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Abstract: A heating, ventilation, and air-conditioning system is designed for the entire space but
falls short in meeting diverse individual needs. Therefore, the personalized environmental control
system is proposed to address individual thermal requirements and it has been widely accepted
and produced to have significant practical value for humans. In order to enhance the comfort level
based on the PECS, the impact of the airflow direction towards the head in terms of physiological and
psychological sensations was investigated. Different airflow directions were considered as follows:
front blowing (FB-PV), side blowing (SB-PV), back blowing (BB-PV), top blowing (TB-PV), and a
control group No-PV. A total of 56 participants were invited to assess the thermal environment,
and their skin temperature was measured. The results revealed that the airflow towards the head
improved thermal comfort and reduced the mean skin temperature by 0.4–0.6 ◦C, with FB-PV
showing particularly promising results. TB-PV demonstrated the highest level of comfort with a
score of +1.05 (slightly higher than “Just comfortable (+1)”) and scored significantly higher in overall
willingness at +1.21 (higher than “Willing (+1)”). Conversely, FB-PV resulted in a discomfort level
due to restricted breathing under the continuous airflow condition.

Keywords: personalized environmental control system; airflow direction; thermal comfort; human head

1. Introduction

With the swift pace of urbanization and the continual expansion of building foot-
prints, a considerable surge in energy consumption during building operations has been
witnessed [1,2]. The energy consumption within the construction industry represents
more than 40% of China’s overall energy consumption, and heating, ventilation, and
air-conditioning (HVAC) systems, utilized in buildings, make up roughly 47% of the opera-
tional energy usage [3]. HVAC systems function as the principal mechanism for controlling
indoor thermal settings, endeavoring to elevate indoor thermal comfort. Nevertheless,
these systems have encountered critique owing to their substantial energy consumption
and their role in exacerbating air pollution [4]. Consequently, diminishing energy usage for
air-conditioning and heating purposes proves advantageous in mitigating society’s overall
energy consumption.

The quality of indoor environments stands as a pivotal factor in determining resi-
dents’ health. Accordingly, buildings often incorporate HVAC systems to regulate indoor
temperatures and introduce fresh outdoor air, meeting the environmental requirements of
indoor occupants [5]. However, substantial divergence exists in the subjective perception of
thermal environments among different populations [6–8]. Indoor environments suitable for
certain individuals might be unsuitable for others, highlighting HVAC systems’ incapacity
to meet personalized needs. Therefore, systems that accommodate individual differences
are deemed a potential solution to address this issue [9–11].
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In pursuit of better thermal comfort for indoor occupants, scholars introduced the con-
cept of task ambient conditioning (TAC) systems [9], which can regulate localized thermal
environments, aiding in reducing the surrounding environment’s intensity requirements,
decreasing energy consumption, and offering a comfortable and healthy environment [12].
Subsequently, the personalized environmental control system (PECS) emerged as a further
advancement of TAC [9]. The PECS coordinates individual control systems and centralized
building management systems, optimizing service delivery where required, thereby bring-
ing substantial energy efficiency and heightened user satisfaction [13]. It not only needs to
consider thermal comfort, but also provide clean, cool, and fresh air to occupants. Currently,
numerous types of personal environmental control devices for heating or cooling have been
developed. They have been widely used in floors [14], desktops [15], partitions [16,17],
and ceilings [18]. Meanwhile, the PECS is typically used to concentrate control on the
microenvironment around occupants, or settings targeting the torso, head, and even the
breathing zone [19].

Personalized ventilation (PV), as a personalized environmental control technology,
has garnered extensive adoption and demonstrates significant impacts on individuals. PV
directly delivers fresh air to individuals according to their preferences [19]. Each component
in PV can be independently controlled, allowing individuals to adjust relevant parameters
according to their preferences. Previous studies [20] have identified a wide range of
parameters related to PV control, such as airflow temperature [21], airflow speed [22], and
air quality [23], thereby improving health and productivity [24], notably in systems where
desktop systems dominate personalized ventilation [25,26]. Hence, PV plays a crucial role
in improving comfort, air quality, and energy efficiency [23,27,28].

Human comfort is greatly impacted by surrounding air movements [29–31]. Indi-
viduals exposed to different air speeds can experience thermal comfort despite different
warm conditions [30]. Typically, as the air temperature increases, people tend to favor
higher air velocities. Previous studies suggest that different airflow directions affecting
the human body produce diverse effects [32]. Airflow directed towards the body’s front
over shorter distances is more prone to draft sensation, whereas airflow from a ceiling fan
is generally better received [33]. In their study examining dissatisfaction rates related to
airflow directed towards the body from various directions, Toftum et al. [34] found that
dissatisfaction rates were highest with airflow from below at air temperatures of 20 ◦C
and 23 ◦C. Nonetheless, research on the impact of airflow direction on human perception
and comfort is still limited. Hence, conducting further analysis to determine differences
in thermal perception and comfort resulting from airflow from various directions on the
human body is necessary and viable.

Diverse regions of the human body demonstrate varied sensitivities to thermal stimuli,
both heat and cold [35]. In a consistent environmental context, localized stimulation can
elicit markedly different thermal sensations across various body parts. The head, partic-
ularly the forehead, exhibits a heightened sensitivity to thermal changes in comparison
to other body regions [36]. Although the skin temperature of the head is less affected by
environmental fluctuations, its cooling can notably enhance the body’s overall thermal
regulation [37,38]. The head’s increased blood flow facilitates more efficient heat exchange,
establishing it as a pivotal site for body heat dissipation [39]. Yang et al. [40] indicated that
head cooling not only improves thermal acceptability among occupants but also increases
the upper limit of tolerable indoor temperatures. Stevens et al. [41] revealed that the facial
region, especially near the mouth, is particularly sensitive to cold stimuli. Cotter et al. [42]
found that the thermal sensitivity of the head and face to localized cooling is 2–5 times
greater compared to other body parts. Additionally, directing personalized airflow towards
the head serves to deliver conditioned fresh air directly to the breathing zone, effectively
averting the circulation of stale or polluted air within an enclosed environment.

While PV systems have been shown to enhance thermal comfort, indoor air quality,
and energy efficiency, a more detailed analysis of their impact on human thermal comfort,
especially for specific body parts such as the head, is currently lacking. When employing
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PV systems for convective heat exchange, the human head is highly sensitive to airflow, and
its thermal sensation significantly influences overall bodily comfort. High-speed and con-
tinuous airflow directed towards the breathing zone may cause discomfort symptoms, such
as dry eyes. Altering the direction of airflow acting on the head may potentially address
this issue. Based on this premise, a contrast experiment was conducted, considering four
airflow directions: front blowing (FB-PV), side blowing (SB-PV), back blowing (BB-PV),
and top blowing (TB-PV) towards the human head. Among them, “Side blowing” refers
to directing airflow to the participants’ heads from the left side only. (Our preliminary
investigation revealed no significant differences in participants’ subjective physiological
and psychological feelings between left-side and right-side airflow. Therefore, for the conve-
nience of platform setup, we consistently directed airflow to the left side of the participants’
heads). A total of 56 participants were invited to assess the thermal environment under
different airflow directions while concurrently monitoring their skin temperatures. The
objectives and novelty of this study are as follows:

• Investigate the changes in skin temperature and thermal and airflow sensation before
and after exposure to airflow directed at the head.

• Analyze the impact of airflow direction towards the head on human comfort through
comparative experiments.

2. Research Methodology
2.1. Description of Experimental Platform

The experiment was conducted in Qingdao city, China, during summer 2023, from
4–6 PM daily in rainless weather, and the experimental room had dimensions of 3.0 m
(length) × 3.0 m (width) × 2.8 m (height), equipped with an air-conditioning system and a
humidifier device. The air-conditioning system was installed near the exterior wall at a
height of 2.5 m above the ground, while the humidifier’s nozzle was approximately 1.0 m
high. Throughout the experiment, the indoor temperature and relative humidity were
maintained at a constant level of 29.0 ± 0.5 ◦C and 60 ± 5%, respectively. To mitigate the
impact of solar radiation on the indoor air temperature, the window was covered with black
curtains during the experiment. Then, to minimize the interference from natural ventilation,
all doors and windows were closed to ensure that the indoor air speed remained below
0.15 m/s.

Table 1 lists the designed and measured parameters under experimental conditions.
Figure 1 illustrates both the schematic diagram and photograph of the platform. As
depicted, the system comprised a ventilator, a flexible air duct, an airflow control valve,
an adjustable air outlet, as well as other auxiliary support components. The direction and
position of the air outlet could be freely adjusted to meet specific airflow requirements.
Meanwhile, an armless chair was used with adjustable height, aligning their heads with
the air outlet to enhance subjective perception accuracy. The air outlet was aligned with the
head of the subject, and in all four directions, it was kept about 50 cm away from the skin.

Table 1. Designed and measured environmental parameters (mean value ± standard deviation).

Air Temperature Relative
Humidity

Airflow Speed
around Subjects Room Air Speed

Designed 29.0 ± 0.5 ◦C 60 ± 5% 1.80 ± 0.15 m/s <0.15 m/s
Measured 29.1 ± 0.2 ◦C 58 ± 3% 1.84 ± 0.11 m/s 0.11 ± 0.03 m/s

The comfort zone in the ASHRAE standard sets an upper air speed limit of 0.8 m/s in
a warm environment. However, numerous existing experiments [31,43,44] have shown that
achieving thermal comfort in warm environments requires an air speed exceeding 0.8 m/s,
indicating that the ASHRAE standard underestimates occupant airflow requirements.
Therefore, based on the existing literature and data, in this experiment, the airflow speed
near the human head was maintained at a moderate to high speed of approximately 1.8 m/s
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by controlling the control valve, allowing for a better evaluation of the impact of airflow
direction on perception.

Sustainability 2024, 16, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. A schematic diagram and photograph of the platform. 

Table 1. Designed and measured environmental parameters (mean value ± standard deviation). 

 Air Temperature Relative Humidity 
Airflow Speed 

around Subjects  Room Air Speed 

Designed 29.0 ± 0.5 °C 60 ± 5% 1.80 ± 0.15 m/s <0.15 m/s 
Measured 29.1 ± 0.2 °C 58 ± 3% 1.84 ± 0.11 m/s 0.11 ± 0.03 m/s 

2.2. Description of Experimental Procedure 
In this study, five groups were performed simultaneously: FB-PV, SB-PV, BB-PV, TB-

PV, and no personalized ventilation (No-PV). No-PV status indicated the shutdown of the 
system and served as the control group, representing the comparison with the four exper-
imental groups. The skin temperature measurement and questionnaire survey were em-
ployed to assess the influence of airflow direction. Figure 2 shows the experimental pro-
cess. 

 
Figure 2. A schematic diagram of the experimental process. 

• Before each set of experiments began, the system was turned off. Participants were 
asked to sit and rest for at least 10 min to avoid interference from other thermal en-
vironments or walking, which could affect skin temperature. During this period, the 
probes of the skin thermometer were installed in the corresponding parts of partici-
pants, and they were introduced to the experimental procedures and questionnaires 
[45]. 

• Participants selected any experimental group freely and sat for 20 min. Free talk was 
permitted, but the discussion about the experiment was discouraged. All of them 
were free to perform computer work or read, with an estimated metabolic rate of 1.0–
1.1 met. Their skin temperatures were monitored throughout the entire process [46]. 

• After 20 min, the system stopped running and participants had 5 min to complete the 
questionnaire. Then, participants should rest for 10 min to restore the initial state in 
the controlled temperature–humidity environment. They could enter another group 
freely to complete the next assessment. 

Figure 1. A schematic diagram and photograph of the platform.

2.2. Description of Experimental Procedure

In this study, five groups were performed simultaneously: FB-PV, SB-PV, BB-PV, TB-PV,
and no personalized ventilation (No-PV). No-PV status indicated the shutdown of the system
and served as the control group, representing the comparison with the four experimental
groups. The skin temperature measurement and questionnaire survey were employed to
assess the influence of airflow direction. Figure 2 shows the experimental process.
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• Before each set of experiments began, the system was turned off. Participants were
asked to sit and rest for at least 10 min to avoid interference from other thermal environ-
ments or walking, which could affect skin temperature. During this period, the probes
of the skin thermometer were installed in the corresponding parts of participants, and
they were introduced to the experimental procedures and questionnaires [45].

• Participants selected any experimental group freely and sat for 20 min. Free talk was
permitted, but the discussion about the experiment was discouraged. All of them were
free to perform computer work or read, with an estimated metabolic rate of 1.0–1.1 met.
Their skin temperatures were monitored throughout the entire process [46].

• After 20 min, the system stopped running and participants had 5 min to complete the
questionnaire. Then, participants should rest for 10 min to restore the initial state in
the controlled temperature–humidity environment. They could enter another group
freely to complete the next assessment.

• To avoid the influence of human fatigue on results, all participants only took part in a
maximum of two groups per day (approximately 70 min). Each experiment involved
a single person and each subject participated in the whole five groups of experiments.
The order of the five groups was random.
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2.3. Description of Experimental Measurement

In this study, the measured environmental parameters included air temperature,
room air speed, relative humidity, and airflow speed around subjects by PV. The skin
temperatures were a physiological evaluation parameter, so six body areas, including the
cheek, upper arm, chest, lumber, posterior thigh, and anterior thigh, were recorded by
the skin thermometers. To ensure optimal contact between the temperature probes of the
skin thermometers and the skin’s surface, breathable medical tape was utilized to affix the
probes, thereby preventing any local discomfort from the attachment process. Mean skin
temperature (MST) values were obtained by summing the products of a limited number of
local skin temperatures and their corresponding weighting factors. Following evaluation,
we chose the following MST calculation formula [47]:

MST = 0.149 TCK + 0.107 TUA + 0.186 TCT + 0.186 TLB + 0.186 TPT + 0.186 TAT (1)

where TCK, TUA, TCT, TLB, TPT, and TAT are the local skin temperatures on the cheek, upper
arm, chest, lumber, posterior thigh, and anterior thigh, ◦C.

The measurement interval for all instruments was set at 5 min. And the range of
measurement and accuracy utilized in this study are detailed in Table 2.

Table 2. Measuring range and accuracy of the experimental instruments.

Variable Sensor Manufacturer and
Country Measuring Range Accuracy

Air temperature JT2011 JT Technology Co.,
Ltd., Beijing,

China.

−20~+70 ◦C ±0.5 ◦C
Relative humidity 0~95% ±5%

Air speed JT2023A 0~5 m/s ±(0.03 m/s + 2%)

Skin temperature iButton DS1923
BOB Technology

Co., Ltd.,
Shanghai, China.

−20~+85 ◦C ±0.5 ◦C

2.4. Description of Questionnaire Survey

The recruitment goal was set at 56 subjects, including 28 males and 28 females. The
participants were healthy individuals, aged between 20 and 29 years, predominantly
working in office environments. They were required to have a history of using cooling
devices like fans for more than an average of an hour during summer, which was expected
to enable them to provide accurate and objective assessments in the experiment. We
conducted preliminary evaluations of potential respondents and if they spent an average of
less than an hour using fans in summer, they were not recommended to participate in the
experiment. None of the selected participants had prior knowledge of the study’s subject
matter, and they had been residing locally for several years, indicating acclimatization to the
local climate [48]. Meanwhile, they were instructed to refrain from consuming medications
or engaging in intense physical activities 24 h prior to the experiment, ensuring they
were in optimal physical condition [49]. The attire for all participants was consistent with
typical summer clothing, including short T-shirts, short pants or skirts, socks, and shoes
or sandals [50]. Calculated based on ASHRAE-2020 [51], the average insulation for all
participants was 0.41 ± 0.04 clo (with men’s clothing insulation at 0.37 ± 0.01 clo and
women’s at 0.44 ± 0.02 clo). Detailed information data of subjects are provided in Figure 3.

To investigate the psychological feelings of participants, each individual was mandated
to complete a questionnaire during each experimental process. The questionnaire aimed to
gauge their perceptions and willingness responses in detail. These questions were designed
in accordance with ASHRAE-2020 standards [51]. As detailed in Table 3, the questionnaire
encompassed five aspects including thermal sensation vote, airflow sensation vote and its
speed preference, thermal comfort vote, and overall willingness vote. The questionnaire
also delved into the percentage of discomfort symptoms under varying directions of airflow.
All paper questionnaires were collected by researchers after the experimental process.
During collection, researchers conducted an initial check to ensure the questionnaires were
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completed fully and no critical questions were missed. The questionnaire is depicted in
Figure A1.
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Table 3. Scales of questionnaire parameters.

Scale
Thermal

Sensation
Vote

Airflow
Sensation

Vote

Airflow
Speed

Preference

Thermal
Comfort

Vote

Overall
Willingness

Vote

+3 Hot Very strong --- Very
comfortable ---

+2 Warm Strong --- Comfortable Very willing

+1 Slightly
warm

Slightly
strong Turn up Just

comfortable Willing

0 Neutral Neutral No change Neutral Neutral

−1 Slightly cool Slightly weak Turn down Just uncom-
fortable Unwilling

−2 Cool Weak --- Uncomfortable Very
unwilling

−3 Cold Very weak --- Very uncom-
fortable ---

2.5. Description of Statistical Analysis

Data analysis in this study was conducted using IBM SPSS Statistics 27.0.1. To examine
potential significant differences in paired quantitative data, such as variations in skin tem-
perature, a paired sample t-test was utilized. The determination of statistical significance
of the results hinged on the p-value. A threshold was set at p = 0.05, with results deemed
statistically significant if * p < 0.05. All experimental data across subjects were presented in
the format of mean ± standard deviation (SD) [46].

3. Results and Discussion

To investigate the impact of airflow direction towards the head in terms of the phys-
iological and psychological feelings of humans, the skin temperature and questionnaire
survey were conducted for the 56 participants. The following content provides an analysis
and discussion under different experimental conditions.

3.1. Measurement of the Skin Temperatures

The skin temperature is regarded as an extremely important physiological index to
evaluate comfort level [52]. Figure 4 depicts the variation in mean skin temperatures across
the five groups. As shown, the personalized ventilation could reduce the MST and the
airflow direction had a certain difference on reducing the skin temperature. The MST was
reduced by approximately 0.5–0.6 ◦C, 0.4–0.5 ◦C, 0.4–0.5 ◦C, and 0.5–0.6 ◦C for FB-PV,



Sustainability 2024, 16, 5704 7 of 15

SB-PV, BB-PV, and TB-PV, respectively, due to the local ventilation. It showed that the
consistent airflow towards the head can efficaciously mitigate the mean skin temperature.
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other groups).

Figure 5 presents the variations in local skin temperature difference in six body parts
by taking No-PV as a reference. As displayed, six body parts showed similar variation
tendencies. The cheek exhibits the most pronounced temperature difference compared
to the other body parts. During FB-PV and TB-PV, the airflow speed near the cheek is
relatively high due to being closer to the source. It flows through the skin surface and
enhances the heat dissipation efficiency, thereby reducing the skin temperature. They had
a higher temperature variation on the cheek and the temperature differences were up to
more than 1.5 ◦C and 1.2 ◦C, respectively. Moreover, a temperature difference of higher
than 0.5 ◦C was observed in the upper arm, while there were small temperature differences
in the four other parts. This phenomenon was due to being further from the airflow source.
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3.2. Voting of Thermal Sensation and Comfort

Figure 6 compared the thermal sensation votes across the five groups. It was clearly
seen that the PV system to the head could improve the thermal sensation in the warm and
windless environment. After using the system, the votes were reduced to +0.34 (between
“Neutral (0)” and “Slightly warm (+1)”), −0.30 (lower than “Neutral (0)”), −0.04 (very close
to “Neutral (0)”), and −0.77 (between “Slightly cool (−1)” and “Neutral (0)”) for BB-PV,
SB-PV, TB-PV, and FB-PV, respectively. Combined with Figure 4, the parallel variation was
found between the skin temperature and thermal sensation vote. Among four experimental
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groups, TB-PV, closest to “Neutral (0)”, had the optimal thermal sensation. FB-PV and
SB-PV had the cooler sensation.

Sustainability 2024, 16, x FOR PEER REVIEW 8 of 15 
 

 

for BB-PV, SB-PV, TB-PV, and FB-PV, respectively. Combined with Figure 4, the parallel 
variation was found between the skin temperature and thermal sensation vote. Among 
four experimental groups, TB-PV, closest to “Neutral (0)”, had the optimal thermal sen-
sation. FB-PV and SB-PV had the cooler sensation. 

 
Figure 6. Comparison of thermal sensation votes across five groups (p < 0.05 between No-PV and 
other groups). 

Figure 7 delineates the thermal comfort votes from participants. In a 29 °C indoor setting 
with No-PV, participants predominantly reported discomfort, evidenced by an average 
score of −2.02 (below “−2 (Uncomfortable)”). When using PV, there was a discernible 
improvement in comfort level, yet the mean for the four experimental groups lingered 
around or below “Just comfortable (+1)”, suggesting only a moderate comfort enhance-
ment. This implies that the rapid and uneven airflow surrounding the local body does 
not translate into significant comfort. TB-PV exhibited the most uniform airflow around 
the head and impacted the breathing zone indirectly. It resulted in the highest vote of 
+1.05, marginally above “Just comfortable (+1)”. However, despite FB-PV leading to the 
greatest reduction in skin temperature and the coolest sensation, it directly impacted on 
the eyes and breathing zone and culminated in a lowest comfort level of −1.11 (below 
“Just uncomfortable (−1)”). Therefore, when airflow acts on the head, it is crucial to con-
sider various factors, such as the air temperature and airflow speed, to ensure optimal 
comfort level. 

 
Figure 7. Comparison of thermal comfort votes (p < 0.05 between No-PV and other groups). 

Figure 6. Comparison of thermal sensation votes across five groups (p < 0.05 between No-PV and
other groups).

Figure 7 delineates the thermal comfort votes from participants. In a 29 ◦C indoor
setting with No-PV, participants predominantly reported discomfort, evidenced by an
average score of −2.02 (below “−2 (Uncomfortable)”). When using PV, there was a dis-
cernible improvement in comfort level, yet the mean for the four experimental groups
lingered around or below “Just comfortable (+1)”, suggesting only a moderate comfort
enhancement. This implies that the rapid and uneven airflow surrounding the local body
does not translate into significant comfort. TB-PV exhibited the most uniform airflow
around the head and impacted the breathing zone indirectly. It resulted in the highest vote
of +1.05, marginally above “Just comfortable (+1)”. However, despite FB-PV leading to
the greatest reduction in skin temperature and the coolest sensation, it directly impacted
on the eyes and breathing zone and culminated in a lowest comfort level of −1.11 (below
“Just uncomfortable (−1)”). Therefore, when airflow acts on the head, it is crucial to con-
sider various factors, such as the air temperature and airflow speed, to ensure optimal
comfort level.
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3.3. Voting of Airflow Sensation, Preference, and Symptom

As shown in Figure 8, the vote for the absence of airflow stood at −2.46, signifying a
distinct sense of weakness. Votes allocated to FB-PV scored +2.32 (between “Strong (+2)”
and “Very strong (+3)”), indicating the most pronounced perception of airflow. SB-PV
and TB-PV garnered votes of +2.02 and +1.88, respectively. Moreover, the vote for BB-PV
amounted to +1.77 (below “Strong (+2)”), displaying a moderate strong perception.
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Figure 8. Comparison of airflow sensation vote across five groups (p < 0.05 between No-PV and
other groups).

In Figure 9, the preference of airflow speed for each direction was depicted, with the
percentages reflecting the proportion of votes among all participants. In the context, +1
and −1 do not represent specific quantities but rather reflect overall tendencies and choices
regarding environmental conditions. In the No-PV setting, all participants consistently
voted “Turn up (+1)”, demonstrating that they experienced heat and desired airflow. FB-
PV received the majority of “Turn down (−1)” votes. The mean values for FB-PV and
SB-PV were recorded at −0.64 and −0.21, respectively, revealing the higher sensitivity of
participants in these conditions. In contrast, the mean of BB-PV was the highest at +0.43,
exceeding “No change (0)”. Meanwhile, TB-PV stood at −0.04, closest to the ideal state of
“No change (0)”.
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Figure 9. Airflow speed preference under different conditions.

Continuous airflow towards the head introduces a sensation of fresh air [17]. Nonethe-
less, the airflow towards the breathing zone is particularly concerning, as it may cause
symptoms such as dry eyes, mycteroxerosis, dizziness, and even headache in partici-
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pants [53,54]. Figure 10 illustrates the proportion of discomfort symptoms experienced by
participants using the PV system. Notably, FB-PV, which directs airflow towards the eyes
and breathing zone, resulted in the highest proportion of related discomfort symptoms.
Specifically, instances of dry eyes and mycteroxerosis were reported at 41% and 32%, re-
spectively. With SB-PV, this ratio was 23% and 13%. Conversely, BB-PV and TB-PV, which
do not directly affect the breathing zone, demonstrated a lower incidence of discomfort.
Thus, when the airflow continues to act on the head, it is imperative to consider not just the
cooling effects, but also the potential discomfort caused by excessive airflow towards the
breathing zone or uneven airflow across the body, particularly at higher air speeds.
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3.4. The Correlation Analysis of Airflow Sensation with Thermal Sensation and Comfort

Figure 11 illustrates the distribution of airflow and thermal sensation votes across the
five groups. The figures depict individual counts, while the percentages reflect the propor-
tion of these votes in relation to the total counts. In the control group of No-PV, the airflow
sensation was almost very weak, with the thermal sensation vote primarily categorized
as “Warm (+2)” and “Hot (+3)”. With the usage of PV, participants experienced a notable
airflow sensation. Notably, in the FB-PV condition, the vote for airflow sensation was the
highest, with around 89% of participants selecting “Strong (+2)” and “Very strong (+3)”.
In contrast, the airflow sensation in BB-PV was weaker than the other three experimental
groups. FB-PV and SB-PV evoked a cooler sensation among participants, constituting 64%
and 39% below “Neutral (0)”, respectively.
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Figure 12 depicts the distribution of votes for airflow sensation with thermal comfort
among all participants. Votes in the No-PV group were predominantly in the discomfort
zone. When using PV towards the head, the airflow sensation is obvious and strong, and
the mean vote is between +1.77 and +2.32. Nevertheless, notable discrepancies in thermal
comfort arose across various directions. Despite FB-PV inducing the coolest sensation, the
airflow affecting the breathing zone caused a perception of discomfort, resulting in the
lowest comfort vote. Votes below “Neutral (0)” surpassed 80%. TB-PV demonstrated the
highest vote in thermal comfort, with around 80% of votes accumulating in the choices of
“Just comfortable (+1)”, “Comfortable (+2)”, and “Very comfortable (+3)”.
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3.5. The Overall Willingness Assessment

As illustrated in Figure 13, the overall willingness for varying directions of airflow was
evaluated. TB-PV emerged as the most favorable choice, with the score of +1.21 (between
“Willing (+1)” and “Very willing (+2)”). It provided a relatively cooling sensation while
mitigating the discomfort level with the continuous airflow. FB-PV and SB-PV also garnered
relatively high votes, scoring +0.57 and +0.68 (between “Neutral (0)” and “Willing (+1)”),
respectively. Despite some participants reporting discomfort with the airflow directly
impacting the breathing zone, these conditions were effective in reducing the heat and
introducing fresher air directly to the breathing zone. Conversely, BB-PV, not conventionally
favored as a cooling direction, recorded the lowest willingness level among participants,
with a score of −0.18 (lower than “0 (Neutral)”).
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4. Conclusions

As one of the personalized environmental control technologies, personalized venti-
lation was employed widely. In order to enhance human comfort, the airflow directions
including FB-PV, SB-PV, BB-PV, and TB-PV towards the head and the control group No-PV
were assessed in terms of the physiological and psychological feelings of participants. In
the No-PV condition, the system is off, while the airflow speed around the head remains at
1.8 m/s for the other four experimental groups. It was conducted under indoor conditions
with a designed air temperature of 29.0 ± 0.5 ◦C and a relative humidity of 60 ± 5%. A
total of 56 participants were invited to undergo the thermal environment assessment and
the skin temperature measurement. The findings are as follows:

• Skin temperature reduction: FB-PV, SB-PV, BB-PV, and TB-PV towards the head led
to MST reductions of 0.4–0.6 ◦C, which showed that personalized ventilation can
efficaciously mitigate the skin temperature.

• Improvement in thermal sensation: personalized ventilation towards the head could
improve thermal sensation, especially for FB-PV, whose TSV was −0.77 (between
“Slightly cool (−1)” and “ Neutral (0)”). TB-PV was −0.04 (very close to “Neutral (0)”),
which had the optimal thermal sensation. The same trend was observed for the skin
temperature and thermal sensation.

• Enhancement of comfort level: TB-PV demonstrated the highest comfort level with
+1.05 (slightly higher than “Just comfortable (+1)”), while it was on the contrary for
FB-PV of −1.11 (slightly lower than “Just uncomfortable (−1)”) due to discomfort in
having the freedom to breathe under the continuous airflow.

• Overall willingness evaluation: TB-PV had the highest score of +1.21 (between “Willing
(+1)” and “Very willing (+2)”). FB-PV and SB-PV scored +0.57 and +0.68 (between
“Neutral (0)” and “Willing (+1)”), respectively. BB-PV was recorded as the lowest level
of −0.18 (slightly lower than “0 (neutral)”).

We recognize the impact of the airflow direction towards the head on human comfort,
which expands the applicability of the PECS in buildings. This investigation aimed to
determine which airflow direction optimizes thermal comfort by potentially lowering the
mean skin temperature and enhancing subjective comfort ratings. The broader aim was to
contribute to the advancement of PECSs, enhancing their ability to meet individual thermal
comfort requirements.

This study is subject to certain limitations. For example, perception concerning airflow
direction is influenced by other factors, such as air temperature and speed. Furthermore,
subjective perceptions may differ among various demographic groups due to factors like gender,
age, and activity level within the same spatial context. Subsequent investigations will further
explore the comfort levels among different demographic groups and various conditions.
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