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ABSTRACT: Air conditioning (AC) is essential for maintaining indoor comfort during Taiwan’s hot and humid
summers but significantly contributes to increased energy consumption. This study evaluates the effects of AC duty-
cycling strategies on energy performance, thermal comfort, and operational costs in office environments. Duty-cycling
was implemented using a building energy management system (BEMS), which remotely controlled the ON/OFF cycles
of AC units. Five duty-cycling modes were tested, with some modes incorporating air circulation during OFF periods.
Field measurements of energy consumption, temperature, humidity, and air velocity were conducted and integrated
with thermal comfort analysis tools to calculate predicted mean vote (PMV) and percentage of dissatisfied (PPD) values.
The objective was to achieve energy savings while maintaining acceptable thermal comfort levels. Results show that
Mode A achieved the highest energy savings, reducing monthly consumption by 40.79%; however, it slightly exceeded
the PMV threshold (+0.5) and recorded a PPD greater than 10%, indicating reduced occupant comfort. In contrast,
Mode C provided a better balance, achieving a 27.61% reduction in energy consumption while maintaining a PMV
of +0.28 and a PPD of 7.49%, both within acceptable comfort limits. Despite the energy-saving benefits, not all duty-
cycling modes ensured satisfactory thermal comfort. Additionally, the cost analysis revealed that Mode A achieved the
lowest monthly electricity cost (NTD 8476.18/USD 263.38), while Mode C incurred a higher cost (NTD 10,363.00/USD
322.01), highlighting the trade-off between energy savings, comfort, and economic impact.
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1 Introduction

1.1 Research Background
Taiwan is known for its hot and humid climate during the summer season; consequently, being reliant on

Air Conditioning (AC) is common, especially in office spaces where people spend most of their time with air
conditioning during the day. As reported in the Energy Audit Annual Report by the Bureau of Energy (BOE),
Ministry of Economic and Affairs (MOEA) [1], 58.62% of the energy consumption of office buildings is used
for HVAC systems. Moreover, the high temperatures and humidity influence thermal comfort, resulting in
the reliance on air conditioning and ventilation systems in Taiwan [2]. This occurrence often caused peak
load in summer. As a result, the biggest challenge is to regulate high energy consumption by developing
optimal HVAC system approaches while simultaneously delivering adequate thermal comfort.
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1.2 Literature Reviews
Recognizing the challenges of improving the energy efficiency of an air conditioning system during

the summer season with high ambient temperatures and humidity levels necessitates a significant effort.
Taiwan Power Company [3] implemented the duty-cycling operating method for packaged air conditioning
systems to suppress energy consumption during the peak load by operating mode for 22 min and pausing
the operation for 8 min. The results showed that the daily peak load was reduced by 1.07 GW on the peak
load day in 2021. However, traditional on/off control methods use a thermostat to keep a set temperature.
Though this method is straightforward and initially inexpensive, it can cause short cycling, which shortens
the compressor’s lifespan and leads to temperature fluctuations [4]. On the other hand, variable-speed
control systems continuously adjust the cooling or heating output, offering higher energy efficiency, more
precise temperature control, and less noise operation [5]. Regardless of these advantages, implementing
variable-speed control systems causes higher initial and maintenance costs, which makes fewer users select
these systems, especially in small buildings or small spaces [6]. Therefore, utilizing duty-cycling, also
known as ON/OFF systems in air conditioning systems, could be considered for small spaces to regulate
energy conservation. However, the conventional ON/OFF system could be more convenient if the system
is integrated with smart control systems. In a study conducted by Vadamalraj et al. [7], a hybrid ventilation
system scheme was implemented in a university with a summer climate similar to Taiwan’s, which is hot and
humid. The scheme was supported by the combination of an Internet of Things (IoT)-based sensor to control
the ventilation system duty period, thereby achieving thermal comfort by varying the ON/OFF times. The
findings revealed that this hybrid system can achieve energy saving potential of up to 19%–21% while still
maintaining comfortable indoor temperature and humidity. A similar study conducted by Daissaoui et al. [8]
examined the energy efficiency of an air conditioning system and simultaneously assessed the comfort level.
They monitored specific areas and implemented IoT intelligent control, applying suitable rules to maintain
or enhance comfort while conserving energy. Additionally, some studies conducted a similar cycle of an
air conditioning compressor, operating duty cycling of the compressor, and no compression during the idle
period for the purpose of reducing energy at part-load conditions. The results show that implementing a
duty-cycle system on the air conditioning system could reduce energy consumption by up to 17% [9,10].
Although duty-cycle systems could reduce the energy consumption of air conditioning systems, this method
could cause a fluctuation in air temperature [11,12]. The temperature fluctuation could be uncomfortable for
occupants inside the conditioned spaces and reduce the productivity of the occupants [13]. Consequently,
the optimal utilization of the duty-cycling system should also consider the thermal comfort inside the
conditioned spaces.

Air conditioning systems strongly influence the thermal comfort condition inside a building. Imple-
menting smart HVAC system control in a building could result in the building operating optimally, which
leads to the potential of energy-saving while still also providing comfortable indoor thermal conditions [14].
Thermal comfort parameters include space temperature, relative humidity, air velocity, mean radiant tem-
perature, metabolic rate based on occupants’ activities, and clothing insulation. The thermal comfort index
evaluates how all the parameters can affect the human body’s dissipation. The predicted mean vote (PMV)
and predicted percentage dissatisfied (PPD) indexes are commonly used in studies to evaluate the thermal
comfort level [15,16]. Therefore, as in a hot and humid climate, high levels of humidity and temperature
could present thermal discomfort in a working environment, which could influence the productivity of the
employees [17,18]. Balbis-Morejón et al. [19] conducted a thermal comfort analysis in a university campus
building located in a tropical climate area. In order to analyze the thermal comfort of a space, they used
the CBE Thermal Comfort Tool to determine the PMV and PPD values. More studies conducted thermal
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comfort analysis using the same tool showed that the results helped the studies to choose optimal approaches
and optimization of the ventilation systems [20–23].

Moreover, a study on thermal comfort and energy-saving potential in an office building located in
Taiwan with a subtropical climate by Tsay et al. [24] revealed that the air conditioning system is controlled
based on the thermal comfort of which level the occupant could tolerate the thermal environment, it
could reduce the energy consumption up to 9.1%. Hassan et al. [25] studied the energy performance of air
conditioners while implementing the ON-time and OFF-time during the duty-cycling operation. The cycle
provides the desirable thermal environment while still being able to reduce the energy consumption of the
air conditioners.

1.3 Research Gaps
Evaluation of duty-cycle control in current studies has primarily focused on reducing energy consump-

tion, often emphasizing the control system’s efficiency. However, limited attention has been given to the
broader implications of duty-cycle control, particularly its effect on thermal comfort. Key research gaps
include:

• Most existing studies emphasize energy-saving outcomes rather than thermal environment performance.
• The influence of duty-cycle control on indoor thermal comfort parameters remains underexplored.
• PMV (Predicted Mean Vote) and PPD (Predicted Percentage of Dissatisfied) indices are commonly used

to assess ventilation strategies but not extensively applied to duty-cycle-controlled air conditioning sys-
tems.

• There is a lack of comprehensive analysis linking duty-cycle operations with occupant thermal comfort
in real or simulated environments.

1.4 Objectives of the Study
Therefore, this study implements a duty-cycling mode on the air conditioning system in a small office

space. While the findings may not be directly applicable to larger buildings, they provide valuable insights for
smaller spaces where localized climate control is a priority. Given that smaller buildings often have limited
resources for advanced HVAC management, the study’s results can offer practical and accessible energy-
saving strategies for small building operators. This study utilizes the building energy management system
(BEMS) to control the ON/OFF time period during the cycle. Then, this study evaluates the daily energy
performance within various duty-cycling modes to identify the energy-saving potential combined with the
thermal comfort analysis determining the PMV and PPD indexes. The thermal comfort analysis is conducted
by using a thermal comfort tool from the CBE Thermal Comfort Model to visualize the thermal comfort
zone distribution map and the ASHRAE Standard 55 Thermal Comfort Tool to determine the PMV and
PPD indexes. Additionally, field measurement is conducted to collect thermal condition data to be inputted
into thermal comfort tools to realize the thermal discomfort experienced by the occupants throughout
the day. Data gathered through field measurements can also be utilized to assess thermal comfort levels,
including PMV and PPD, aiming to reduce energy consumption while ensuring a comfortable environment
for the occupants.

2 Methodology

2.1 Duty-Cycling Operating Mode
Duty-cycling is the amount of time when the air conditioning system is providing compression and

no compression during the whole operation. Basically, the duty-cycle is the ON time and OFF time of the
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compressor of the air conditioning system during the total period of time. The duty-cycle percentage is
expressed in Eq. (1) [26]. When the duty-cycle percentage is 100%, the compressor of the air conditioning
system is running all the time. Implementing duty cycling can help reduce energy consumption and
operational costs by allowing the compressor to turn off periodically rather than running continuously.
However, frequent cycling of the compressor can lead to increased mechanical stress, which may shorten
its lifespan. Each time the compressor starts and stops, it undergoes thermal expansion and contraction,
increasing wear on internal components such as the motor, bearings, and valves. Additionally, frequent
start-stop cycles can lead to higher inrush currents, which may accelerate electrical component degradation.

Duty − c ycl e percentage (%) = compression time
(compression time + no compression time) (1)

Despite these potential drawbacks, duty cycling remains an effective strategy for improving energy
efficiency, reducing peak power demand, and lowering operational expenses. Properly optimizing the duty
cycle, such as adjusting cycle durations and incorporating soft-start mechanisms, can help mitigate excessive
wear and extend equipment life while still achieving significant energy savings [27].

To effectively evaluate the impact of duty-cycling control, it is essential to understand the characteristics
of the building’s cooling infrastructure and control systems. The case study building, with an air-conditioned
area of approximately 916 m2, is equipped with a combination of two 2 RT air-cooled window-type air
conditioners and three 3 RT inverter-driven split air conditioning (IDAC) units. In addition, the facility is
managed by a Building Energy Management System (BEMS), which will be upgraded to an IoT-based cloud
platform as part of this study to enable enhanced data monitoring and control.

This study proposed 5 different modes of duty-cycling operation which are remotely controlled by the
IDAC system, as depicted in Fig. 1a. The AC indoor units operate automatically for comfort and energy
savings using a module control program. A document management system (DMS) is used to monitor and
record real-time data of the power consumption, voltage, current, temperature, and humidity, where the
data will be relayed to the controller. The controller will convert the signals and transmit them to the
individual air conditioners using the transmission control protocol/internet protocol (TCP/IP) to regulate
high energy consumption, especially during peak power load. The objective of this utilization of a smart
network management system is to reduce electricity consumption and demand control to lower the peak
power load during the summer season. The 5 different duty-cycling mode settings are indicated in Fig. 1b.
These modes were selected to evaluate energy-saving potential while ensuring thermal comfort within the
spaces analyzed in the health department, administration, accounting department, and medical affairs. All
cycles run for 9 h and 30 min as long as the office is scheduled in the investigated building (8:00 a.m. to
5:30 p.m.). Every OFF time in each cycle is provided the air supply from the fan, as is the detail listed in Table 1.
Each mode is tested for 5 days in summer under specific conditions, where the AC temperature is set at 26○C,
aligned with Taiwan’s regulation for AC temperature setting [28], and the air velocity is set at 0.2 m/s. Then,
the energy consumption data will be collected to compare which duty-cycling mode is the most suitable for
the investigated building. The selection of these modes is explained as follows:

(a) Mode A: 20 min ON period, and 10 min OFF period (duty cycle percentage: 67%). This mode
features the lowest duty-cycle ratio, maximizing energy savings by allowing extended compressor OFF
periods. It is ideal for situations where energy conservation is prioritized, and slight indoor temperature
fluctuations are acceptable.

(b) Mode B: 22 min ON period, and 8 min OFF period (duty cycle percentage: 73%). This mode offers
a balanced approach by reducing OFF time compared to Mode A, improving temperature stability
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while still achieving energy savings. It is expected to provide better thermal comfort and serves as a
compromise between energy efficiency and occupant comfort.

(c) Mode C: 25 min ON period, and 5 min OFF period (duty cycle percentage: 83%). Mode C prioritizes
thermal comfort by extending AC operation and minimizing OFF periods, making it suitable for high-
occupancy or temperature-sensitive spaces. While it consumes more energy, it is expected to have a
balanced trade-off between comfort and energy efficiency.

(d) Mode D: 28 min ON period, and 2 min OFF period (duty cycle percentage: 93%). This mode
emphasizes maximum thermal comfort with minimal OFF periods, making it ideal for spaces requiring
consistent temperature control. While it ensures near-continuous cooling, it results in higher energy
use and potential compressor wear, prioritizing comfort over efficiency.

(e) Mode E: 30 min ON period, and 10 min OFF period (duty cycle percentage: 74%). Mode E combines
long ON and OFF periods to strike a balance between energy savings and comfort. It aims to maintain
stable temperatures during ON cycles while reducing compressor wear, making it suitable for testing
the effectiveness of extended cycles on comfort and equipment longevity.
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Figure 1: Duty-cycling operation, (a) HVAC control system, (b) duty-cycling modes

Table 1: HVAC duty-cycling operating mode

Mode Temperature
setting (○C)

Air velocity
(m/s)

Air conditioning
time (Minutes)

Fan supply time
(Minutes)

Duty-cycle
percentage (%)

Normal 26○C 0.2 m/s ON all the time – 100%
A 26○C 0.2 m/s 20 10 67%
B 26○C 0.2 m/s 22 8 73%
C 26○C 0.2 m/s 25 5 83%
D 26○C 0.2 m/s 28 2 93%

(Continued)
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Table 1 (continued)

Mode Temperature
setting (○C)

Air velocity
(m/s)

Air conditioning
time (Minutes)

Fan supply time
(Minutes)

Duty-cycle
percentage (%)

E 26○C 0.2 m/s 30 10 74%

2.2 System Description
This study focuses on the office departments inside a medical building. The building is mainly used as

an office building for a public health center, which was chosen to reflect real-world conditions in smaller
office spaces. These spaces often rely on simple, localized air conditioning solutions rather than complex
centralized HVAC systems. By focusing on such a setting, the study aims to explore the effectiveness of duty
cycling in a context that is more relevant and accessible to small building operators seeking energy-efficient
cooling strategies. The total gross floor area of the building is 1374 m2, accommodating 120 people. The area
investigated in this study is in the office departments, including the Health Department, Administration,
Accounting, and Medical Affairs. The layout of each department is illustrated in Fig. 2a, in which the health
department, administration, and accounting are located on the first floor. In contrast, the medical affairs
office is located on the second floor. This building operates for 9 h and 30 min daily on weekdays, during
which occupants primarily work within their designated office spaces. The occupancy pattern is relatively
stable, with employees engaging in desk-based tasks, meetings, and administrative duties throughout the
operational hours, which directly influences indoor environmental conditions and AC usage.

The building is located in Changhua, Taiwan. Changhua is located in the central part of Taiwan.
Taiwan’s climate is categorized as hot and humid climate, falls in Climate Zone 2A according to ASHRAE
Standard 169 [29]. The outdoor condition in Changhua in 2023 by the government meteorological research
and forecasting institution in Taiwan, Central Weather Administration (CWA) [30], is indicated in Fig. 2b.
The average monthly temperature in Changhua ranges between 26.4○C to 29.3○C during summer, with the
highest record at 35.9○C. The lower average during winter ranges between 17.5○C and 23.1○C. Meanwhile, the
outdoor conditions remained humid, with the relative humidity ranging from 68% to 79% throughout the
year. This climate condition causes the reliance on air conditioners to be rather high in Taiwan.

The building materials properties used to construct the building are listed in Table 2. The exterior
wall uses a ceramic tile wall façade, which is commonly used in Taiwan to deal with its hot and humid
conditions [31]. Ceramic tile wall façades are the most advantageous cladding solution for hot and humid
environments compared to common concrete exterior walls [32]. Moreover, a study by Carlini et al. [33]
showed that ceramic coatings on building exteriors can reduce energy expenditure by decreasing heat losses.
The findings revealed that adding a ceramic coating to the building envelope can reduce heat losses by up to
42% compared to traditional wall configurations and can reduce thermal variation by 31%–40% in existing
buildings with internal insulation or coatings. Other materials used in the investigated building are common
types of building envelopes. The window is single-glazed with a U-value of 5.8 W/m2K and a solar heat gain
coefficient of 0.81.
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Figure 2: The investigated building, (a) building layout, (b) weather conditions [30]

Table 2 : HVAC duty-cycling operating mode

Building envelope Building materials U-Value (W/m2K) SHGC
Exterior wall Ceramic tile façade 1.636 –
Interior wall Frame partition with 3/4 in gypsum board 1.473 –

Window Clear single-glazed window 5.8 0.81
Roof Metal roof 0.6 –
Floor Passive floor, no insulation (tile) 2.958 –

Ceiling Concrete ceiling (insulated) 1.0 –

2.3 Field Measurement
The field measurement is conducted simultaneously, recording and uploading the collected data in

the designated BEMS and IoT cloud. Power consumption is recorded every minute, and simultaneous air
velocity measurements are taken at each air outlet, representing the perceived air velocity at the sitting
height of occupants (approximately 1 m above the ground). In contrast, the air velocity of the fan is set to
0.2 m/s. Additionally, temperature and humidity recorders are strategically positioned in each department,
specifically in areas where occupants are most active. The data is collected every 5 min to assess the thermal
comfort conditions experienced throughout the day. The field measurement was conducted during the
summer season, with each duty-cycling mode running for five days during weekdays in a month, including
the normal operating mode. The field measurement process is depicted in Fig. 3a.
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Figure 3: Field measurement, (a) air velocity measurement, (b) results of measurement points

Air velocity measurements are taken at various points, as illustrated in Fig. 3b, with a focus on occupants’
primary activity areas, such as working desks, to better evaluate their thermal environment. The figure
presents the average air velocity recorded at each measurement point. The average air velocity in the health
department is 0.20 m/s, in the administration department is 0.19 m/s, in the accounting department is
0.21 m/s, and in the medical affairs department is 0.20 m/s. Due to the continuous variation in wind direction
from the circulating fan, the measured wind speed is averaged at 0.20 m/s.

Table 3 summarizes the measurement instruments and their specifications used in this study. Three
types of equipment were employed: a multimeter (TSI-9555P) for measuring air velocity, pressure, temper-
ature, and humidity; a balometer (ALNOR-EBT721) for airflow and pressure verification; and a data logger
(ONSET-HOBO-MX1101) for continuous temperature and humidity monitoring. The instruments offer high
measurement accuracy, with air velocity readings as precise as ±0.015 m/s and temperature accuracy up to
±0.1○C, ensuring reliable data collection throughout the experimental period.

Table 3: Measurement apparatus used in the study

Measuring instrument Parameter Range Accuracy

Multimeter (TSI-9555P)

Velocity 0~50 m/s ±3% rdg. ±0.015 m/s
Pressure −3735~3735 Pa ±1% rdg. ±1 Pa

Temperature −10○~60○C ±0.3○C ±0.1○C
Humidity 0~95% RH ±3% RH ±0.1% RH

Balometer (ALNOR-EBT721) Velocity 0.125~12.5 m/s ±3% rdg. ±0.04 m/s
Pressure −3575~3575 Pa ±2% rdg. ±0.25 Pa

Data logger (ONSET-HOBO-MX1101) Temperature −20○~70○C ±0.21○C, 0○~50○C
Humidity 1%~90% RH ±2% RH
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2.4 Thermal Comfort Evaluation
After the field measurement, the collected data is then inputted into the thermal comfort calculation

tools. The study utilized the ASHRAE Standard 55 Comfort Model thermal comfort calculation software
developed by the American Air Conditioning Association (ASHRAE) [34]. The software incorporates six
thermal comfort parameters, including air temperature, mean radiant temperature, air velocity, humidity,
metabolic rate, and clothing insulation. These parameters are input into the software, which calculates the
Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD). The results are then compared
with the ASHRAE Standard 55 [34] to determine compliance with the established standards.

Furthermore, the University of California, Berkeley’s Center for the Built Environment (CBE) provides
an online version of the Thermal Comfort Tool [35]. This tool follows the same usage and parameter-
setting approach as the ASHRAE Standard 55-2020 Comfort Model. However, what sets apart the CBE
Thermal Comfort Tool from ASHRAE is its presentation of the comfort zone on a psychrometric diagram.
This diagram is based on input environmental factors and individual details like metabolic rate according
to activity and clothing insulation based on clothing amount. This tool also signifies the comfort zone
distribution map and the current state point. If the state point falls outside the comfort zone, it signifies
discomfort in the given conditions.

In order to comply with ASHRAE 55 [34], the recommended thermal limit on the 7-point scale of PMV
is between −0.5 and 0.5. ISO 7730 [36] expands on this limit, giving different indoor environments ranges.
ISO defines the hard limit as ranging between −2 and +2, for existing buildings between −0.7 and +0.7, and
for new buildings ranging between −0.5 and +0.5. According to ISO 7730 [36], the calculation equation of
PMV is indicated in Eq. (2) [37].

PMV = [0.303 ⋅ e(−0.036M) + 0.028] ⋅ {(M −W) − 3.05 × 10−3 ⋅ [5733 − 6.99 ⋅ (M −W) − Pa] − 0.42
⋅ [(M −W) − 58.15] − 1.7 × 10−5 ⋅M ⋅ (5867 − Pa) − 0.0014 ⋅M ⋅ (34 − ta) − 3.96

× 10−8 ⋅ fc l ⋅ [(tc l ⋅ 273)4 − (tr ⋅ 273)4] − fc l ⋅ hc ⋅ (tc l − ta)} (2)

The indoor microclimatic data environment includes PMV to calculate PPD value in accordance with
the standard ISO 7726 [38], as indicated in Eq. (3). The PPD can range from 5% to 100%, depending on the
calculated PMV. These comfort values will vary depending on where the occupant is located in the building.
In order for comfort ranges to comply with standards, no occupied point in space should be above 20%
PPD. However, because most people can tolerate a PPD percentage of up to 20%, the remaining persons can
experience 10% dissatisfaction based on overall physical discomfort [34].

PPD = 100 − 95e(−0.03353×PMV 4−0.2179×PMV 2) (3)

All the equations signify that the metabolic rate and clothing insulation also affect the overall thermal
comfort level. Therefore, not only will the measured thermal condition be inputted into the thermal comfort
calculation tool, but the metabolic rate and the clothing insulation will also be inputted. In this study, the
investigated spaces are primarily used as office environments, where the occupants are adults engaged in
typical desk-based tasks. This study was carried out during the summer in Taiwan, where occupants primarily
wore standard indoor summer clothing, such as trousers and short-sleeve shirts, with an insulation value of
approximately 0.50–0.57 clo, as outlined in ASHRAE Standard 55. Likewise, the main activities in the office
spaces consisted of seated tasks, including computer work, with an estimated metabolic rate of about 1.2 met
(70 W/m2), also aligning with ASHRAE Standard 55 [34]. However, thermal comfort thresholds may shift
in different climate regions due to physiological and psychological adaptation, emphasized that regional and



3848 Energy Eng. 2025;122(9)

seasonal differences must be accounted for, as thermal tolerance and comfort ranges differ between tropical
and temperate populations [39]. In this study, the environmental condition data, such as temperature, relative
humidity, and air velocity, are collected in each department throughout the operations of all duty cycling
modes, including the normal mode as the baseline case. This data will later be used to evaluate the PMV
and PPD level in the facility through the ASHRAE Standard 55 Comfort Model thermal comfort calculation
software and the CBE Thermal Comfort Tool.

3 Results and Discussion
In this section, this study will describe the results of energy consumption, temperature, relative

humidity, and thermal comfort level, including thermal comfort zone, PMV, and PPD. The results will be
divided by each mode, including normal operating mode and 5 different duty-cycling modes. The normal
operating mode is when the air conditioning system is running all the time. On the contrary, duty-cycling
mode sets the air conditioning ON/OFF times and adds the air supply from the fan during the OFF time.
The ON/OFF times are set differently in each duty-cycling mode. The air conditioning time in duty-cycling
mode A is ON for 20 min and OFF for 10 min. In duty-cycling mode B, the ON time is 22 min, and the
OFF time is 8 min. Then, the ON time in duty-cycling mode C is set for 25 min and the OFF time is set for
5 min. In duty-cycling mode D, the ON time is set for 28 min, but the OFF time is set shortly for 2 min.
Lastly, in duty-cycling mode E, the ON time is the longest at 30 min, and the OFF time is also long, set to
10 min. The comparative results of all duty-cycling modes, including the normal operating mode, will be
evaluated to determine which mode has the highest energy-saving potential while also providing optimal
thermal comfort levels for occupants.

3.1 Normal Condition
Under normal operating conditions, where the air conditioning is ON during the operating hours,

it will consume more energy than the duty-cycling modes. The total energy consumption is recorded at
2021.93 kWh/month, with an average daily energy consumption of 87.92 kWh/day. Table 4 lists the energy
consumption and thermal conditions that result from operating normally. The Medical Affairs department
has the highest energy consumption, with a value of 39.41 kWh daily, considering this department has the
largest room area compared to other departments. Meanwhile, the lowest energy consumption is recorded
in the accounting department, with a value of 11.52 kWh daily, where the activity inside this room is less open
to the public.

Table 4: Results of energy consumption, indoor thermal condition, and thermal comfort indexes during normal
operating mode

Location Energy consumption
(kWh/day)

Temperature
(○C)

Relative humidity
(%)

Initial PMV Initial
PPD (%)

Health department 24.11 28.93 65.38 0.96 25.00
Administration 12.87 30.41 59.59 1.36 43.00

Accounting 11.52 29.15 70.19 1.08 30.00
Medical affairs 39.41 29.44 64.34 1.11 31.00

Even though the air conditioning system under normal operating mode is ON all the time during
the operating hours of the building, the results of the thermal conditions are relatively high. The highest
temperature in the Administration department is 30.41○C, and the relative humidity is recorded at 59.59%.



Energy Eng. 2025;122(9) 3849

The thermal comfort index calculation results for the Administration department are the highest among
other departments, with a PMV value of 1.36 and a PPD value of 43%. The results mean the occupants felt
uncomfortable because of the hot conditions inside the Administration department. The PPD showed how
much the occupants felt dissatisfied with the thermal conditions. The slight temperature difference is found
in Accounting and Medical Affairs, where the temperatures are recorded at 29.15○C and 29.44○C. Despite
the slight temperature difference, the relative humidity results are significantly different, with a value of
70.19% in the Administration Department and 64.34% in Medical Affairs. However, the thermal comfort
index results are similar in both departments. The PMV is 1.08, and the PPD is 30% for the accounting
department. Meanwhile, the PMV is 1.11, and the PPD is 31% for Medical Affairs. The lowest temperature
in the Health Department is found, reaching 28.93○C, with the relative humidity recorded at 65.38%. The
thermal condition in the Health Department results in lower thermal comfort index results, with a PMV
value of 0.96 and a PPD value of 25%. However, the thermal comfort level for PMV or PPD still exceeds the
acceptable standard. The relationship between temperature and relative humidity inside a space influences
the thermal comfort level. The relative humidity inside each department also plays a significant role in
contributing to thermal discomfort. High relative humidity means a high moisture level in the air; combined
with the high temperature, the occupants will feel hot and humid. Therefore, in the duty-cycling mode,
during the OFF time, it will provide air supply from the fan to increase the air change and recirculate the
cooled air by the air conditioners during the ON time. This method will reduce the energy consumption of
air conditioning systems and improve the thermal performance inside the spaces.

3.2 Duty Cycling Mode A
Duty-cycling mode A ran the AC system operating for 20 min, then turned off for 10 min while

simultaneously supplying air from a fan, with the duty-cycling running for about 9 and a half hours. Power
consumption throughout the day is indicated in Fig. 4a. The fluctuation pattern is found in the daily AC
power consumption due to the pattern of duty cycling mode. During duty-cycling mode A, the power
consumption throughout the day fluctuates less than in the normal running mode without duty-cycling,
which means the AC system consumes less energy in duty-cycling mode A. The total energy consumption
during duty-cycling mode A is 1197.20 kWh/month, with a daily average of 59.86 kWh/day. These results
showed that duty-cycling mode A reduces energy consumption by 824.73 kWh/month compared to the
normal operating mode.

However, the fluctuation pattern could also affect the indoor temperature and relative humidity
conditions during duty-cycling mode A. It is revealed in Fig. 4a that the indoor temperature is slightly
fluctuating following the duty-cycling pattern in mode A despite the daily outdoor temperature being mostly
warmer. However, the indoor temperature is maintained between 27○C and 28○C in all investigated spaces,
although the highest indoor temperature is recorded in the administration and medical affairs offices.
Meanwhile, a slight fluctuation is also recorded in the relative humidity data throughout the day during the
operation of duty-cycling mode A, as seen in Fig. 4b. While there is a high relative humidity outside the
facility (76%–92%), the indoor relative humidity remains high, ranging between 62%–70%, despite the duty-
cycling operation. Considering the indoor temperature is also high, the occupants inside the facility might
feel thermal discomfort during the duty-cycling mode A operation.
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Figure 4: MODE A: (a) power consumption, (b) temperature, (c) relative humidity

Moreover, the thermal comfort in the facility is also analyzed. Fig. 5a shows that the measured
temperature and relative humidity during office hours mostly fall outside the thermal comfort zone in the
distribution map, with the highest recorded temperature exceeding 30○C. Additionally, Fig. 5b reveals that
the average temperature in each department remains relatively high, leading to discomfort among occupants.
The Medical Affairs department has the highest average daily temperature, reaching 27.84○C. Although the
Accounting department does not have the highest average daily temperature, it experiences the highest
relative humidity, which can contribute to an even greater feeling of discomfort. Furthermore, the PMV
value in the accounting department is the highest at 0.59, although the differences among departments are
relatively small. This thermal discomfort could be influenced by the operating pattern of duty-cycling mode
A, where the air conditioner runs for 20 min before turning off for 10 min while a fan continues to circulate
air. This cycle is maintained throughout the day to optimize energy consumption while still providing a
degree of thermal comfort. However, the intermittent cooling period may lead to temperature fluctuations
and reduced air movement effectiveness, affecting occupants’ perception of comfort (Fig. 4b). The length of
each cooling and fan-only phase likely impacts the ability to maintain stable indoor temperatures, potentially
contributing to the observed discomfort. Despite this, the PPD values in all departments remain within the
acceptable range, indicating that while thermal comfort is not optimal, it is still managed within tolerable
limits under this energy-saving strategy.
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Figure 5: MODE A: Thermal comfort indexes, (a) distribution map, (b) PMV and PPD

3.3 Duty Cycling Mode B
In duty-cycling mode B, the AC system will be turned on for 22 min and turned off for 8 min while

also supplying air movement by fans into the investigated spaces. Duty-cycling mode B energy consumption
is shown in Fig. 6a. Moreover, the energy consumption in normal mode fluctuates more than the results
of energy consumption in duty-cycling mode B. Overall, the energy consumption of duty-cycling mode
B is 1536.17 kWh/month, and the daily average is 66.78 kWh. This mode has reduced 485.76 kWh/month
energy consumption of the normal operating mode without duty-cycling. The indoor temperature and
relative humidity are recorded by the temperature and humidity logger placed in the investigated spaces
every minute, which are compared to the outdoor conditions. After around an hour, the indoor temperature
condition slowly decreased and maintained at between 27○C–29○C, although there was a slight fluctuation
due to the duty-cycling operation. The highest indoor temperature is recorded in the health department,
as indicated in Fig. 6b. Similarly, the indoor relative humidity slowly decreased and maintained below 70%
after an hour, as indicated in Fig. 6c. Despite having the highest indoor temperature, the health department
has the lowest relative humidity recorded during duty-cycling mode B operation. Given the combination of
high indoor temperatures and relative humidity, occupants may experience thermal discomfort during the
operation of duty-cycling mode B.
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Figure 6: MODE B: (a) power consumption, (b) temperature, (c) relative humidity

Furthermore, a thermal comfort analysis for occupants was conducted. Fig. 7a presents the thermal
comfort zone distribution map during duty-cycling mode B, revealing that thermal discomfort persists in
certain conditions, with the highest recorded temperature exceeding 30○C. Similarly, Fig. 7b shows that the
thermal comfort levels in duty-cycling mode B remain suboptimal. As in the previous mode, the PMV values
exceed 0.5, indicating that occupants experience slight thermal discomfort. Although the PPD values remain
below 15%, they range between 11.54% and 13.27%, which is slightly higher than those observed in mode A.
The highest average daily temperature is recorded in the Health Department at 27.80○C, while the Accounting
Department experiences the highest average daily relative humidity at 66.93%.

This thermal comfort condition could be influenced by the operational characteristics of duty-cycling
mode B, in which the air conditioner operates for 22 min before turning off for 8 min while a fan continues
circulating air. This cycle is designed to enhance energy efficiency while still providing cooling, yet the
intermittent nature of the cooling period may contribute to temperature fluctuations and variations in air
movement, impacting occupants’ comfort (Fig. 6b). The slightly longer cooling duration compared to mode
A may help maintain a more stable indoor temperature, but the recurring off-cooling phase could still lead
to perceptible thermal variations. Even though this mode significantly reduces energy consumption, the
thermal comfort level does not fully meet acceptable standards, highlighting the need to further consider
occupants’ satisfaction in optimizing the duty-cycling strategy.
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Figure 7: MODE B: Thermal comfort indexes, (a) distribution map, (b) PMV and PPD

3.4 Duty Cycling Mode C
In duty-cycling mode C, the air conditioning system operated for 25 min, followed by a 5-min

off period, during which a fan supplied air. The energy consumption results of duty-cycling mode C
are depicted in Fig. 8a. Similarly, the energy consumption in this mode fluctuates less than the normal
operating mode, resulting in less energy consumed daily. The total energy consumption was reduced from
2021.93 kWh/month to 1463.70 kWh/month, and the daily average of energy consumption in this mode
is 69.70 kWh/day. The indoor temperature and relative humidity during this mode were collected and
compared to outdoor conditions. Even though outdoor temperatures were generally warmer throughout the
day, Fig. 8b shows that the inside temperature varied slightly in response to the duty-cycling pattern. Despite
these fluctuations, the indoor temperature across all spaces remained between 26.8○C and 27.6○C, with the
highest temperatures observed in the administration and medical affairs offices. Fig. 8c shows a similar slight
fluctuation in indoor relative humidity throughout the day. While outdoor relative humidity was significantly
high (72%–92%), the indoor relative humidity remained elevated, ranging between 55% and 60%, despite the
duty-cycling operation. However, the relative humidity in the administration room seems to be higher than
the rest of the investigated space, mostly maintained at 65%, which can affect thermal comfort. Although, the
combination of indoor temperatures and relative humidity conditions during duty-cycling mode C operation
might make the occupants feel more comfortable than during mode A and mode B.
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Figure 8: MODE C: (a) power consumption, (b) temperature, (c) relative humidity

Although the energy consumption reduction in mode C is less significant than in mode A, Fig. 9a shows
that temperature and relative humidity conditions mostly fall within the acceptable thermal comfort zone in
the distribution map. Additionally, the field measurement results for this mode, presented in Fig. 9b, indicate
that the average temperature in each department is maintained below 27○C. The Medical Affairs department
records the lowest air temperature at 26.73○C, while the accounting department has the highest, albeit only
slightly, at 26.91○C. These findings suggest that mode C effectively balances energy savings with improved
thermal comfort for occupants. The relative humidity ranges from 55.61% to 64.44%, further supporting a
stable indoor environment.

This improved thermal comfort condition can be attributed to the operational characteristics of duty-
cycling mode C, where the air conditioner runs for 25 min before turning off for 5 min while a fan continues to
circulate air. The longer cooling phase and shorter off-cycle compared to modes A and B help maintain a more
consistent indoor temperature and airflow, reducing fluctuations that contribute to discomfort (Fig. 8b). As a
result, the PMV values remain below 0.5, indicating desirable thermal conditions throughout the day. Among
all departments, the Medical Affairs department exhibits the most favorable thermal comfort, with a PMV
value of 0.23 and a PPD value of 6.62%, suggesting minimal occupant discomfort. However, the overall
average PPD value is 7.49%, indicating that some level of dissatisfaction still exists, albeit at a lower rate than
in previous modes.
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Figure 9: MODE C: Thermal comfort indexes, (a) distribution map, (b) PMV and PPD

3.5 Duty Cycling Mode D
During the operation of duty-cycling mode D, the air conditioners operate on a cycle providing cooling

for 28 min, followed by a 2-min period where the system supplies air via the fan without cooling. This
section explains the influence of operating duty-cycling mode D on both indoor conditions and the energy
consumption of the air conditioners. The energy consumption of duty-cycling mode D, compared to the
normal mode without duty-cycling, is depicted in Fig. 10a. In this mode, the overall energy consumption
is 1482.39 kWh/month, reducing 539.54 kWh/month. The daily average energy consumption in this mode
is 65.35 kWh/day, reducing 22.57 kWh/day. However, the energy consumption fluctuates higher at the
beginning of mode D than in normal mode. This mode offers energy savings ranging from 11.02% to
21.65%. Fig. 10b shows the indoor temperature compared to the outdoor temperature conditions during
this cycle. This mode could maintain the indoor temperature ranging from 26.6○C–27.2○C after an hour of
operation despite warmer conditions outdoors. Moreover, this mode is able to maintain a more comfortable
relative humidity in Medical Affairs at 48% after about an hour and a half. Similarly, lower relative humidity is
also found in the accounting area, with a value of around 56%. The relative humidity in the other departments
remained higher, with the health department at 67% and administration at 70%, as indicated in Fig. 10c. This
cycle can provide better thermal conditions inside the facility because of the longer cooling supply than most
other modes. However, this might cause slightly higher energy consumption than in duty-cycling mode C.
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Figure 10: MODE D: (a) power consumption, (b) temperature, (c) relative humidity

Though duty-cycling mode D reduces energy consumption, the thermal conditions during this mode
remain mostly comfortable, similar to mode C, despite the highest recorded temperature exceeding 31○C,
as shown in the thermal comfort zone distribution map in Fig. 11a. Additionally, the thermal comfort level
results, illustrated in Fig. 11b, indicate that the average daily temperature inside the facility is generally within
a desirable range. The highest recorded air temperature is in the Accounting department at approximately
27.17○C, while the lowest is in the Health department at 26.86○C. Relative humidity in the Medical Affairs
department is the lowest at 47.31%, where the most favorable PMV value of 0.22 is also recorded. Overall,
the PMV values in duty-cycling mode D remain at or below 0.36, with PPD values ranging from 8.17% to
11.78%. These findings suggest that thermal comfort is generally well-maintained for occupants throughout
the day.

This thermal comfort performance can be attributed to the operational characteristics of duty-cycling
mode D, in which the air conditioner runs for 28 min before turning off for only 2 min while a fan continues
circulating air. Compared to previous modes, this longer cooling duration and shorter off-cycle allow for
more consistent indoor temperatures and air movement, minimizing thermal fluctuations and enhancing
occupant comfort (Fig. 10b). The relatively stable thermal conditions in this mode contribute to maintaining
acceptable humidity levels and PMV values across all departments.

Similar to duty-cycling mode C, mode D successfully balances energy savings with thermal comfort,
making it a viable strategy for optimizing HVAC energy consumption while ensuring a comfortable indoor
environment. The shorter off-cycle in this mode further enhances comfort levels, suggesting that it could
be an effective approach for reducing energy consumption without significantly compromising occupants’
thermal satisfaction.
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Figure 11: MODE D: Thermal comfort indexes, (a) distribution map, (b) PMV and PPD

3.6 Duty Cycling Mode E
On the contrary, the operation cycle pattern of duty-cycling mode E differs from previous modes. This

mode provides a longer cooling period of 30 min with a longer fan supply without cooling for 10 min. In
this case, the indoor condition and the energy consumption pattern might differ from other modes. As seen
in Fig. 12a, the energy consumption measurement results for duty-cycling mode E appear to differ from other
duty-cycling mode results. This occurred due to the longer time system being turned on for 30 min and shut
down for 10 min with the air supply from the fan for 10 min. The cycle period tends to be shorter than other
modes, resulting in less fluctuating hourly energy consumption. Total energy consumption during this mode
is 1502.82 kWh/month, with an average daily energy consumption of 65.35 kWh/day, reducing 25.67% of
energy consumption.

Moreover, the temperature condition during this mode is shown in Fig. 12b. The indoor temperature in
all investigated spaces is maintained between 27.2○C–28.6○C after about one and a half hours, even though the
outdoor temperature keeps rising with the maximum temperature at 36○C throughout the day. Meanwhile,
the relative humidity during duty-cycling mode E is indicated in Fig. 12c. The most significant difference
in this mode is that the relative humidity in the Administration department is the highest among the other
spaces, with the relative humidity ranging between 70%–74%. Concurrently, the relative humidity in other
spaces is evidently lower, ranging between 52%–56%. Despite providing cooled air longer than other modes,
this mode falls short compared to modes C and D. This may occur because the cycle stops providing cool
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air longer than other modes thoroughly. However, the energy-saving in this mode might be better than in
modes C and D.

Figure 12: MODE E: (a) power consumption, (b) temperature, (c) relative humidity

The results of the thermal comfort zone distribution map using duty-cycling mode E are shown
in Fig. 13a. While this mode effectively reduces energy consumption, the thermal comfort distribution map
indicates that most conditions fall outside the comfort zone, making the indoor environment uncomfortable
for occupants. The highest recorded air temperature during this mode exceeds 31○C, highlighting significant
thermal discomfort. Furthermore, the average thermal distribution in all departments remain steady after
10 AM, as illustrated in Fig. 13b. The Medical Affairs department records an average daily temperature of
28.03○C, while the Administration department has the lowest average air temperature at 27.39○C. However,
the Administration department also experiences the highest relative humidity at 75.55% and the highest
PMV value among all departments at 0.59, which can lead to significant discomfort for occupants.

This thermal condition is influenced by the operational characteristics of duty-cycling mode E, where
the air conditioner runs for 30 min before turning off for 10 min while a fan continues circulating air.
Compared to other modes, this cycle features both a longer cooling duration and a longer off-period,
resulting in fewer total cycles throughout the day. While the extended cooling phase may help maintain
lower temperatures for a longer period, the prolonged off-cycle likely contributes to greater temperature
fluctuations and increased humidity (Fig. 12b), affecting occupants’ overall comfort.

Despite these challenges, the PPD values in all departments remain below 15%, indicating that while
discomfort is present, it is still an improvement compared to normal operation without HVAC duty-cycling.
However, the results suggest that this mode, despite its energy-saving benefits, may not provide sufficient
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thermal comfort due to the extended off-time allowing indoor temperatures and humidity levels to rise.
These findings emphasize the importance of optimizing the cooling-off balance to improve comfort while
maintaining energy efficiency.

Figure 13: MODE E: Thermal comfort indexes, (a) distribution map, (b) PMV and PPD

3.7 Comparative Results of Energy-Saving Potential
Analyzing the overall HVAC energy consumption implementing various duty-cycling modes to dis-

cover which mode presented the optimal energy saving. The comparative results of energy consumption and
electricity cost of each duty-cycling mode were analyzed. The electricity cost of commercial buildings in
Taiwan during the summer season is NTD 7.08/kWh (equivalent to USD 0.22/kWh) for monthly electricity
consumption >1500 kWh [40]. This electricity rate will be utilized to determine the electricity cost for each
mode in this study, allowing for a comparison of their impact on overall electricity expenses. The highest
energy consumption is found in medical affairs in every duty-cycling mode, including the normal operating
mode without the duty-cycling mode. The normal operating mode energy consumption in medical affairs is
906.43 kWh/month, and compared to all duty-cycling modes, mode A has the lowest energy consumption
in medical affairs with a value of 550.00 kWh/month. The lowest energy consumption is found in the
accounting department, with a value of 264.96 kWh/month for normal operating mode, and the energy
consumption is reduced to 169.60 kWh/month in duty-cycling mode A. It is also discovered that mode A has
the highest energy-saving results at 40.79% compared to other modes, with the lowest electricity cost by NTD
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8476.18/month (equivalent to USD 263.38/month). This mode reduces monthly electricity consumption
around NTD 5839.09/month (equivalent to USD 181.44/month). A slight difference in the lowest energy
reductions was found in duty cycling modes B and E with the values of 24.04% and 25.67%, respectively, with
their respective daily electricity costs NTD 10,876.08/month (equivalent to USD 337.96/month) and NTD
10,639.97/month (equivalent to USD 330.62/month). Meanwhile, the moderate energy-saving potentials
were found in modes C and D with a slight difference, where both modes reduced to 27.61% and 26.68%,
respectively, with the electricity cost of mode C NTD 10,363.00/month (equivalent to USD 322.01/month)
and mode D NTD 10,495.32/month (equivalent to USD 326.13/month). However, duty-cycling mode D
provides a longer cooling period but a shorter fan supply than duty-cycling mode C, which explains the
slightly lower energy-saving than duty-cycling mode C. The detailed comparative energy-saving results are
listed in Table 5. The results show that mode A presents the best energy-saving potential among all other
duty-cycling modes. On the contrary, duty-cycling mode B has the lowest energy-saving potential among
others modes. During the winter season, the effectiveness of each duty-cycling mode may vary due to lower
cooling demand. Modes with longer OFF periods, such as Mode A or E, may yield even higher energy savings
while maintaining acceptable indoor conditions. However, modes prioritizing thermal comfort (e.g., Mode
D) may become less critical in colder months, allowing more aggressive energy-saving strategies without
compromising occupant comfort. Therefore, seasonal adjustments in duty-cycling strategies could further
enhance energy optimization throughout the year.

Table 5: Energy-saving potential of each operating mode

Duty-cycles Health Dept. Administration Accounting Medical Aff. Total
Normal mode
- Energy consumption (daily) 24.11 kWh 12.87 kWh 11.52 kWh 39.41 kWh 87.92 kWh
- Energy consumption
(monthly)

554.53 kWh 296.01 kWh 264.96 kWh 906.43 kWh 2021.93 kWh

- Electricity cost (daily) NTD 170.70 NTD 91.12 NTD81.56 NTD 279.02 NTD 622.47
USD 5.30 USD 2.83 USD 2.53 USD 8.67 USD 19.34

-Electricity cost (monthly) NTD 3926.07 NTD 2095.75 NTD 1875.92 NTD 6417.52 NTD 14,315.26
USD 122.00 USD 65.12 USD 58.29 USD 199.41 USD 444.82

Mode A
- Energy consumption (daily) 15.36 kWh 8.52 kWh 8.48 kWh 27.50 kWh 59.86 kWh
- Energy consumption
(monthly)

307.20 kWh 170.40 kWh 169.60 kWh 550.00 kWh 1197.20 kWh

- Energy-saving 44.60% 42.43% 35.99% 39.32% 40.79%
- Electricity cost (daily) NTD 108.75 NTD 60.32 NTD 60.04 NTD 194.70 NTD 423.81

USD 3.38 USD 1.87 USD 1.86 USD 6.05 USD 13.17
- Electricity cost (monthly) NTD 2174.98 NTD 1206.43 NTD 1200.77 NTD 3894.00 NTD 8476.18

USD 67.58 USD 37.49 USD 37.31 USD 121.00 USD 263.38
- Cost-saving NTD 1751.10 NTD 889.32 NTD 675.15 NTD 2523.52 NTD 5839.09

USD 54.41 USD 27.63 USD 20.98 USD 78.41 USD 181.44

Mode B
- Energy consumption (daily) 16.29 kWh 8.84 kWh 9.08 kWh 32.58 kWh 66.78 kWh
- Energy consumption
(monthly)

374.67 kWh 203.32 kWh 208.84 kWh 749.34 kWh 1536.17 kWh

- Energy-saving 32.43% 31.31% 21.18% 17.33% 24.04%
- Electricity cost (daily) NTD 115.33 NTD 62.59 NTD 64.29 NTD 230.67 NTD 472.80

USD 3.58 USD 1.94 USD 2.00 USD 7.17 USD 14.69
- Electricity cost (monthly) NTD 2652.66 NTD 1439.51 NTD 1478.59 NTD 5305.33 NTD 10,876.08

USD 82.43 USD 44.73 USD 45.94 USD 164.85 USD 337.96
- Cost-saving NTD 1273.41 NTD 656.25 NTD 397.33 NTD 1112.20 NTD 3439.18

USD 39.57 USD 20.39 USD 12.35 USD 34.56 USD 106.87

(Continued)
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Table 5 (continued)

Mode C
- Energy consumption (daily) 17.03 kWh 9.91 kWh 9.58 kWh 33.18 kWh 69.70 kWh
- Energy consumption
(monthly)

357.63 kWh 208.11 kWh 201.18 kWh 696.78 kWh 1463.7 kWh

- Energy-saving 35.51% 29.69% 24.07% 23.13% 27.61%
- Electricity cost (daily) NTD 120.57 NTD 70.16 NTD 67.83 NTD 234.91 NTD 493.48

USD 3.75 USD 2.18 USD 2.11 USD 7.30 USD 15.33
- Electricity cost (monthly) NTD 2532.02 NTD 1473.42 NTD 1424.35 NTD 4933.20 NTD 10,363.00

USD 78.68 USD 45.78 USD 44.26 USD 153.29 USD 322.01
- Cost-saving NTD 1394.05 NTD 622.33 NTD 451.56 NTD 1484.32 NTD 3952.27

USD 43.32 USD 19.34 USD 14.03 USD 46.12 USD 122.81

Mode D
- Energy consumption (daily) 18.89 kWh 10.29 kWh 10.25 kWh 31.16 kWh 70.60 kWh
- Energy consumption
(monthly)

396.69 kWh 216.09 kWh 215.25 kWh 654.36 kWh 1482.39 kWh

- Energy-saving 28.46% 27.00% 18.76% 27.81% 26.68%
- Electricity cost (daily) NTD 133.74 NTD 72.85 NTD 72.57 NTD 220.61 NTD 499.85

USD 4.16 USD 2.26 USD 2.25 USD 6.86 USD 15.53
- Electricity cost (monthly) NTD 2808.57 NTD 1529.92 NTD 1523.97 NTD 4632.87 NTD 10,495.32

USD 87.27 USD 47.54 USD 47.36 USD 143.96 USD 326.13
- Cost -saving NTD 1117.51 NTD 565.83 NTD 351.95 NTD 1784.66 NTD 3819.94

USD 34.72 USD 17.58 USD 10.94 USD 55.46 USD 118.70

Mode E
- Energy consumption (daily) 16.64 kWh 9.61 kWh 9.79 kWh 29.30 kWh 65.35 kWh
- Energy consumption
(monthly)

382.72 kWh 221.03 kWh 225.17 kWh 673.9 kWh 1502.82 kWh

- Energy-saving 30.98% 25.33% 15.02% 25.65% 25.67%
- Electricity cost (daily) NTD 117.81 NTD 68.04 NTD 69.31 NTD 207.44 NTD 462.68

USD 3.66 USD 2.11 USD 2.15 USD 6.45 USD 14.38
- Electricity cost (monthly) NTD 2709.66 NTD 1564.89 NTD 1594.20 NTD 4771.21 NTD 10,639.97

USD 84.20 USD 48.63 USD 49.54 USD 148.26 USD 330.62
- Cost-saving NTD 1216.41 NTD 530.86 NTD 281.71 NTD 1646.31 NTD 3675.30

USD 37.80 USD 16.50 USD 8.75 USD 51.16 USD 114.20

3.8 Comparative Results of Thermal Comfort
Regardless of the energy-saving potential in all duty-cycling modes, the thermal comfort of the

occupants should also be considered. The average thermal condition in the facility during every duty-cycling
mode is illustrated in Fig. 14. Although duty-cycling mode A presents the best energy-saving, the average
indoor temperature and relative humidity are rather high at 27.60○C and 65.56%. Conversely, modes C
and D provide pleasant indoor thermal conditions despite low energy performance. The average indoor air
temperatures in modes C and D are 26.85○C and 26.98○C, with the relative humidity under 59%. The findings
revealed that even though Mode A has the highest energy saving, the mode does not meet the acceptable
value for PMV at 0.56. Correspondingly, mode B and C PMV values are 0.53 and 0.56, exceeding the
acceptable thermal comfort range. On the contrary, significant differences were found in modes C and D; the
PMV values are within the acceptable range, with values of 0.28 and 0.32. Compared to the normal operating
mode without the duty-cycling mode, the PMV value is reduced by 75.56% under duty-cycling mode C
and 71.97% under duty-cycling mode D. Overall, all duty-cycling modes can reduce the thermal discomfort
compared to the initial value without duty-cycling mode. The average initial PPD value was reduced to an
acceptable value. The lowest PPD value is found in duty-cycling mode C, reducing the PPD value from
32.25% to only 7.49%, which signifies this mode is the most suitable to implement to reduce the overall energy
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consumption while also providing a comfortable thermal condition for occupants. Duty-cycling mode C has
the best thermal and energy performance with a cycle of 25 min turned on and 5 min turned off for the AC
systems and additional air movement from the fan. Likewise, duty-cycling mode D also provides optimal
thermal and energy performance, saving 19.70% energy while having PMV and PPD values of 0.31% and
9.41%. Both modes, C and D, can be the option to mitigate energy consumption and thermal discomfort
simultaneously, specifically during the summertime. However, during winter, the reduced cooling demand
may further minimize the impact of indoor temperature fluctuations, making duty-cycling modes with less
favorable summer performance, such as Mode A or B more viable without compromising thermal comfort.
In cooler conditions, the extended OFF periods could maintain acceptable comfort levels naturally, allowing
for greater energy savings across a longer operational period. Therefore, seasonal flexibility in mode selection
is recommended to optimize both energy efficiency and occupant comfort year-round. Additionally, based
on thermal comfort perception studies, females are more affected by winter conditions while males are more
affected by higher temperatures in summer, impacting thermal comfort, productivity, and health [41,42].
Male occupants who tend to be more sensitive to thermal variations may benefit more from modes with
stable temperature conditions, such as Modes C or D, which is in line with the recommendation for summer.
In contrast, female occupants, who generally tolerate slightly warmer or more fluctuating environments,
may find Mode A or B acceptable in milder, which also suitable for colder season that can increase the
energy-saving potential in winter.

Figure 14: Compared results of energy saving and thermal comfort indexes

4 Conclusions
This study analyzed the implementation of duty-cycling control on HVAC systems for its effectiveness

in reducing energy consumption while maintaining thermal comfort in office spaces specifically in hot and
humid climate (Climate Zone 2A). The study targeted four departments (health, administration, accounting,
and medical affairs). It analyzed five different duty-cycling modes against a normal mode where the air
conditioning system operated continuously during building hours. The findings conclusions include:

• All duty-cycling modes led to energy savings compared to continuous operation.
• Mode A achieved the highest energy savings at 40.79% but failed to maintain acceptable thermal comfort

based on PMV and PPD values.
• Modes B and E reduced energy consumption by 24.04% and 25.67%, respectively, but also failed to

provide acceptable comfort levels.
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• Mode C offered the best balance, saving 27.61% of the energy monthly while maintaining a PMV of 0.28
and a PPD of 7.49%, improving thermal comfort indicators by 75% compared to the normal mode.

• Mode D maintained PMV and PPD values within or close to acceptable comfort ranges, with 26.68%
energy savings.

Although all modes save energy, only Modes C and D sufficiently balance energy efficiency and occupant
comfort, highlighting that not all energy-saving strategies meet comfort standards, especially the operation
during summer. Seasonal adjustments are recommended to optimize performance year-round. In winter,
Mode A becomes more viable due to reduced cooling needs, allowing for greater energy savings without
significantly affecting comfort. This highlights the need for careful consideration when implementing duty-
cycling strategies to avoid compromising occupant comfort, and suggests that a flexible approach such as
switching modes between seasons is an effective way to balance energy efficiency and thermal comfort
throughout the year.

Moreover, the methodology and findings from this study have general applicability to various building
types such as residential buildings, commercial facilities, educational institutions (schools, universities, and
libraries), and hotel buildings, particularly in climates with similar thermal demands. However, caution
should be taken when applying this method to hospital buildings, as these are energy-intensive and operate
continuously with strict environmental requirements. In such cases, duty-cycling control may only be
suitable during idle or low-occupancy periods.

For future research, it is recommended to investigate the long-term impacts of duty-cycling on
the performance and lifespan of HVAC system compressors, as frequent ON/OFF cycling could affect
their durability and operational efficiency. Furthermore, future studies should incorporate direct occupant
feedback in conjunction with PMV and PPD indices to provide a more comprehensive and human-centered
thermal comfort assessment, capturing subjective experiences that numerical models alone may not fully
represent. Overall, the study demonstrates that duty-cycling control is a viable approach to reducing energy
consumption during peak load periods, provided that the modes are selected and managed to maintain
acceptable thermal comfort.
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