temperature variations, ensuring balanced thermal conditions. Temperature analysis showed a reduction
in hotspots and cold zones, maintaining an average temperature deviation of less than +0.5°C. Predicted Mean Vote
(PMV) evaluations at a 27°C setpoint indicated improved thermal comfort, with average PMV values around 0.3,
corresponding to a “neutral” thermal sensation. These findings demonstrate the effectiveness of integrating ceiling fans
with HVAC systems in achieving energy efficiency and occupant comfort, offering a sustainable approach to reducing
AC energy consumption in office environments.
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1 Introduction

Most people, especially office workers, spend the majority of their time indoors, making thermal
comfort a critical factor for productivity and well-being. Air conditioning systems play a central role in
achieving this comfort, but they are the highest contributors to a building’s energy consumption [1]. Effective
control of HVAC systems in office buildings is vital for maintaining human comfort and productivity [2].
ASHRAE Standard 55 [3] provides comprehensive guidelines on thermal environmental conditions, defining
thermal comfort as a subjective state of satisfaction with the thermal environment. Six key parameters
influence thermal comfort: air velocity, air temperature, mean radiant temperature, and relative humidity
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(environmental parameters), as well as metabolic rate and clothing insulation (personal parameters). Achiev-
ing thermal comfort typically involves cooling strategies such as lowering temperature [4] or increasing air
velocity for a “wind chill” effect [5].

Thermal comfort is often assessed through questionnaire surveys and field studies. For instance, a
study involving 20 students in a classroom found significant satisfaction levels with thermal comfort when
ceiling fans were used [6,7]. Similar investigations in office buildings revealed the importance of outdoor air
temperature and velocity, emphasizing careful window control strategies to maintain comfort [8]. Standards
like ANSI/ASHRAE 55-2017 and EN 15251:2007 are commonly referenced for evaluating thermal comfort [9].
Recent studies have observed notable differences in thermal comfort preferences between males and females,
though these differences are often considered minor. For instance, the preferred comfort temperature for
females is approximately 24.0°C, while for males, it is 23.2°C [10-14]. Other research, such as that by T.T.
Chow [15], emphasizes how air velocity affects thermal sensation and comfort levels.

Buildings consume 72% of total electricity, with HVAC systems accounting for 40% of this consump-
tion [16,17]. Adjusting thermostat setpoints by even small increments can yield substantial energy savings,
such as 27% energy reduction achieved by extending the setpoint by 2.8°C [18]. Studies by Aghniaey et al. [19]
and Shan et al. [20] highlight methods for reducing energy consumption, including temperature resets and
coupling CFD with building energy modeling. Furthermore, thermal comfort optimization can offer energy-
saving through deep Q learning, and it was tested in a classroom [21]. CFD has emerged as a powerful
tool for analyzing and optimizing thermal comfort in indoor environments. It offers cost-effective solutions
compared to extensive field measurements, allowing for detailed analysis of parameters like PMV values
and air velocity distributions [22]. Studies by Oh et al. [23], Mohamed Kamar et al. [24], and Omrani
et al. [25] validate CFD’s utility in improving thermal comfort through hybrid ventilation systems, smart
window-integrated designs, and other innovative approaches.

Ceiling fans are widely recognized as an effective and energy-eflicient solution for enhancing thermal
comfort. They improve air velocity, create uniform temperature distribution, and enhance convective heat
transfer around the body [26-29]. Studies, such as those by Alizadeh and Sadrameli demonstrate how
ceiling fan-assisted ventilation systems improve airflow and temperature distribution. Ceiling fans also offer
alow-energy cooling strategy, significantly contributing to occupant comfort in working environments [30].
Combining traditional HVAC systems with natural or mechanical ventilation strategies enhances thermal
comfort and energy efficiency [31]. For example, Zhang et al. [32] found that sidewall supply and return con-
figurations improved indoor thermal comfort by up to 36%. Yang et al. [33] demonstrated the effectiveness
of ceiling fans in reducing vertical temperature differences during heating. Additionally, Gupta et al. [34]
showed that automatic ceiling fans offer comparable comfort to manual ones while being more energy-
efficient. Innovative fan-based cooling strategies continue to evolve. Suresh Bhuvad et al. [35] recommended
table fans over ceiling fans during heat waves, while Li et al. [36] observed that high-level fan settings
improved air velocity and reduced CO, levels. Guo et al. [37] found that fans enabled higher radiant surface
temperatures without compromising comfort, allowing for more energy-efficient HVAC operation. Hasama
etal. [38] demonstrated that ceiling fans reduced energy consumption in low-energy buildings by increasing
air movement and enabling higher room air temperatures.

While prior research has investigated HVAC control strategies to enhance thermal comfort and energy
efficiency, the effects of different duty cycling modes on long-term energy consumption and occupant
comfort in office buildings remain underexplored. Notably, there is limited research on the dynamic
interactions between HVAC systems and occupant comfort in hot and humid climates, such as Taiwan,
where achieving a balance between energy efficiency and thermal comfort poses unique challenges. Taiwan
was chosen as the case study location due to its subtropical climate, characterized by high temperatures
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and humidity for most of the year, which necessitates the extensive use of air conditioning systems in office
environments [39]. This reliance highlights the urgency of developing energy-efficient strategies that reduce
energy consumption without compromising occupant well-being. Furthermore, Taiwan’s proactive approach
to energy conservation and sustainability—reflected in government policies [40] promoting green building
practices and energy-efficient technologies—makes it an ideal setting to test innovative solutions, such as
integrating air conditioning systems with ceiling fans. These solutions aim to enhance thermal comfort while
simultaneously reducing energy usage.

This study’s findings have broad implications, extending beyond Taiwan to other regions with similar
climatic conditions, particularly in Southeast Asia, where the demand for energy-saving measures in cooling
systems continues to grow. While CFD simulations are widely used to model airflow and thermal conditions,
few studies have combined these simulations with field measurements and questionnaire surveys. Such
integration is essential for improving predictive accuracy and optimizing strategies for both energy efficiency
and occupant comfort. This study bridges this gap by offering a comprehensive analysis of duty cycling
modes in office AC systems, integrating CFD simulations with empirical data and surveys to explore how
these methods can be refined for thermal comfort, energy savings, and sustainability. Additionally, the study
examines the effectiveness of combining ceiling fans with elevated air conditioning setpoints, revealing a
practical approach to balancing energy use and occupant satisfaction in hot and humid environments.

2 Methodology
2.1 System Description

The investigated office is located on the second floor of the College of Engineering building on campus
in central Taiwan, which experiences a subtropical climate with hot and humid conditions. The office,
shown in Fig. 1, is a typical faculty office designed for academic use and has internal dimensions of 5.3 m
in length, 3.3 m in width, and 3.5 m in height. The office has a split-type air conditioning (AC) system
installed on the wall, with a cooling capacity of 3.1 kW. This system serves as the primary cooling device
for maintaining indoor thermal comfort. Additionally, a ceiling fan is installed in the central part of the
room to enhance airflow circulation and distribute temperature and velocity more evenly across the office.
The ceiling fan is compact with dimensions of 496 mm x 421 mm in diameter. Other office features include
two external windows that provide natural light and ventilation when required and internal windows
that connect to adjacent spaces. There are two fluorescent lamps for artificial lighting, multiple pieces of
furniture, a computer workstation, and three occupants who use the space during the study period. These
elements collectively contribute to the office thermal environment, influencing both the thermal comfort
of the occupants and the energy performance of the HVAC system. The configuration of the office, with
its layout of cooling and ventilation devices, human activity, and heat-generating equipment, provides a
practical setting to investigate the interplay between energy efliciency and thermal comfort in a real-world
academic workspace.
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Figure 1: The investigated office room and geometry model for CFD simulation

2.2 Measurement

During the measurement period, the ambient temperature remained relatively stable, with an hourly
average of 28.9°C and a relative humidity of 75.3%. These consistent external conditions provided a reliable
baseline to evaluate the indoor environment and the performance of the HVAC system under different
operational modes.

Indoor environment parameters measured included temperature, air velocity, humidity, and power
consumption. These measurements were essential to assess thermal conditions, airflow distribution, moisture
levels, and energy efficiency. Data collection was divided into two stages. In Stage 1, the AC system was set
to a temperature of 25°C without operating the ceiling fan, following the ASHRAE Standard 55 for thermal
comfort zones. In Stage 2, the AC setpoint was increased to 27°C, and the ceiling fan was operated at three
speeds: low, medium, and high. Data were recorded over 9 h during typical office hours for both stages to
ensure consistency and accuracy. Fig. 2 depicts the measurement and questionnaire survey process.

Figure 2: The experimental setup, (a) air velocity measurement, (b) power consumption measurement, (c) thermal
comfort instrument and questionary survey
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Measurements were taken using high-precision instruments. All measurement instruments were
calibrated annually to ensure their accuracy and reliability. Calibration was performed according to the
guidelines and industry standards, ensuring the instruments provided precise readings throughout the
measurement process. This regular calibration process helped minimize potential errors and maintained
the integrity of the data collected during the field measurements. The Delta OHM HD 32.3 was employed
to measure black-globe temperature, air temperature, humidity, and air velocity, with accuracies ranging
from +0.2 m/s for velocity to +2.0% for relative humidity. The TSI 9565P was used for higher velocity
measurements, capable of recording air velocity up to 50 m/s with an accuracy of +3%. The airflow
measurement is shown in Fig. 2a. Noise levels were measured using the TES 1357, while energy consumption
was monitored with the HIOKI 3169-20, ensuring accurate voltage and current readings (Fig. 2b). The
detailed specifications of the measurement equipment are shown in Table 1.

Table 1: Apparatus for field measurement

Apparatus model Item Range Accuracy
Black-globe temperature  —10~+100°C Class 1/3 DIN
Delta OHM HD 32.3 Temperature —-40~+100°C 1/3 DIN
(Thermal comfort Humidity 0~100% RH +2.0% RH
instrument) . +0.2 m/s (0~1 m/s)
Velocity 0.1~5 m/s £0.3 m/s (1~5 m/s)
TSI 9565P Velocity 0~50 m/s +3%
TES 1357 Noise 30~130 dBA +1.5dB
Voltage 150~600 V. +£0.2% rdg. +0.1% f.s.
HIOKI 3169-2
OKI 3169-20 Current 5~500 A +0.3% rdg. £0.01% f.s.

2.3 Questionnaire Survey

A comprehensive questionnaire survey was conducted simultaneously with on-site measurements to
assess the thermal comfort of the office occupants (Fig. 2¢). The survey involved 57 participants, all of
whom were regular office occupants. The objective of the survey was to gather subjective feedback from the
occupants regarding their perception of the thermal environment during the data collection period. This
approach allowed for the collection of objective measurements and subjective assessments, offering a more
holistic understanding of the thermal comfort conditions in the office.

The questionnaire was designed following the ASHRAE Standard 55, a widely recognized guideline for
evaluating thermal comfort. It consisted of two main sections. The first section gathered general demographic
and situational information, including the participants’ age, gender, health condition, and clothing and
activity levels. These factors significantly influence thermal comfort, impacting an individual’s heat retention
and personal perception of temperature. Understanding these variables helped contextualize the participants’
thermal comfort responses.

The second section of the questionnaire addressed the thermal environment itself. Participants were
asked to provide thermal sensation votes using the ASHRAE 7-point scale, ranging from “cold” to “hot”, a
common method for assessing personal comfort with indoor temperature. In addition to thermal sensation,
the questionnaire also asked about air movement sensation, specifically whether the airflow was perceived as
too little, just right, or too much. Lastly, participants were asked to rate the overall acceptability of the indoor
environment, ranging from “very uncomfortable” to “very comfortable” The questionnaire survey point is
shown in Table 2.
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Table 2: Questionnaire survey point

Questionnaire Response
Age []118-25[]26-35[]36-45[]46-55[] 56+
Gender [ ] Male [ ] Female [ ] Other
Health conditions [ ] Healthy [ ] Minor health issues [ ] Chronic health issues
Occupation [ ] Office worker [ | Teacher [ ] Outdoor worker [ ] Student [ ]
Other (specify: )
Dependence on AC [ ] None [ ] Occasional use [ ] Regular use [ | Heavy reliance
Living conditions [ ] Urban [ | Suburban [ | Rural
Clothing level [ ] Light (e.g., t-shirt, shorts) [ ] Moderate (e.g., shirt, pants) [ ]
Heavy (e.g., sweater, jacket)
Activity level [ ] Low (e.g., sitting, reading) [ ] Moderate (e.g., walking, typing)
[ ] High (e.g., moving, physical labor)
Thermal sensation vote [ ] Cold [ ] Cool [ ] Slightly Cool [ ] Neutral [ ] Slightly Warm [ ]
Warm [ ] Hot
Air movement sensation [ ] Too little [ ] Just right [ ] Too much
Acceptability of the indoor [ ] Very Uncomfortable [ ] Uncomfortable [ ] Neutral [ ]
environment Comfortable [ ] Very Comfortable
Relative humidity [ ] Verydry [ ] Slightly dry [ | Neutral [ ] Slightly humid [ ] Very
humid

Occupant comfort expectations [ ] Much colder than expected [ ] Slightly colder than expected [
] As expected [ ] Slightly warmer than expected [ ] Much
warmer than expected
Discomfort due to overheating or [ ] No discomfort [ ] Slight discomfort [ ] Moderate discomfort [
overcooling ] Severe discomfort
Additional comments

This dual approach, combining objective environmental measurements with subjective occupant sur-
veys, thoroughly assessed the thermal comfort conditions within the office. By analyzing the measurable
parameters and the occupants’ personal experiences, the study offered a more comprehensive evaluation of
the factors contributing to thermal comfort in the workspace.

2.4 CFD Simulation

The CFD simulation of the office environment was conducted using ANSYS Fluent Workbench 2020 R2
to analyze airflow distribution, temperature profiles, and thermal comfort under varying air-conditioning
and ceiling fan settings. The primary objective was to replicate field measurement conditions and evaluate
the combined impact of HVAC and ceiling fan operations on energy efficiency and occupant comfort. The
geometry model, shown in Fig. 1, was developed based on the actual office layout, including workstations,
air-conditioning vents, and ceiling fans. Key parameters such as airflow patterns, temperature distribution,
and thermal comfort indices, including PMV were analyzed in detail.

The evaluation process of the environmental conditions in the office followed four distinct stages, each
representing different operational settings of the air conditioning and ceiling fan, as shown in Table 3. These
stages represent variations in the air conditioning setpoint and fan speeds, enabling the study to assess how
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different thermal conditions would affect the overall comfort of the occupants. Stage 1 air conditioning was
set to 25°C without the ceiling fan operation. In contrast, in the subsequent stages, the setpoint was increased
to 27°C and ceiling fan operation was introduced at low, medium, and high speeds. These stages allowed for
comparing the effects of varying airflow and temperature on occupant comfort.

Table 3: Stages of the simulation

Conditions Stage 1 Stage 2 Stage 3 Stage 4

AC set point 25°C 27°C 27°C 27°C
Fan operation Without ceiling fan Low speed Medium speed High speed

The boundary conditions were derived from the field measurements, which provided accurate data on
air velocity from the ceiling fan, air temperature from the air conditioning system, and ambient conditions.
These conditions were essential for modeling the airflow and temperature distribution within the office. The
heat sources within the room, such as the seated occupants, lamps, and electronic devices, were modeled to
represent their impact on the overall thermal environment. Each heat source was assigned a specific heat
flux: 60 W/m? for the seated people, 70 W for each lamp, and 20 W/m? for the monitor and CPU.

The internal walls, windows, and doors were modeled with specific heat transfer coefficients to account
for the convective heat transfer between the indoor environment and the external conditions. The external
walls had a heat transfer coefficient of 2 W/m?* K, with an ambient temperature of 28.9°C. In contrast, the
internal surfaces had slightly different heat transfer coefficients, reflecting their exposure to the controlled
indoor temperature.

The ceiling fan was modeled with varying fan speeds (low, medium, and high) to simulate the effects of
air movement on thermal comfort. Each fan speed was associated with a specific air velocity (2.1 m/s for low,
3.3 m/s for medium, and 3.9 m/s for high) and corresponding pressure jumps (5, 13, and 25 Pa, respectively).
The fan’s contribution to improving thermal comfort by promoting air circulation and mitigating heat
buildup in the room was a key focus of the simulation. This simulation served as a powerful tool for analyzing
airflow patterns, temperature distribution, and the overall impact of the ceiling fan and air conditioning
settings on thermal comfort in the office space. The detailed boundary conditions are shown in Table 4.

Proper solver and parameter setup in ANSYS Fluent is critical to achieving accurate and reliable CFD
simulations. A pressure-based solver was chosen for this study due to its computational efficiency and
stability, making it suitable for simulating airflow and heat transfer within the office environment. The
turbulence effects were modeled using the RNG k-epsilon turbulence model, which offers improved accuracy
for flows with high strain rates and recirculation zones. The office setup included three seated occupants,
representing typical conditions for airflow and thermal analysis. To simulate airflow and temperature
distribution, a steady-state approach was adopted. The governing equations solved during the simulation
include the continuity equation, momentum equation, and energy equation, as follows:

The conservation of mass is described by the continuity equation, as shown in Eq. (1). This equation is
applicable for both compressible and incompressible flows and accounts for the mass added to the continuous
phase from dispersed phases (e.g., vaporization of liquid droplets) and any user-defined mass sources.

g—’j+v-(P17)=Sm 1)
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Table 4: Parameter setup for boundary condition

Boundary conditions Type Value
Computer Wall Heat flux: 20 W/m?
Human Wall Heat flux: 60 W/m?
Lamp Wall Heat flux: 9 W/m?
AC-Return Pressure outlet Gauge pressure: 0 Pa
Velocity: 3 m/s
AC- | locity inl
C-Supply Velocity inlet Temperature: UDF function
Internal wall Wall Heat Transfer Coefficient: 3.9 W/m? K, T: 27°C
External wall, Floor, & ceiling Wall Heat Transfer Coefficient: 2 W/m? K, T: 28.9°C
Window Wall Heat Transfer Coefficient: 4.7 W/m? K, T: 27°C & 28.9°C
Door Wall Heat Transfer Coefficient3.7 W/m? K, T: 27°C
Ceiling fan Fan Velocity: low: 2.1 m/s; med: 3.3 m/s; high: 3.9 m/s

Pressure jumps: low: 5 Pa; med: 13 Pa; high: 25 Pa

The conservation of momentum in an inertial (non-accelerating) reference frame is expressed in Eq. (2).
It accounts for the effects of p static pressure, pg the gravitational body force, F the external body force, and
7 is the stress tensor.

%(pﬁ)+v-(p1717):—Vp+V-(;)+p§+I3 @)

The thermal energy transfer within the fluid domain is governed by the energy equation, shown
in Eq. (3). It includes terms for convection, diffusion, and external heat sources or sinks, capturing the
conductive and convective heat transfer within the domain. where, k, ff effective conductivity (k + k;, where
k; is the turbulent thermal conductivity, defined according to the turbulence model being used), j; diffusion
flux of species i»Sh the heat of chemical reaction and any other volumetric heat source that has been defined.

J . s (= .
o, (PE) + V- (¥ (pE + p)) = v-(keffVT— Ejzhﬂﬁ (reff-v)) +S), (3)

The RNG k-¢ turbulence model was employed to simulate airflow and analyze the ventilation effects of
various design choices. The airflow turbulence model is provided in Eq. (4).

9 2 9
(i) = 2T 22 ) 4+ S 4
3 (uj9) axj( o, ffaxj)"r 0 (4)

In this context, ¢ denotes a generic variable that may include turbulent kinetic energy, temperature,
velocity, or kinetic energy dissipation rate. u; is the j-th velocity component, the effective exchange diffusion
coefficient for the variable is denoted by T, c¢r and the variable’s source term is S, i.

The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was used for pressure-
velocity coupling. This algorithm is widely recognized for its robustness and effectiveness in handling
steady-state flows, ensuring numerical stability during the simulation. The mesh was refined in critical areas,
such as around the occupants, air supply outlets, and ceiling fan region, to capture detailed flow dynamics.
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The simulation was executed for 5000 iterations, with convergence criteria defined by residuals reaching
values between 10~* to 107°. This ensured the numerical solution met the required accuracy to analyze airflow
patterns, temperature distribution, and thermal comfort effectively.

2.5 Validation

During the simulation setup, a grid independence test was conducted to determine the optimal mesh
density that balances accuracy and computational efficiency. Mesh density directly affects the precision
of simulation results; a finer mesh generally provides higher accuracy but requires significantly more
computational resources and time. In this study, three different mesh densities were tested: coarse (583,267
elements), medium (1,460,631 elements), and fine (3,522,215 elements). The results from these simulations
were validated against field measurements at four specific points, where points 1 and 2 measured temperature,
and points 3 and 4 measured air velocity, as shown in Fig. 3.

30 3 Value Error Rate
P Gcoarse Point | Category Mesh Grid C, mis) %)
29 medium Coarse 26.21 2.20
Efine 25 ¢ In Medium 26.35 1.68
Emeasurement e Fine 26.11 2.57
6—- 28 Measurement 26.80
g 2 o Coarse 2627 2.34
g 5 = + K Medium 26.29 2.27
18mg
2 > ' Fine 26.18 2.68
© 15 &
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E. 26 - Coarse 1.80 11.76
@ > , Medium 2.05 0.49
@ 1 3 Velocity =
2% Fine 2.30 12.75
Measurement 2.04
Coarse 0.31 22.50
05 -
24 . veloalty Medium 0.31 22.50
el [}
Fine 0.57 42.50
23 0 Measurement 0.40
1 2 3 4
Point

Figure 3: Validation of between measurement and simulation

The validation results for temperature measurements at points 1 and 2 showed that all three mesh
configurations closely matched the field data. However, the medium mesh yielded the most accurate results,
with error rates of 1.68% and 2.27%, respectively. The coarse mesh had slightly higher error rates, while
the fine mesh, despite its higher element count, also exhibited slightly larger discrepancies compared to the
medium mesh. This suggests that the medium mesh strikes a balance between accuracy and efficiency for
temperature predictions.

For air velocity measurements at points 3 and 4, the medium mesh also outperformed the other
configurations. It provided the smallest error rates, such as 0.49% at point 3, closely aligning with the field
data. In contrast, the fine mesh, despite its higher density, demonstrated significant errors at these points, with
deviations as high as 12.75% and 42.50%, likely due to over-refinement that can lead to numerical instability.
The coarse mesh performed moderately but was less accurate than the medium mesh.

Based on these results, the medium mesh was selected for subsequent simulations. It offered the best
balance between accuracy and computational efficiency, consistently providing results that closely aligned
with field measurements for both temperature and air velocity. This choice ensures reliable simulation
outcomes while avoiding unnecessary computational costs.



1780 Energy Eng. 2025;122(5)

3 Results and Discussion
3.1 Power Consumption

Fig. 4 illustrates the power consumption patterns of the air conditioning system at two different set
points: 25°C and 27°C. The data shows that when the temperature is set to 25°C (represented by the blue
line), the air conditioning system operates continuously for approximately six hours before reaching the set
point. At this stage, the compressor shuts down, resulting in a temporary drop in power consumption. After
a 20-min pause, the compressor restarts, resuming operation to maintain the temperature.

— T,=25°C
T.=27C

8

8

[

g

Power consumption (W)

8

8

o

Time(Hour)

Figure 4: Comparison of power consumption variation

In contrast, when the set point is adjusted to 27°C (represented by the black line), the compressor shuts
down four times throughout the period as the system more easily reaches the higher set point. It indicates
that with a higher set point, the air conditioning system does not need to run as continuously, leading to
more frequent compressor shutdowns.

The power consumption at the lower set point (25°C) averages around 1.0 kW, while at the higher set
point (27°C), the consumption reduces to approximately 0.9 kW. This data suggests that a 10% reduction in
energy consumption can be achieved by increasing the temperature set point by 2°C. This finding highlights
the potential for energy savings in air conditioning systems by optimizing the set point. It is a cost-effective
strategy for reducing overall power usage while maintaining reasonable thermal comfort.

3.2 Questionnaire Surveys

The results from the questionnaire surveys and PMV-PPD analysis highlight the potential for ceiling
fans to enhance thermal comfort while enabling energy-saving strategies in indoor environments. Fig. 5a
shows that the thermal sensation votes during Stage 1 (Tset = 25°C, no ceiling fan) and Stage 2 (Tset = 27°C,
with a ceiling fan) were quite similar. In both stages, most participants reported feeling “neutral” or “slightly
cool”, suggesting that the 2°C increase in the air conditioning setpoint did not significantly impact thermal
perception. This consistency in comfort levels can be attributed to the ceiling fan’s ability to generate
airflow, compensating for the higher temperature. Fig. 5b further supports this observation, showing that
participants in Stage 2 reported a higher number of “moderate” airflow sensation votes than Stage 1. It
indicates that the use of the ceiling fan noticeably improved air circulation, thereby enhancing thermal
comfort even at a higher temperature setpoint.



Energy Eng. 2025;122(5) 1781

50 50
—8— stage | —8— stage |
40 4 o+ stagell 40 4 e stagell
X
30 30 4
£ £
§ 20 1 g2
[ 7]
a o
10 A 10 4
04 0
T T T T T T T T T T T T T T
cold cool slightly cool neutralslightly warm warm hot Nowind Light Gentle Moderateabit windy Windy  Gale
Temperature Airflow
(a) (b)

Figure 5: Questionary survey. (a) thermal sensation votes; (b) airflow sensation votes

The PMV-PPD analysis, shown in Fig. 6, reinforces these findings by illustrating that thermal conditions
remained acceptable in both stages. Most participants rated their thermal sensation as “neutral”, with a small
number feeling “slightly cool” in Stage 2, likely due to the fan’s airflow effect. Importantly, the percentage
of dissatisfied participants (PPD) remained below 10% in both stages, within the acceptable threshold for
indoor thermal comfort. This demonstrates that using a ceiling fan not only maintains comfort but also
reduces air conditioning energy consumption by allowing a higher temperature setpoint. These results
underline the practical feasibility of combining ceiling fans with setpoint adjustments as a sustainable
approach to achieving energy efficiency and occupant comfort in office environments. This strategy is

particularly beneficial in reducing energy costs while promoting a thermally comfortable and acceptable
indoor environment.
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Figure 6: Thermal comfort calculation of field measurement and questionary survey
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3.3 Airflow and Temperature Distribution

The simulation results in Fig. 7 illustrate the air velocity distribution in the room under four cases:
without a fan and with low-speed, medium-speed, and high-speed ceiling fan settings. Without the fan
(Fig. 7a), the airflow in the room is mostly stagnant, except for areas near the air conditioning (AC)
supply, where the velocity reaches up to 1.8 m/s. It indicates that, without additional airflow support, the
air circulation in the room is uneven, with localized high-speed air near the AC supply but minimal air
movement elsewhere.

Veloci

Vector s R WF\ r %
I

a = {5 E. ‘\‘}

ke ST 0 L =l
t 0.90 (@) (b)
3

- 0.45
. 0.00 - e s
[m s?-1] L At

1..._...; i X L
e B s

A

(c) (d)

Figure 7: Velocity vector under different temperature setpoints and fan mode. (a) 25°C Without-fan; (b) 27°C Low-
speed fan; (c) 27°C Medium-speed fan; (d) 27°C High-speed fan

When the ceiling fan operates at a low-speed setting (Fig. 7b), the airflow improves, with an average air
velocity of 0.3 m/s across the room. This setup also reduces the intensity of the high-velocity air near the AC
supply, resulting in a more balanced airflow pattern. The medium-speed fan setting (Fig. 7c) further enhances
the airflow distribution and magnitude, achieving an average velocity of approximately 0.45 m/s. This setting
provides the most uniform air velocity throughout the room, representing the optimal balance between
airflow distribution and magnitude. On the other hand, the high-speed fan setting (I'ig. 7d) increases the
average air velocity to 0.6 m/s, slightly higher than the medium-speed setting. However, it introduces a small
localized area in the center of the room where the air velocity reaches up to 1.5 m/s, potentially causing
discomfort due to excessive airflow in that region. These results highlight that while higher fan speeds
improve airflow magnitude, medium-speed operation offers the best balance between velocity and uniform
distribution, making it the most favorable option for ensuring thermal comfort.

Fig. 8 illustrates the temperature distribution in a room under different fan operation scenarios,
highlighting the effect of ceiling fan speeds on temperature uniformity. In Fig. 8a, the simulation results
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for a setpoint temperature of 25°C without fan operation show uneven temperature distribution, with
a notable region of lower temperature near the air conditioning vents. This localized cooling results in
thermal discomfort for occupants in those areas while leaving other parts of the room relatively warmer.
This lack of uniformity underscores the limitations of relying solely on air conditioning without additional
airflow mechanisms.

@ | )

[°Cl

(d)

Figure 8: Temperature distribution under different temperature setpoints and fan mode. (a) 25°C Without-fan; (b)
27°C Low-speed fan; (¢) 27°C Medium-speed fan; (d) 27°C High-speed fan

Fig. 8b-d displays the temperature distribution for scenarios with a setpoint temperature of 27°C and
low, medium, and high-speed fan operations, respectively. The introduction of a ceiling fan significantly
improves temperature distribution across the room. The low-speed fan (Fig. 8b) begins to mitigate the
localized cold spots by redistributing the cool air more evenly, though some variation in temperature remains.
The medium-speed fan (Fig. 8c) achieves a notably balanced temperature profile, minimizing hotspots and
cold zones effectively. It offers an optimal balance of uniformity and comfort at this setpoint. The high-speed
fan (Fig. 8d) also ensures a relatively even temperature distribution but introduces a slightly higher mixing
effect that may result in minor variations. Overall, using a ceiling fan at any speed helps to smooth out
temperature gradients in the room, enhancing occupant comfort while enabling energy savings by allowing
for a higher temperature setpoint without compromising thermal comfort. These results emphasize the
importance of ceiling fans in achieving a thermally comfortable and energy-eflicient indoor environment.

3.4 Thermal Comfort PMV Distribution

Fig. 9 presents the PMV distribution in a room under varying temperature setpoints and ceiling fan
speeds, emphasizing the combined impact of air velocity and temperature on thermal comfort. According
to ASHRAE Standard 55, PMV values indicate occupants’ thermal sensations, ranging from cold (-3) to
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hot (+3). The simulation without a fan (Fig. 9) at a 25°C setpoint shows a localized area where the PMV
value drops to -3, indicating excessive cold. This extreme value corresponds to the uneven temperature
distribution and high air velocity near the air conditioning outlet, as seen in Figs. 7 and 8. Such conditions
create discomfort for occupants in the coldest zones.

PMV

Contour 2
3.00
2.67
233

(c) (d)

Figure 9: PMV distribution under different temperature setpoints and fan mode. (a) 25°C Without fan; (b) 27°C Low-
speed fan; (c) 27°C Medium-speed fan; (d) 27°C High-speed fan

In contrast, simulations with ceiling fans at a 27°C setpoint exhibit significantly improved PMV
distributions. The low-speed fan (Fig. 9b) achieves the most balanced thermal comfort, with an average PMV
value of —0.3, which aligns closely with the “neutral” thermal sensation in ASHRAE’s scale. The medium-
speed (Fig. 9¢) and high-speed fans (Fig. 9d) result in slightly cooler average PMV values of around -1,
indicating a “slightly cool” sensation. These results highlight the ceiling fan’s critical role in enhancing thermal
comfort by mitigating cold spots and distributing air more effectively, even at higher temperature setpoints.
Importantly, the magnitude of air velocity from the fan influences PMV significantly, demonstrating the
ceiling fan’s effectiveness as an energy-eflicient solution for maintaining occupant comfort.

4 Conclusions

This study underscores the critical balance between thermal comfort, energy efficiency, and indoor air-
flow dynamics in optimizing air conditioning and ceiling fan operations. The simulation results demonstrate
that increasing the temperature setpoint from 25°C to 27°C can reduce power consumption by approximately
10%, offering a clear pathway toward energy-efficient climate control. The integration of ceiling fans further
enhances air circulation, resulting in improved temperature distribution and more uniform PMV values,
essential for occupant thermal comfort.
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Among the fan speed modes tested, the low-speed fan provided the most balanced thermal comfort,
with a PMV value of —0.3, closely aligning with the optimal thermal comfort zone defined by ASHRAE
Standard 55. Although higher-speed fan modes (medium and high) also improved airflow distribution, their
diminishing returns in PMV improvements indicate that excessive fan speeds may not yield substantial
comfort benefits beyond a certain point. Combining higher temperature setpoints with appropriate fan
operation thus offers significant energy savings without sacrificing comfort, highlighting the importance of
system optimization in achieving sustainable and effective climate control.

While the study’s reliance on short-term measurements, questionnaire surveys, and simulations pro-
vides valuable insights, it also presents limitations, such as the need for more extensive real-world validation.
Despite these constraints, the findings establish a solid foundation for understanding the potential of
integrating ceiling fans with higher temperature setpoints to improve both energy efficiency and thermal
comfort in office environments.

Future research should investigate the long-term performance of integrated HVAC and ceiling fan
systems under diverse environmental conditions, particularly in hot and humid climates such as Taiwan. It
would allow for a more thorough evaluation of the sustained energy savings, occupant comfort, and system
durability over extended periods. Moreover, incorporating these systems with building energy management
systems could optimize operation by dynamically adjusting settings based on real-time occupancy and
environmental variables, further enhancing energy savings.

Additionally, examining user preferences and developing adaptive comfort models could provide
valuable insights into personalizing HVAC systems for different occupants, which would improve both
energy efficiency and satisfaction. Extending this research to include different building types, regions, and
climates could broaden the applicability of the findings, allowing for the adoption of these strategies in diverse
environments and contributing to more sustainable and comfortable building designs.
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