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Traditional ventilation and air conditioning systems typically operate on a predetermined schedule with fixed
operating parameters. Occupant-centric control (OCC) strategies have been proposed to reduce system operation
energy consumption without sacrificing thermal comfort. Indoor occupancy detection in real time is a critical
step in successfully implementing the OCC strategy. Thus, the deep learning-based computer vision method was
adopted in the first step of the study, and the detection performance and camera position were analyzed in an
office scenario. Next, the proposed OCC strategy was used to regulate the supply air parameters and outdoor air
volume in stratum ventilation based on the monitored occupant number. The traditional static control strategy
was then compared to two control strategies: constant air volume and variable air volume. Occupant detection
performance results showed the mean NRMSD for the five most common relative positions of the occupants and
camera was 0.1109, with sitting back to camera having the lowest accuracy. Subjective response results
demonstrated that, when compared to the traditional control strategy, thermal comfort was improved by 43%-—
73%, perceived air quality was maintained at an acceptable level, CO, concentration was less than 700 ppm, and
energy could be saved by 2.3%-8.1%. Furthermore, the lower the occupancy, the greater the improvement in
comfort and the greater the energy savings. This research focused on how the stratum ventilation system re-
sponds to dynamic changes in occupancy and provided insights into reducing unnecessary energy waste while
maintaining comfort.

1. Introduction impact of highly stochastic indoor occupant information on energy

consumption. On the one hand, unused or unoccupied space is regulated

According to statistics by the US Department of Energy, building
energy consumption accounts for more than 40% of primary energy
consumption, with residential and commercial buildings accounting for
28% and 14%, respectively [1]. Heating, ventilation, and air condi-
tioning (HVAC) systems account for 40% of building total energy con-
sumption [2]. Despite the fact that HVAC engineers recognize the
importance of energy conservation in HVAC systems, most conventional
air conditioning systems typically operate at maximum indoor occu-
pancy and fixed setpoint schedules [3,4]. Mahdavi et al. [5] collected
data from three office buildings in Austria and found that the average
occupancy of these offices was less than 60% during the most experi-
ment period. Therefore, studies are beginning to shed light on the

by the HVAC system, resulting in over-conditioning of rooms and
potentially a large amount of wasted energy [6]. On the other hand,
occupied space maintains maximum fresh air volume, fixed supply air
parameters, or fixed indoor temperature in different occupant infor-
mation, which does not satisfy the comfort and wastes energy [7].
Thermal comfort and indoor air quality are important factors to
consider in HVAC design and should not be overlooked when looking for
ways to reduce building energy consumption [8]. The occupant-centric
control (OCC) strategy has been proposed to reduce energy consump-
tion, improve occupant thermal comfort, and ensure air quality [9]. The
OCC strategy was mentioned in IEA EBC Annex 79, ASHRAE standard
62.1, and ASHRAE handbook [10-12]. The OCC strategy is a control
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strategy for air conditioning systems that captures indoor environmental
parameters and occupant information from the building space and feeds
them into the HVAC control system [10]. Both the passive presence and
active behavior of occupants affect HVAC start/stop times and operating
parameters. OCC strategies are generally divided into two categories:
controlling building system operation based on occupant presence,
number & position, and predicting preference based on human behav-
iors (e.g., window opening) to control the operation of building system
[13]. In this paper, the first category is adopted to quantify thermal
comfort, air quality, and energy savings. According to the review by Xie
et al. [14], the case with the OCC strategy can save 22% of
air-conditioning energy while improving thermal comfort by 29.1%. The
previous study also demonstrated that OCC strategy could create better
synergies between indoor air quality, thermal comfort, and energy
savings when compared to the conventional control strategy [15].

1.1. Occupant detection

The implementation of an OCC strategy needs to detect indoor oc-
cupants. The occupant presence detection method has been used in
lighting control systems in various types of buildings [13], whereas the
occupant number detection method is still in the early stages of devel-
opment in building automation systems [13]. Environmental sensors,
such as a carbon dioxide sensor and a temperature sensor, only provide
rough estimates of indoor occupancy, and the detection accuracy is
limited by the sensors’ placement. PIR sensor, ultrasonic detector, and
pressure sensor are used to detect the presence and number of active
occupants [16], but they cannot detect the number of inactive occupants
or their locations. Radio frequency identification (RFID) sensor can
determine the spatial coordinates of occupants as sensor technology
advances [17], but each occupant must wear a specialized tag. The Wi-Fi
sensor can identify mobile devices to determine the occupant number
[18], but the detection accuracy is influenced by the occupants’ devices
and living habits.

In light of the shortcomings discussed above, various non-contact
sensors, such as camera-based occupant detection technology, have
gradually been developed [19]. Computer vision is a combination of
camera and deep learning to achieve real-time automatic recognition
and tracking of objects instead of the human eye. In general,
camera-based deep learning models can predict occupant numbers,
positions, and activities with an accuracy range of 80-97%, improving
the detection speed, and not interfering with the normal work of occu-
pants [20]. Convolutional neural network (CNN) is the deep learning

Table 1
Occupant-centric control strategy research review.
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technology most closely related to image identification [19]. R-CNN
[21], Fast R-CNN [22], and Faster R-CNN [23] are object detection
methods based on region proposal with high detection accuracy but no
real-time detection effect. YOLO algorithm [24] based on CNN can
achieve real-time detection with high detection accuracy. Therefore, the
YOLO object detection algorithm is used in this study.

1.2. Occupant-centric control strategy studies

With the increased demand for energy savings and the advancement
of occupant detection technology, researchers are beginning to investi-
gate the potential application of OCC strategies in HVAC systems. Most
researchers use calculation and simulation methods to quantify and
compared the performance of OCC strategies to the traditional control
strategy based on static schedules. Recently, a few field studies have
been conducted to quantify the performance of OCC strategies. Table 1
provides an overview of previous OCC strategy studies. In summary,
current studies primarily focus on: 1) controlling the occupied zone
temperature and unoccupied zone temperature at different setting
values (e.g., temperature setback) [6,25], 2) ensuring the minimum
ventilation rate corresponding to the detected occupant number [26], 3)
considering both the zone temperature and the ventilation rate [27-30],
4) predicting the indoor human heat load in real time to implement OCC
strategies [20], as well as 5) considering the lighting systems [30].

As shown in Table 1, existing studies mainly use OCC strategies to
regulate the room temperature to the setting values in the uniform
thermal environment, such as mixing ventilation, split-type air condi-
tioners, and energy recovery ventilators. However, no research has been
done on the OCC strategy used in a non-uniform thermal environment.
The room temperature for a uniform thermal environment is equal to the
return air temperature, and the HVAC control system regulates the re-
turn air temperature to provide thermal comfort [31]. However, in a
non-uniform thermal environment, the difference between the return air
temperature and the occupied zone temperature could reach as 4.5 °C
[32]. When non-uniform air distribution is regulated based on indoor
temperature, it will cause thermal discomfort because the supply pa-
rameters are outside the recommended range [32,33]. Therefore, in
practical applications, the non-uniform air distribution should dynami-
cally regulate the air supply parameters [34]. In this study, the OCC
strategy for a non-uniform thermal environment is optimized by taking
supply air parameters and fresh air volume into account, and the per-
formance is quantified by field experiments.

Authors Occupant detection Performance Building type ~ Control parameters Control test Energy Thermal Air quality
method test savings comfort
Tien et al. CNN Occupant Experiment Office Zone temperature & Simulation (BES) Qualitative Qualitative /
[6] activities Ventilation duration
Choietal.  CNN Occupant number  Experiment Office Temperature setback & Simulation 10.2% per / /
[30] Ventilation rate & (EnergyPlus) year
Lighting
Meng FCHD Occupant Image dataset Activity Setting temperature Simulation 6.7% / /
et al. number center & (TRNSYS)
[25] Office
Tien et al. CNN Occupant Experiment Office Heating load Simple calculation Qualitative / Qualitative
[20] activities & Simulation (BES)
Pangetal.  Occupant number / Office Temperature setback & Simulation 20-45% / /
[29] Ventilation rate (EnergyPlus)
Choi etal.  CNN Occupant number  Experiment Office Ventilation rate Experiment 24-35% / Below 1000
[26] ppm
Wang Video camera & CO, Experiment Office Air conditioning on/off Experiment 39.4% Qualitative /
etal. sensor Occupant & Ventilation rate
[27] number
Kong Depth & Pressure-based ~ Experiment Office Temperature setback & Side-by-side 17-24% Comfort more Neutral greater
et al. & RFID sensor Ventilation rate comparison than 90% than 95%
[28] Occupant number experiment
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1.3. Stratum ventilation (SV)

Ventilation methods can be classified as fully mixed or non-uniform
based on airflow characteristics [35]. In mixing ventilation, a
high-speed jet introduces air handled by an air handling unit (AHU) into
the room, rolls up the surrounding room air, and creates a uniform
thermal environment. Because the AHU handles the load of the entire
room, including the load of the unoccupied zone, wasted energy and
poor inhaled air quality result. Non-uniform air distribution that only
allows the load of the occupied zone has been proposed to save energy
consumption of the air conditioning system, and a non-uniform thermal
environment has been created. Stratified ventilation is a category of
non-uniform ventilation techniques, such as stratum ventilation (SV)
[35].

The SV, as shown in Fig. 1, provides fresh air at the head (breathing)
level and generates a “sandwich” airflow field in an indoor environment
[36]. The thermal neutral temperature of subjects exceeds 27 °C [37,
38]. The cooling effect (temperature and airflow) of the conditioned
airflow is strongest at the head level, and the situation of “cool head and
warm feet” is to provide thermal comfort [37,38]. The thermal comfort
indices (PMV, PPD, and PD) meet the requirements of ISO 7730, CR
175-1998, and ASHRAE 55-2020 [37,38]. According to objective
measurements [39], the air diffusion performance index (ADPI) is
greater than 80%, and the ventilation efficiency is greater than unity.
Based on the aforementioned characteristics of this non-uniform air
distribution, it can save at least 25-44% of energy over the course of a
year when compared to displacement and mixing ventilation [40].

Thus, SV is a comfortable and energy-saving air distribution, which
can be used in offices, classrooms, retail shops, and other public build-
ings [35]. Each air supply inlet in the SV system is responsible for
different indoor zones, which are conducive to partitioning regulation
based on occupant distribution [41]. The OCC strategy based on occu-
pant detection can further realize the energy savings of the stratum
ventilation system. Because of the above three reasons, this study em-
ploys stratum ventilation to examine the performance of the OCC
strategy in a non-uniform thermal environment.

1.4. Knowledge gaps and contributions

Taking advantage of the features of such an advanced ventilation
system, this study proposes an OCC strategy based on computer vision to
regulate the stratum ventilation and air conditioning system in real-
time, with the goal of creating an acceptable indoor environment
while consuming minimal energy. This study primarily addresses the
four research questions listed below.

(1) Computer vision technology performance evaluation and opti-
mization solutions for detecting the occupant number in an office

Building and Environment 237 (2023) 110332

environment. In comparison to other studies, this work focuses on
the feasibility of applying computer vision based on the YOLO
algorithm to office buildings and discusses the recommended
installation position and angle of the camera.

(2) The study employs a stratum ventilation system and proposes a
design scheme for a real-time occupant-centric control strategy
based on occupant number in a non-uniform thermal environ-
ment. Existing studies primarily control the zone temperature
under the mixing ventilation system and spilt-type air condi-
tioner, all of which result in a uniform thermal environment, to a
setting value. However, in a non-uniform environment, such a
control strategy will result in supply air parameters outside the
recommended comfortable range. This study focuses on the
stratum ventilation system (non-uniform air distribution) suit-
able for the office environment and proposes an OCC strategy that
comprehensively takes occupant information, supply air param-
eters, and fresh air volume into account.

Human trials are carried out to evaluate the thermal comfort

performance of the OCC strategy in a stratum ventilation office

scenario. The evaluation indies include thermal comfort vote

(TCV), thermal sensation vote (TSV), thermal acceptability,

thermal preference, and perceived air quality. Other studies pri-

marily assess theoretical values such as predicted mean vote

(PMV) and indoor environment parameters, without taking into

account practical application effects.

(4) In addition to assessing thermal comfort and air quality, the en-
ergy savings potential under the proposed OCC strategy is
analyzed. Few studies take into account the three performance
metrics of thermal comfort, air quality, and energy-saving po-
tential all at once.

3

-

The purpose of this study is to evaluate the applicability of the OCC
strategy based on computer vision to a non-uniform thermal environ-
ment from a variety of perspectives. It could serve as a reference for
building HVAC designers when applying the OCC strategy to the non-
uniform thermal environment in offices. It will help advance research
into occupant detection methods, occupant-centric control strategies,
demand-controlled ventilation, energy savings in buildings, and indoor
thermal comfort.

2. Occupant-centric control strategy based on computer vision
2.1. Overview of research methodology

Fig. 2 depicts an overview of the research method and framework. To
begin, this study employs an occupant detection method based on a deep

learning algorithm (YOLOV5 occupant detection model released in June
2021, Section 2.2.1), assesses detection performance in an office

Upper
zone

Occupied
zone

—

Outlet

Inlet

Fig. 1. Indoor air distribution under the stratum ventilation.
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2. Occupant-centric control strategy based on computer vision
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Fig. 2. Overview of the research method and framework.

environment (Section 2.3). Second, a deep learning-influenced profile
(DLIP) based on indoor occupant data is created (Section 2.2.2).
Following that, an occupant-centric stratum ventilation control strategy
is proposed based on the proportion integration differentiation (PID)
control principle (Section 2.4). Furthermore, the thermal comfort and
air quality created by the OCC strategy is evaluated by the subjective
experiment (Section 3). Finally, the results of occupant detection (Sec-
tion 4.1), thermal comfort (Section 4.2), air quality (Section 4.3), and
energy consumption (Section 4.4) are adopted comprehensively to
assess the overall performance of the proposed OCC strategy.

2.2. Occupancy counting method based on computer vision

2.2.1. YOLO algorithm

The object detection algorithm based on CNN concludes two types of
object detection architecture: one-stage and two-stage. From the entire
image, one-stage predicts directly bounding boxes and class probabili-
ties. However, two-stage predicts final bounding boxes and class prob-
abilities one by one by using region proposal to generate potential
bounding boxes from the full image. R-CNN [21], Fast R-CNN [22], and
Faster R-CNN [23] are based on region proposal with high detection
accuracy but no real-time detection effect. The YOLO algorithm

processes the full images and reduces the object detection problem to a
simple regression problem. There is no region proposal and no separate
calculation for each region of interest (ROI), and the detection accuracy
and detection speed are greatly improved by using GPU parallel pro-
cessing to calculate the response map [24]. Another one-stage object
detection method is the single shot multibox detector (SSD) [42]. SSD
detects objects using multi-scale feature map, which can achieve
real-time detection. The YOLOv5 algorithm used in this study also
makes use of the multi-scale feature map concept. Because the methods
described above were both trained on very large image datasets, their
detection performance is excellent.

YOLO stands for "you only look once," which means that you can
predict the locations and classes of objects by looking only once. This
paper employs version 5.0 of the YOLOvV5 algorithm to achieve simple
and efficient detection performance. The central idea is to directly
predict bounding boxes and class probabilities from input images using a
CNN structure. Input, backbone, neck, and head are all parts of the
network structure. In the prediction phase, the image is divided into
three scale grid cells, each with three initial anchor boxes. Then, based
on the location and the contained image of each grid cell, the co-
ordinates (x, y) of each anchor box center relative to the grid cell center,
width w and height h, confidences and class probabilities are predicted.
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The confidence is the intersection over union (IOU) of the anchor box
and the ground truth box if the anchor box contains the object. Finally,
non-maximum suppression (NMS) based on distance-IOU (DIOU) is used
to screen the optimal bounding box of each detection object in the
image. In the training phase, according to the ground truth boxes of the
training set, the dimensions of the three initial anchor boxes corre-
sponding to the three scales are obtained by the k-means clustering al-
gorithm. The loss function is a regression problem, and the gradient
descent method is used to minimize the loss function.

The YOLO algorithm has been generally adopted to detect occupancy
in buildings in recent years [30,43-46], with detection accuracy ranging
from 80% to 97%. The YOLO algorithm has been constantly optimized
since 2016, and version 5.0 of YOLOv5 was released on June 23, 2021.
YOLOVS5 is more flexible, accurate, and fast in detection than previous
versions. As a result, this study employs YOLOvV5 version 5.0, which
includes four models: YOLOv5s, YOLOv5m, YOLOvV5], and YOLOV5X.

oYOLOVS I oYOLOVS I

/ \(
- D= - =G - @
g s== 4
! R o
o
. 'i:@ﬂ - =
Real-time capture Resize input
of indoor occupant images and run
images CNN structure
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Because the network depth and width of the four models differ, so do the
detection speed and accuracy. Although YOLOv5s object detection
speed is faster and YOLOv5x detection speed is slower, the difference in
occupant detection accuracy in the office environment is not significant.
The occupant detection system for occupant-centric HVAC system of
office buildings must meet the requirements of real-time detection and
long-term operation. In this study, the YOLOv5s-5.0 algorithm is chosen,
and the MS COCO dataset with 80 classes is used to train the model.
Fig. 3(a) depicts the detection process.

2.2.2. Deep learning-influenced profile

According to the detected occupant number by the mentioned al-
gorithm, the deep learning-influenced profile (DLIP) [20] is shown in
Fig. 3(b). To reduce operation costs, it is recommended that the air
conditioning system’s regulation period is set to 10 min [47], and the
number of occupants is set to the modal number 1 min before the air

o.YOLOvS I oYOLOVS I

"1

Non-maximum Identify the best
suppression bounding box for
(NMS) each ocuupant

(a)

DLIP
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Fig. 3. The occupant detection algorithm (a. The process of algorithm; b. A method for outputting DLIP from real-time detection results).
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conditioning system’s regulation [48]. DLIP will be used to generate the
occupant heat emission curve over time. In the calculation of the cooling
load, the metabolic rate of typing, 1.1 met [49], is chosen to stand for the
metabolic rate of office activities. Then, the cooling capacity that the air
conditioning system should provide over time is generated. Thus, the
operating parameters of the HVAC system can be automatically adjusted
based on occupant information, and the control strategy is detailed in
Section 2.4. As a result, DLIP is used to provide input parameters to the
proposed OCC strategy in this study.

2.3. Detection performance experiment

In order to quantify the detection performance of the YOLOv5s-5.0
algorithm in an office scenario, the experiment was carried out in an
experimental chamber designed to simulate a multi-person office with
five to six occupants. As shown in Fig. 4, the office measures 3.8 m in
length, 3.8 m in width, and 2.6 m in height. The occupant detection
experiments in this study evaluated the detection effects of six relative
positions of occupants and camera (Section 4.1). There were a total of 6
experimental conditions and a total of 15 subjects, 5 subjects for each
experiment. The experiments lasted 6 days, with one experimental
condition per day and three groups of subjects tested each day. Each
group of subjects collected 1 h of experimental data for each experi-
mental condition, detection results were recorded every 10 s, and 1080
data were screened for each experimental condition. The subjects were
not controlled except for the sitting posture orientation. In a thermal
comfort experiment with occupant-centric stratum ventilation, the
performance of occupant detection was also evaluated.

The camera was mounted on the side wall near the ceiling
(approximately 2.5 m high) in order to capture a large portion of the
room. The HIKVISION camera, which captures 2560 x 1440 frames at
25 frames per second, captures the distribution of occupants in real time.
The camera is linked to a computer, which runs the deep learning al-
gorithm described in section 2.2.1 to generate the occupant detection
results, which are saved in real time in an Excel file. The experiment
computer was outfitted with an NVIDIA GeForce RTX 2060 graphics
card and 16 GB of RAM. The actual number of occupants at a time is
determined by viewing the detection processes’ output video files,
which are then compared to the predicted number of occupants at a
time.

Accuracy, recall, F-measure, and normalized root mean square de-
viation (NRMSD) are commonly used detection performance indices to
provide more in-depth performance information, which is essential for
occupant-centric HVAC systems. This study focuses on the differences in
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the detection performance of the algorithm across different studies in
the Results and Discussion section. NRMSD as a standardized evaluation
index can be compared with the findings of other studies [50]. As a
result, the NRMSD is chosen as a performance metric to assess accuracy
[51]. The difference between the actual and predicted values is repre-
sented by NRMSD, and the closer it is to zero, the closer the algorithm
detection value is to the true value, and the more accurate the detection.
The NRMSD calculation equation is shown in Equation (1).

Jx—yll

NRMSD(x,y)

IS

®

" max (z) — min (z)
where, x =[x, ..., Xk] is a vector of K predicted numbers of occupants,
¥ = D1,...,Yk] is a vector of K actual numbers of occupants, K is the
number of samples collected for the detection performance experiment,

z = [xT,y"]", ||.|| is the Euclidean norm.

2.4. Occupant-centric stratum ventilation control strategy

Compared with other ventilation systems, stratum ventilation system
(Section 1.3) can improve thermal comfort and air quality with reducing
energy consumption. Vertical temperature stratification is observed in a
room with stratum ventilation [36], which creates a non-uniform ther-
mal environment. Each air supply inlet is responsible for different indoor
zones, which aids in the partition regulation of the office space. The
stratum ventilation system is chosen as the regulation object of the
occupant-centric control (OCC) strategy in light of these features.

According to Goyal et al. [52], controlling the operating parameters
of air conditioning system has a decreasing impact on energy savings in
the following order: 1) supply airflow rate and supply air temperature,
2) return air ratio, and 3) air temperature after being conditioned by a
surface air cooler. As a result, the supply airflow rate and supply air
temperature of stratum ventilation is chosen as the regulating parame-
ters of the OCC strategy.

The OCC strategy employs a closed-loop negative feedback control
system, with the main control equipment being air damper opening, fan
frequency and coil cooling capacity in the air handling unit (AHU). As
shown in Fig. 5(a), when the number of occupants changes during the
detection period, the corresponding parameters are regulated to satisfy
the dynamic changes of indoor cooling load and fresh air cooling load
according to the HVAC system control strategy and calculation formulas.
This research focuses on two OCC control strategies of the HVAC system.
The first is a constant air volume control strategy, in which the total air
volume remains constant throughout the regulation process while the

(b)

Fig. 4. Experimental scenarios and camera positions (a. Occupant detection experiment scenario; b. Stratum ventilation experiment scenario).
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Fig. 5. The occupant-centric control strategy (a. Schematic diagram; b. Process of the air conditioning system regulation).

supply air temperature changes continuously. The second strategy is
variable air volume control strategy, in which the supply air tempera-
ture remains constant while the total air volume changes continuously.
The fresh air volume for both strategies varies with the occupant number
and meets the requirements of ASHRAE Standard 62.1 [11]. Table 2
displays the most important control variables for the two OCC strategies.
For the current period, negative feedback regulation of cooling capacity

Table 2
Key control variables for the OCC strategies.

is implemented using two types of control equipment for supply air
parameters and fresh air volume.

ASHRAE Standard 62.1 recommends determining the breathing zone
outdoor airflow (V,,) based on the number of occupants (n) and the floor
area (A;), as shown in Equation (2), and the zone outdoor airflow (V,;)
based on Equation (3) [11]. In this study, a single-zone system is used, so
the outdoor air intake flow (V,;) equals the zone outdoor airflow (V,;)

Control parameters and equipment Conventional control strategy

Constant air volume control strategy Variable air volume control strategy

(Baseline) (CAV) (VAV)
Supply air Supply air Constant/Maximum Change with the occupant number Constant/Maximum
parameters temperature
Total air volume Constant/Maximum Constant/Maximum Change with the occupant number
Control equipment Supply air Cooling coil maintains constant Cooling coil dynamical regulation Cooling coil maintains constant
temperature

Total air volume Fan frequency maintains constant
Constant/Maximum

Air damper maintains constant

Fresh air volume
Control equipment

Fan frequency maintains constant Fan frequency dynamical regulation
Change with the occupant number Change with the occupant number
Air damper dynamically regulates the fresh air volume (see Equations (2) and (3))
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[11]. The number of occupants (n) is determined using the computer
vision detection method described in section 2.2. Because the air dis-
tribution is stratum ventilation, the zone air distribution effectiveness
(E;) is taken as 1.4 [36]. The additional coefficient of air leakage in the
ventilation system is 10% [53]. The simulation office of the experiment
chamber should have the outdoor airflow rate required per unit area
(Ry) of 0.3 L/s/m? and the outdoor airflow rate required per occupant
(Ry) of 2.5 L/s/p [11].

Vie=R, xn+R, x A, (2)

Voz = Vot = Vbz/Ez (3)

Stratum ventilation creates a non-uniform thermal environment. As a
result, the total cooling load of an indoor occupied zone (Qoccupica) is
calculated by Equation (7), which differs from that of a uniform

environment.
Gr=11x10"2xV,, xp (€))

Or =Gr x (h,—h,)=1.1x107 x ((R, x n+Ry X A;) [ E;) X p x (h, — h,)

(5)
On=nx¢x (1 xX+q) (6)
Qoceupied = ECLF oo X Qp + QF + ECLF,, X QF @)

where, Gy is the fresh airflow rate/outdoor airflow rate, kg/s; p is the air
density, kg/mg; Qr is the fresh air cooling load, kW; h, is the outdoor air
enthalpy, kJ/kg; h, is the return air enthalpy, kJ/kg; Qg is the human
total heat load, kW; ¢ is the clustering coefficient; ¢q; is the human
sensible heat load, kW/person; X is the cooling load coefficient of the
human sensible heat load; g is the human latent heat load, kW/person;
ECLF, is the human effective cooling load coefficient in a non-uniform
environment, 0.85 is recommended for the stratum ventilation [36];
ECLF,, is the effective cooling load coefficient of cooling loads except for
the human body, 0.8 is recommended for the stratum ventilation [36];
Qg is the room cooling loads other than the human total heat load, kW.

The cooling capacity of the former period is Qq, the variation value of
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cooling capacity of air conditioning system due to change in the occu-
pant number is AQ (see Equation (8)), and the cooling capacity to be
provided by the system in the current period is Q (see Equation (9)).
Fig. 5(b) depicts the process of the air conditioning system regulation.

Arocupied X (hr - hr)
(hN - hs)

ECLF,.. x AQy X (hr — hs)
(hN - hS)

a0- +AQ; = +AQy

(®

0=00 +AQ 9
where, hy is the indoor air enthalpy, kJ/kg; hs is the supply air enthalpy,
kJ/kg.

3. Thermal comfort case study
3.1. Experimental conditions

To quantify the thermal comfort performance of the OCC strategy
proposed above, the thermal comfort experiment was carried out in a
controlled climate chamber at the Sino-Nordic Research Center for In-
door Environment and Energy in Xi’an, China during summer (July
2021). The chamber’s dimensions are 4.8 m (length), 5.4 m (width), and
2.6 m (height), with a floor static pressure box of 0.22 m. The average
per capita occupied area of an ordinary office is 4 m?/person, implying
that a maximum occupancy of 6 occupants is possible [54]. The air
supply temperature, the air supply speed, the fresh air to return air ratio,
and the total air volume can all be artificially adjusted.

Fig. 6 depicts the interior layout of the experimental chamber. The
chamber is divided into two rows of seats according to the location of the
air supply inlets and airflow characteristics, with a total of six seats.
According to the recommendation of the studies related to stratum
ventilation [36,55], the first row of seats should be 2.1 m away from the
air intakes in order to avoid draft. Two air supply inlets (0.2 m x 0.2 m)
are located 1.25 m above the floor, and two air return outlets (0.2 m x
0.2 m) are located 0.5 m above the floor. As measuring points,
measuring points 1, 2, 3 around three occupants and measuring point 4
in the center of the chamber occupied zone were chosen.

Fig. 6. The indoor layout of the experimental chamber.



B. Yang et al.

The breathing zone is in the head region of the occupant, between
0.8 m and 1.4 m above the floor, so measurement point 4 for CO con-
centration is located in the center of the chamber occupied zone,
approximately 1.1 m above the floor [38,55]. The experimental in-
struments and measurement details are shown in Table 3.

The experiment included three comparison conditions to quantify
comfort performance under the OCC strategy: the baseline control
strategy, the variable air volume (VAV) control strategy, and the con-
stant air volume (CAV) control strategy. In the comparison conditions,
three experimental conditions were set up to investigate the comfort
performance under the three indoor occupancy conditions. Table 4 de-
picts the experimental conditions. The baseline control strategy main-
tained the same supply air parameters and fresh air volume while
changing the occupant number. The supply air parameters and fresh air
volume changed with the occupant number under the VAV and CAV
control strategies. The stratum ventilation system increases the air
movement around the occupants. The combination of the indoor
ambient temperature of 27 °C and the situation of “cool head and warm
feet” is intended to fulfill the thermal comfort needs of the occupants.
Cheng et al. [55] recommended that when the supply air temperature of
the stratum ventilation is not lower than 20 °C, more than 80% of people
feel comfortable at a room temperature up to 27 °C. Thus, the CAV and
VAV control strategies maintained the thermal environment tempera-
ture in the occupied zone at 27 + 0.5 °C throughout the experiment, and
the measured relative humidity was 48 + 6%. Table 4 displays the
specific experimental parameters.

3.2. Thermal comfort equation

Fanger proposed the thermal comfort equation, which describes the
energy balance of human body under steady-state conditions [12], see
Equations 10-13. According to Fanger’s thermal comfort equation, the
human thermal comfort can be determined by four environmental fac-
tors (air temperature t,, relative humidity, mean radiant temperature ¢,
and air velocity V) plus two personal ones (clothing insulation I; and
metabolic rate M) [56].

M —W =396 x 107, [(ta +273)* — (i, + 273)*] + fuhe(ta — 1.)

Table 3
Experimental instruments.
Instruments Parameters measurement Sampling Accuracy &
rate Range
HOBO data loggers Average room temperature  Every +0.35°C
(HOBO U12-012, and relative humidity in minute —20 -
Onset, Bourne, USA) the occupied zone & +70°C
Return air temperature at +2.5% &
the two return air outlets 0-95% RH
Swema anemometers Air supply velocity and 10 Hz +0.03 m/s
(Swema 03+, temperature at 0.1, 0.6, 0.05-3.0
SWEMA, Sweden) 1.1, and 1.7 m in the m/s
vertical direction around +0.3°C
the occupants & Air supply 10-40 °C
velocity and temperature
at the two air supply inlets
RTR-576 data loggers CO;, concentration in the Every +50 ppm
(T&D Corporation, occupant breathing zone minute 0-9999
Nagano, Japan) ppm
Black bulb Black globe temperature Every +0.5°C
thermometer (HQZY- minute —20 -
1, Beijing, China) +80 °C
Wireless temperature Heat flux density of six Every +0.2°C
and heat flow walls and two windows minute +5%

recorders (JTRO1Z,
Beijing, China)
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+3.05[5.73—0.007(M— W) —p,] +0.42[(M — W) —58.15]+-0.0173M(5.87— p,))
+0.0014M(34—1,)

(10)
where, W is the rate of mechanical work accomplished, W/m?; fa is the
clothing area factor, dimensionless; t,; is the mean temperature of the
outer surface of the clothed body, °C; h. is the convective heat transfer
coefficient, W/(m?K); P is the water vapor pressure in ambient air, kPa.
1y =35.7—0.0275(M — W) — Ry{(M — W) —3.05[5.73 — 0.007(M — W) — p,]

—0.42[(M — W) — 58.15] — 0.0173M(5.87 — p,) — 0.0014M (34 — 1)}

11)
where, R is the thermal resistance of clothing, (m2K)/W.
poo 23800 — )" 2.38(10 — 1,)" > 12.1VV 12)
121VV 238(ty — 1,)" < 12.1V/V
_ J1.00+0.21; I,;<0.5clo
fa= { 1.05+0.11; 14> 0.5clo } as)

3.3. Human subjects

Twelve subjects were recruited randomly to participate in the sub-
jective experiment. Table 5 displays the physiological characteristics of
the subjects. Subjects wore typical summer indoor clothing, including
normal trousers, short sleeves, socks, shoes, and underwear, with a total
thermal resistance of 0.49 clo. Twelve subjects were divided into groups
based on the occupant number in the various conditions described in
Table 4, and all twelve subjects took part in nine conditions. The ex-
periments for each condition were carried out on different days, but they
were all carried out at the same time.

3.4. Experimental procedure

After arriving at the experimental site, the subjects rested in the
waiting room for 20 min. After entering the chamber, the subjects were
exposed to the thermal environment for 100 min. Subjects remained in a
sitting position for 20 min of adaptation and 10 min of rest to adapt to
the thermal environment without completing questionnaires. During the
remaining 60 min, subjects were asked to complete six identical ques-
tionnaires. As shown in Fig. 7, the questionnaires were administered at
10-min intervals, and the same group of subjects was guaranteed to
change seats three times in the same condition to experience the local
thermal environment in three rows of positions at different distances
from the air supply inlets. Throughout the experiment, the subjects were
not informed of any environmental parameters and were not permitted
to discuss the contents of the experimental questionnaires.

3.5. Questionnaires

Questionnaires are the most direct method of evaluating the thermal
environment. Online questionnaires were used to assess the subjects’
overall thermal sensation, thermal comfort, thermal acceptability,
thermal preference, and perceived indoor air quality. The questionnaire
was designed in accordance with the ASHRAE standard [57]. Thermal
sensation was graded on a seven-point scale, with —3 = cold, —2 = cool,
—1 = slightly cool, 0 = neutral, +1 = slightly warm, +2 = warm, +3 =
hot being the highest. Thermal comfort was graded on a 5-point scale,
with —2 being uncomfortable, —1 being slightly uncomfortable, 0 being
no feeling, +1 being slightly comfortable, and +2 being comfortable.
Thermal acceptability was graded on a 5-point scale, with —2 being very
unacceptable, —1 being slightly unacceptable, 0 being just unaccept-
able, +1 being slightly acceptable, and +2 being very acceptable.
Thermal preference was measured using a three-point scale: 1 = cooler,
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Table 4
Experimental conditions (Mean + Standard Deviation).
Cases Occupant Nominal supply air Nominal supply Nominal fresh air Measured supply air Measured supply Measured room RH
number temperature (°C) air speed (m/s) volume (m®/h) temperature (°C) air speed (m/s) temperature (°C) (%)
(person)
CAV 2 23.0 2.30 37 23.1 £0.2 2.34 £0.12 27.2+0.3 46
CAV 4 22.0 2.30 51 22.0+0.3 2.32 £0.16 27.3+£0.2 50
CAV 6 21.0 2.30 65 21.2 £ 0.1 2.37 £ 0.10 27.1+0.4 42
VAV 2 21.0 1.70 37 20.9 £ 0.2 1.74 £0.13 26.8 £0.3 48
VAV 4 21.0 2.10 51 21.0 £0.1 2.09 £0.14 26.9 +£ 0.4 47
VAV 6 21.0 2.30 65 20.8+ 0.3 2.28 +0.11 27.2 4+ 0.2 54
Baseline 2 21.0 2.30 65 20.8 £ 0.2 2.32 £0.10 25.0 £ 0.2 51
Baseline 4 21.0 2.30 65 21.0 £0.1 2.28 £0.15 26.3 £0.1 50
Baseline 6 21.0 2.30 65 20.7 + 0.3 2.29 4+ 0.10 27.1 4+ 0.2 53
sitting left to the camera, and sitting right to the camera. The data after
Tab‘le 5 L L being filtered were used for detection performance analysis. Fig. 8(a)
Subjects’ physiological characteristic parameters. . . . .
depicts examples of occupant detection in the experimental
Gender Age Height Weight Body mass Number of environment.
. 2 )
(years) (m) (kg) index (kg/m’)  subjects Fig. 8(b) depicts the data analysis of the occupant detection results.
Males 24.3 + 1.79 = 74.6 + 23.3+16 6 When it comes to sitting postures, the occupant number of sitting back to
L9 0.06 75 the camera primarily varies between 4 and 5. As shown in Fig. 8(c),
Females  23.2 & 1.62 + 53.3 & 20.4 + 4.4 6 . ..
08 0.06 101 there is an example of misjudgement when occupants are close to the
Total 23.8 + 171 + 63.9 + 21.8 + 35 12 camera, which is caused by different parts of the body being covered by
1.5 0.11 14.0 each other. The average predicted number of occupants for the

0 = no change, and +1 = warmer. On a 5-point scale, perceived indoor
air quality was rated as —2 = clearly unacceptable, —1 = slightly un-
acceptable, 0 = neutral, +1 = slightly acceptable, and +2 = clearly
acceptable.

3.6. Statistical analyses

This study used the Shapiro-Wilk normality test, and normality was
rejected when the p-value was less than 0.05. To determine whether the
variances were homogeneous, the Levene test was applied. One-way
ANOVA was used when the data was normally distributed, and the
variances were homogeneous. The paired samples t-test was used when
the data were normally distributed, and the variances were not homo-
geneous. The paired samples Wilcoxon signed rank test was used when
the data did not fit a normal distribution. This study used a significance
level of 0.05 and a confidence level of 95%. There was no significant
difference (p > 0.05) between the two-questionnaire data in Stages 2, 4,
and 6, indicating that the subjects’ perceptions of the thermal environ-
ment remained stable. As a result, the questionnaire data from these
three stages were used for data analysis and discussion in section 4.

4. Results and discussion
4.1. Occupant detection accuracy based on computer vision

The activity state of office occupants was simulated in section 2.3
detection performance experiment. Meanwhile, the occupant detection
data of six relative positions were collected, which were standing, sitting
back to the camera, sitting facing the camera, sitting back to each other,

Questionnaire
(Every 10min)

\/

Enter
(Position A)

|

Arrive

!

Preparation | Adaptation

Position B (Every 10min)

remaining four sitting postures is very close to 5, and the detection ac-
curacy is better than that of back-to-camera detection. Because the oc-
cupants remain active during the experiment and the light source is on
the side wall, there is a misjudgement of the shadow as an occupant
during the detection process in the case of standing posture, as shown in
Fig. 8(c).

According to the calculated NRMSD values, sitting facing the camera
performed the best, with an NRMSD of 0.0599, while sitting back to the
camera has the worst effect, with an NRMSD of 0.2580. The database
trained with the YOLOv5s algorithm can be optimized based on the
above calculation results and reasons for misjudgements. In the office,
the average NRMSD of the six relative positions is 0.1461. Without
taking into account sitting back to the camera, the average NRMSD of
the five relative positions is 0.1109. As a result, the detection accuracy
can be improved by adjusting the relative position, height, and angle of
the camera. When using this algorithm in the office, it is recommended
that the camera be installed at ceiling height near the side wall to cap-
ture images of occupants facing the camera. When tables, chairs, and
computers obscure a large area from occupants in the camera’s field of
view, it is recommended that the camera capture images of the occu-
pants’ bodies side.

The occupant detection data was also collected in the occupant-
centric stratum ventilation thermal comfort experiment. Fig. 9(a) de-
picts some occupant detection examples during testing. Fig. 9(b) depicts
the detection performance, with an NRMSD of 0.0526 and predicted and
actual values that are generally similar. The main causes of counting
errors are occupant occlusion and occupant occlusion by tables and
chairs. In previous studies, the detection method combining CO, con-
centration and Bayesian inference model had a time delay of 20-25 min
[58], the NRMSD of a combination of door counter sensor and PIR sensor
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b !
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Fig. 7. Experimental procedure.
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Fig. 8. The occupant detection results (a. Examples of experimental environment; b. Data analysis; c. Examples of algorithmic misjudgements).
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Fig. 9. Occupant detection during thermal comfort experiment (a. Examples of occupant detection; b. Detection performance).
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was 0.113 [59], the NRMSD of a Wi-Fi sensor-based occupant detection
method was 0.096 [18], and the NRMSD of a generative adversarial
network-based method is 0.1424 [60]. In comparison to the other
methods mentioned, the YOLOV5 algorithm-based occupant counting
method has no time delay, and the detection performance is accurate
and stable. Thus, it can be used in the OCC strategy to reduce lag in
control signal transmission to mechanical equipment.

Furthermore, unlike environmental sensors, motion sensors, and
radio frequency sensors, which can only detect the occupant number,
computer vision technology can detect partition detection. As a result, it
can be combined with the stratum ventilation characteristic of supply air
inlet partitioning to implement partition control. The YOLOvV5
algorithm-based occupant detection method serves as a reference for
dynamic input parameters of the OCC strategy in offices.

4.2. Thermal environment evaluations

4.2.1. Thermal sensation vote

According to the IEA EBC Annex 79 document, not taking into ac-
count information such as occupant activity patterns during building
operation may cause an uncomfortable indoor environment [10]. As
shown in Fig. 10(a), there are significant differences in thermal sensa-
tion votes for different occupant numbers under the baseline control
strategy. The smaller the occupant number, the further away from
neutral thermal sensation. As a result, the two-way interaction between
occupants and buildings must be considered. And to achieve a high level
of comfort, it should combine the occupant information with control
algorithms [10]. In this study, occupant information is combined with
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the ventilation system control algorithm to improve thermal comfort.

The thermal sensation under the CAV control strategy was increased
by 0.89 (two occupants indoors), 0.57 (four occupants), and 0.03 scale
units (six occupants), respectively, when compared to the baseline
control strategy. The thermal sensation under the VAV control strategy
was increased by 1.09 (two occupants), 0.59 (four occupants), and 0.02
scale units (six occupants), respectively. The average values of thermal
sensation votes improved from slightly cool (—1) to close to neutral (0).
Thus, the control strategy of supply air parameters changing with
occupant number is beneficial to improving thermal sensation. Kong
et al. also confirmed that the occupant-centric control strategy improved
thermal sensation, with a mean thermal sensation vote of 0.06 [28]. For
only two occupants indoors, there is a significant difference in thermal
sensation votes between the CAV and VAV control strategies.

4.2.2. Thermal comfort vote

Huizenga et al. investigated the thermal comfort of 215 buildings
using conventional ventilation and air conditioning systems operating
with fixed operating parameters, and results reported that only 11% of
the buildings had more than 80% of occupants who were satisfied with
the temperature of the workspace, with an average building satisfaction
of 59% [61]. As shown in Fig. 10(b), there are significant differences in
thermal comfort votes for different occupant numbers under the base-
line control strategy. The results also confirm that the thermal envi-
ronment’s comfort needs to be improved based on the occupant number.

Occupants are equivalent to heat sources and have a significant
impact on the indoor ambient temperature. As shown in Table 4, the
baseline control strategy reduced the indoor ambient temperature by
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No feeling Slightly uncomfortable [Jll Uncomfortable
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©

Fig. 10. The Voting results (a. Overall thermal sensation; b. c. Overall thermal comfort).
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0.8 °C and 2.1 °C for two and four occupants, respectively, compared to
the maximum occupancy (six occupants). If the occupant number is less
than the maximum occupant number under the baseline control strat-
egy, the indoor ambient temperature and the thermal comfort will be
significantly reduced. As shown in Fig. 10(c), thermal discomfort in-
creases with the difference from the maximum occupant number. Thus,
when compared to the baseline control strategy, the CAV control strat-
egy increased thermal comfort by 1.46 (improved by 73%) and 0.86
(improved by 62%) scale units for two and four occupants, respectively.
Thermal comfort under the VAV control strategy was increased by 1.23
(improved by 44%) and 0.87 (improved by 43%) scale units for two and
four occupants, respectively.

As shown in Fig. 10(c), more than 80% of the votes fell within the no
feeling and comfort ranges when using the CAV and VAV control stra-
tegies. Kong et al. also confirmed that the occupant-centric control
strategy can improve thermal comfort, with approximately 70% of
thermal comfort votes falling within the comfortable range, with an
average thermal comfort vote of +1.40 [28]. The CAV and VAV control
strategies can moderately improve thermal comfort. However, when
combined with the thermal sensation results (see Fig. 10(a)), the CAV
control strategy slightly outperforms the VAV control strategy for the
same number of occupants, because the indoor thermal condition under
stratum ventilation is more sensitive to the supply air temperature than
the supply air volume [62].

4.2.3. Thermal acceptability and thermal preference

The thermal environment is acceptable when the thermal accept-
ability is greater than 80%, according to the ASHRAE standard 55
recommendation [57]. As shown in Fig. 11(a), 79%-94% of the votes
fell within the slightly acceptable and acceptable ranges using the CAV
and VAV control strategies. The voting results showed that
occupant-centric control strategies can achieve the requirement of an
acceptable thermal environment, but thermal acceptability for the
conventional control method (Baseline) was 46%-77%.

Thermal acceptability was improved by 48% (two occupants), 18%
(four occupants), and 2% (six occupants), when compared to the base-
line control strategy. Thermal acceptability was increased by 39% (two
occupants), 22% (four occupants), and 8% (six occupants). The findings
demonstrated that the lower the occupancy, the greater the improve-
ment in thermal acceptability. The main reason for this is that the
greater the difference between the total cooling load of the occupied
zone and the system cooling capacity, the less thermally acceptable the
subjects are. The thermal acceptability can be significantly improved
when the system operating parameters and the total cooling load of the
occupied zone are matched (CAV and VAV). Therefore, the degree of
improvement in thermal acceptability highly depends on the accuracy of
the occupant detection algorithm.

As shown in Fig. 11(b), all nine experimental conditions exist for
subjects who want the thermal environment to become colder or
warmer, indicating that subjects’ thermal preferences differ [63]. The
voting results for those who want the thermal environment to become
warmer account for approximately 57% (two occupants) and 43% (four
occupants), under the baseline control strategy. This is because of a
mismatch between the system operating parameters and the occupied
zone’s dynamic total cooling load, resulting in a cold indoor thermal
environment. The percentages of votes indicating a desire to change the
thermal environment for the CAV control strategy were 29% (two oc-
cupants) and 20% (four occupants) lower than Baseline. The VAV con-
trol strategy received 21% fewer votes (two occupants) and 17% fewer
votes (four occupants) than Baseline.

4.3. Indoor air quality
The fresh air volume remains constant under the baseline control

strategy, while the CO; concentration fluctuates in steps, increasing with
the occupant number. The CO; concentration measurement point was
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Fig. 11. The Voting results (a. Thermal acceptability; b. Thermal preference).

located in the center of the chamber’s occupied zone, approximately 1.1
m above the floor (in breathing zone) [38,55]. When the fresh air vol-
ume was set to its maximum value, the perceived air quality votes under
Baseline were higher than those under CAV and VAV, ranging from 1.2
to 1.6 (significantly acceptable). The CO, concentration ranged from
663 to 700 ppm for the CAV control strategy, and the perceived air
quality votes were between 0.8 and 1.1 (acceptable). The CO2 concen-
tration fluctuated between 624 ppm and 685 ppm for the VAV control
strategy, and the perceived air quality votes ranged from 0.2 to 1.0
(acceptable). The ventilation rate is reduced by 43% (two occupants)
and 22% (four occupants) under CAV and VAV when compared to six
occupants. According to the above findings, the baseline control strategy
operating at maximum ventilation rate can over-ventilate, which is
detrimental to building energy savings.

Fig. 12 shows that the 2-occupants condition has significantly lower
perceived air quality votes than 4 occupants and 6 occupants in the VAV
control strategy. According to the subjects’ interviews, perceived air
quality was related not only to fresh air volume but also to the indoor
thermal environment. The VAV control strategy had a lower CO5 con-
centration than CAV, but its perceived air quality is lower. This is
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because the air supply velocity of VAV was lower than CAV’s. It could
reveal that the perceived air quality is related to the indoor thermal
environment. As a result, the CAV control strategy slightly outperforms
VAV in air quality.

In summary, even though the fresh air volume was adjusted based on
the occupant number, the air quality was all at an acceptable level, and
the CO3 concentration was all below 700 ppm, ensuring the inhaled air
quality. Choi et al. [26] calculated the ventilation rate based on the
detected occupant number and concluded that indoor CO2 concentra-
tions could be properly maintained through field experiments. Similar
findings were confirmed in this study, which, when combined with
perceived air quality votes, indicated that air quality can be guaranteed.
According to previous research, the ventilation efficiency of stratum
ventilation was 1.4 [36], which is higher than that of the traditional
ventilation system. Furthermore, because fresh air was directly supplied
to the occupants’ breathing zones, it costed less fresh air volume to
maintain the same level of inhaled air quality as the traditional venti-
lation system. The proposed OCC strategy combined with stratum
ventilation allows for more efficient utilization of fresh air volume.

4.4. System energy consumption

The total energy consumption (E) on the cooling side of the system is
composed of the fan effective power (Ef,;,) and the electric energy of air
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conditioning system (E,,,q) consumed by the indoor cooling load and the
fresh air cooling load [12,54], as shown in Equation (14) and Equation
(15).

E=Epy + Econa = Epan + (Gs x ¢, x (T, = T,) + Gr x ¢, x (T, — T,)) / COP
a4

2
Efdn:PxQ:<Apm><l+ ng%)xg (15)

where, Gs is the supply airflow rate, kg/s; ¢, is the constant pressure
specific heat capacity, 1.004 x 10° J/(kg-K); T; is the return air tem-
perature, K; Ty is the supply air temperature, K; Gr is the fresh/outdoor
airflow rate, kg/s; T, is the outdoor air temperature, 305.15 K, the value
of which refers to the outdoor average temperature of the outdoor
weather station during the experiments in Xi’an (107°40'-109°49’ E,
33°42'-34°45' N), China; COP is the cooling coefficients of performance,
3.0 [28]; P is the fan total pressure in order to compensate the pressure
loss, Pa; Q is the fan volume flow rate, m%/s; Apr, is the pressure loss per
unit duct length, Pa/m, value reference handbooks [12,54]; [ is the duct
length, m; > ¢ is the summation of local loss coefficients in the duct
section, value reference handbooks [12,54]; v is the air velocity in the
duct where a local pressure loss occurs, m/s; p is the air density, kg/m°.

By entering the supply air parameters and indoor parameters ob-
tained from the experiment, the system total energy consumption can be
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calculated. Fig. 13 shows that the CAV and VAV control strategies can
reduce energy consumption by 3.0% and 8.1%, respectively, under the
2-occupants condition when compared to the baseline control strategy.
The calculated energy savings under the CAV and VAV control strategies
for the 4-occupants condition are 2.3% and 2.8%, respectively. The re-
sults revealed that the energy savings potential is highly dependent on
the accuracy of the detection algorithm, because the algorithm can help
identify when and how the occupied zone needs to be conditioned and
ventilated. The proposed OCC strategy approaches energy savings of
2.3-8.1% while improving thermal comfort and ensuring indoor air
quality, based on the results of thermal environment evaluations and
indoor air quality. The experimental site is in Xi’an, China, which has a
warm-temperate semi-humid continental monsoon climate, and the
energy savings can be used as a reference value for areas in the same
climate zone.

This research focuses on calculating the energy savings potential in
the occupied zone of adjusting supply air parameters and the fresh air
volume based on the different occupant numbers. There are also unoc-
cupied zone and building unoccupied modes for the OCC strategy with a
24 h cycle, which will save more energy than the traditional fixed
schedule control strategy. A small change in occupancy can save any-
where from 2.3% to 8.1% of energy. Larger fluctuations in occupancy
will further reduce energy consumption in buildings with multiple small
offices. When controlling the indoor ambient temperature and the out-
door airflow rate in a small office based on the occupant number, the
energy simulation results showed a 7.9% reduction in annual energy
consumption [30]. Another study results reported that the OCC strategy
could save up to 45% of the energy when simulating the energy con-
sumption of an entire building with medium-sized offices [29].

" cAV [ Baseline
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4.5. Discussion on performance analysis of occupant-centric control
strategy

The accuracy of occupant detection affects thermal comfort and the
potential for building energy efficiency. When combined with the OCC
strategy and stratum ventilation, the YOLO algorithm with an NRMSD of
0.0526 makes it easier to implement demand-driven HVAC operations.
In contrast to the traditional control strategy of fixed supply air pa-
rameters and maximum fresh air volume, this paper integrates occupant
information detected by computer vision with the operation of stratum
ventilation and air conditioning system (non-uniform thermal environ-
ment), taking into account the two-way interaction between occupants
and building. According to thermal environment evaluations and indoor
air quality, the proposed OCC strategy has practical effects in improving
thermal comfort (43%-73%), ensuring air quality (below 700 ppm), and
reducing system energy consumption (2.3%-8.1%). The PID control
strategy is used by thermostats in some existing buildings to control
indoor temperature [64]. Some OCC strategies studies have reached
similar conclusions, but they all regulate the indoor temperature to a
constant value based on occupant number in a uniform thermal envi-
ronment, rather than directly regulating the supply air temperature and
total air volume, so this study is more applicable to a non-uniform
environment for the following reasons.

The proposed OCC strategy has three advantages over the indoor
temperature-based control strategy: 1) The detected change in the
occupant numbers in an occupied zone in real-time can directly predict
HVAC system regulation values. Thus, the lag of thermal environment
regulation (see Fig. 14) caused by the distance between the occupied
zone and the indoor temperature sensor is reduced. 2) When non-
uniform air distribution is regulated based on indoor temperature, it
causes thermal discomfort because the supply parameters are outside
the recommended range [32,33]. 3) According to the dynamic
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occupancy, adjusting the air supply parameters and fresh air volume is
beneficial to ensure indoor comfort in a non-uniform environment
(thermal acceptability greater than 80% & CO5 concentration less than
700 ppm). Some studies regulated the fresh air volume based on the
indoor CO, concentration [65]. There is also the issue with the

regulation lag (see Fig. 14). And the placement of CO, sensor signifi-
cantly affects the improvement of indoor air quality. However, the
proposed OCC strategy directly regulates the fresh air volume based on
the occupant number detected in real time. Indoor temperature and COy
concentration regulation delays will result in energy waste and thermal
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Fig. 15. Distributed control system architecture.
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discomfort.

Unevenly distributed temperature in different regions accounted for
43% of people dissatisfied with the temperature in more than 600
buildings [66]. This study’s occupant-centric control method can adjust
supply air parameters based on the occupant number in different par-
titions, meet the cooling demand in different zones, and create a
comfortable and energy-efficient thermal environment in occupied
zones. At the same time, for more efficient use of the air supply jet,
occupants can adjust the supply air opening and supply air direction of
the stratum ventilation according to their thermal preference to better
meet personalized thermal comfort [67].

4.6. Automatic control system based on IOT architecture

The OCC strategy can be implemented through a building automatic
control system. As shown in Fig. 15, the occupant detection method
based on the computer vision, the occupant-centric control strategy, and
the stratum ventilation system can use the Internet of Things (I0T) to
realize the distributed control system architecture in practical applica-
tions. The indoor environmental information detection sensors send the
indoor occupant information and environmental parameters to the
computer, which analyses the indoor occupancy information using the
occupant detection algorithm described in section 2.2 and then outputs
the HVAC system operation parameters using the OCC strategy
described in section 2.4. The transport layer sends control signals to the
field controller as well as the wireless gateway, which sends the signals
over a short distance to the air handling unit, fan converters, and air
valve actuators to allow the HVAC equipment’s operation parameters to
be adjusted.

4.7. Practical applications

Lin et al. [36] mentioned that when the supply air path of stratum
ventilation is within 6 m, it can meet the requirements of thermal
comfort and air quality for office and classroom occupants, providing a
reference for building system design. The supply air path in this paper is
5.4 m, and the results show that the proposed OCC strategy also meets
the requirements of thermal comfort and air quality. Therefore, the
proposed OCC strategy is appropriate for public buildings consisting of
multiple offices or classrooms and supply air paths no longer than 6 m.
The OCC strategy is recommended to be combined with a camera-based
occupant detection method and better suited for buildings with moni-
toring systems. The proposed OCC strategy is also applicable to other air
distributions that result in a non-uniform thermal environment (e.g.,
displacement ventilation and column attachment ventilation). However,
the capabilities for improvement must be investigated and compared
further.

The results show that both CAV and VAV control strategies can
satisfy thermal comfort and air quality, giving occupants more options.
Therefore, occupants who prefer air movement in the occupied zone will
benefit from the CAV strategy with constant supply air speed. The VAV
strategy with demand-controlled supply air speed is appropriate for
occupants who prefer uniform temperature distribution in the horizon-
tal direction in the occupied zone. However, the system complexity
should be considered when designing the ventilation system. Additional
regulating components, such as dampers, adjustable fans, or secondary
temperature regulation devices, are required to implement the OCC
strategy. As a result, a compromise between energy efficiency and
economy is required.

4.8. Limitations and future work

First, more research into occupant detection is required. The exper-
imental study differs from the actual working environment, and the
detection performance will be evaluated in the actual environment using
the experimental results. Second, only the zone-occupied scenario was
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used to calculate the energy-saving potential of the OCC strategy. There
are two scenarios for the OCC strategy: zone unoccupied and building
unoccupied modes. The number of occupants in the entire office
building fluctuates more. In the follow-up, the annual energy savings of
the OCC strategy will be quantified in conjunction with the preceding
two points.

5. Conclusions

The paper presents a pilot study of how stratum ventilation systems
can respond to dynamic changes in indoor occupancy to minimize sys-
tem energy consumption, improve human thermal comfort, and ensure
indoor air quality. The performance of the occupant detection method
based on computer vision and thermal comfort, air quality, and the
energy savings potential of an occupant-centric stratum ventilation
system are the two main issues addressed. Analyzing and discussing the
experimental results yields the following conclusions.

(1) Computer vision based on CNN is adopted to detect the occupant
number. The average NRMSD of the six relative positions of oc-
cupants and camera is 0.1461, and the accuracy of sitting back to
the camera is the lowest. The stratum ventilation office applica-
tion scenario has an NRMSD of 0.0526, and the predicted values
tend to be close to the actual values. According to the experiment
results, the suggested camera position should be installed at
ceiling height near the side wall to capture images of facing the
camera or the occupants’ bodies side.

Two OCC strategies, CAV and VAV, are proposed for adjusting

supply air parameters and fresh air volume of the stratum

ventilation (non-uniform thermal environment) based on the
occupant number and compared to the traditional baseline con-
trol strategy. The subjective response experiment results
demonstrate that the two strategies improve thermal sensation by
0.57-1.09, thermal comfort by 43%-73%, and thermal accept-

ability by 18%-48%.

(3) The ventilation rate is reduced by 22% and 43% for different
occupancy under both control strategies, compared to the tradi-
tional control strategy. However, the perceived air quality of both
strategies is maintained at an acceptable level of 0.2-1.1, and the
CO4 concentration is maintained below 700 ppm.

(4) The system energy consumption on the cooling side can be
reduced by 2.3%-8.1% by adjusting the system operating pa-
rameters based on occupant number in the stratum ventilation
system.

(5) The experimental results and conclusions fully demonstrate that
the lower the occupancy, the more obvious the improvement in
thermal comfort and the more energy saved, but also the ability
to guarantee inhaled air quality. Thus, the accuracy of occupant
detection significantly affects thermal comfort as well as the
building energy-saving potential.
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