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Abstract: In hot summers, air conditioning (AC) and mechanical ventilation (such as fans) are used
as cooling modes that strongly influence the resultant indoor environment, like thermal comfort and
air quality in the shops of a Nanning arcade street (qilou). The air circulation mode in shops greatly
affects the indoor thermal environment and level of air freshness. The approaches for effectively
improving the indoor thermal comfort and air quality are developed in qilou street shops with
air-conditioner in a humid and hot region in southern China. Consequently, the purpose of this
study is to assess different ventilation schemes in order to identify the best one. By using two indices,
i.e., the predicted mean vote (PMV) and the age of air (AoA), in situ measurement and numerical
simulation are conducted to investigate humans’ thermal comfort in extreme summer. Then, the
indoor thermal comfort and AoA levels in summer under three different ventilation schemes (upper-
inlet–upper-outlet, upper-inlet–bottom-outlet, and side-inlet–side-outlet) are comparatively analyzed
through numerical computations of the indoor thermal environment. The results show that the
upper-inlet–upper-outlet mode of the AC ventilation scheme led to the creation of a favorable air
quality and comfortable thermal environment inside the shop, which will help designers understand
the influence of the ventilation scheme on the indoor thermal comfort and health environment.

Keywords: thermal comfort; age of air; ventilation scheme; qilou; shop

1. Introduction

With the acceleration of urbanization in southern China in recent years, due to the
high building density of the traditional urban blocks in the humid and hot areas, the urban
heat island (UHI) effect is aggravated, which leads to the deterioration of the micro-climate
in the urban blocks. On the other hand, high building density restricts the potential of
natural ventilation in summer and increases the difficulty of thermal comfort and indoor
air quality (IAQ) improvement in the blocks. Commercial buildings in these blocks provide
consumption and recreational spaces that play a significant role in humans’ daily business
activities. Their indoor thermal comfort directly affects their business and urban tourism [1].
Both thermal comfort and IAQ are beneficial to human health [2], since people spend almost
90% of their time indoors at present [3]. A thermal discomfort or poor IAQ environment
reduces the productivity of dwellers and even their wellbeing [4].

One kind of colonnade shopping street (called qilou, see Figure 1a) gradually emerged
in southern China as an adaptive response to the local humid and hot climate. At the end of
the 19th century, many qilou shopping streets were built in Guangzhou, Wuzhou, Haikou,
Nanning, and other Lingnan regions, all of which boasted flourishing trade and rapid
economic development. Some negative effects are that micro-climates in qilou streets have
higher air temperature and lower air velocity than their surroundings [5], which is referred
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to as the heat island effect [6]. The qilou streets and their pavements trap a lot of solar
energy daily and emit it at night. Hence, this increases the requirement for air conditioning
in qilou street shops to guarantee customers’ thermal comfort [7]. Though designed mainly
for commercial use, qilou buildings integrate both residential and commercial functions,
with the front part serving as a shop space and the rear part as a residential space. The
colonnades of qilou also provide an environment protecting visitors from sunlight, wind,
and rain. The shop space is connected with the colonnade walkway (see Figure 1b) and is
used for displaying goods and conducting business. The shop space is enclosed on three
sides, and the doorway side is used for the introduction of natural lighting and ventilation
(see Figure 1c). Consequently, based on the requirements of indoor thermal comfort and
air quality, the optimization to the ventilation scheme of air conditioning in qilou street
stores is still a problem to be solved.

Figure 1. Traditional block in Nanning: (a) qilou shopping street; (b) colonnade walkway of qilou street; (c) layout of shops.

Summer is the peak season for traveling and shopping; the flow of people in a
commercial street, such as a qilou, is denser; people would like to stay in the store for a
quite long time; and there are higher requirements for the indoor thermal comfort and IAQ
of commercial buildings [8,9]. Therefore, in the study of urban blocks’ redesign, attention
should be paid to their indoor thermal environment, and the research on the thermal
environment of buildings is rising in recent years. At present, the investigation on the
thermal environment of buildings focuses on urban planning, residential planning, campus
planning, and monomer building design. However, most of them are related research
results in residential areas, schools, urban squares, outdoor thermal environment, and
energy-saving, which are less involved in dealing with the thermal comfort level and IAQ
inside traditional street stores [10,11].

The existing research on qilou streets has mainly focused on the perspective of his-
torical preservation [12–14]. Few studies have been reported on the thermal environment
of qilou street shops. With increasing attention paid to the thermal environment of urban
shopping streets, thermal adaptation and thermal comfort models considering local ur-
ban climate factors and street morphology have become a research hotspot [15–17]. For
example, Ruiz et al. [18] evaluated a model for the thermal environment of arid-climate
cities and predicted urban thermal comfort in these cities. The thermal comfort of pedes-
trian streets in severe cold areas of China has received the attention of researchers, who
investigated the major parameters influencing thermal comfort in different seasons and
an optimization strategy [19]. They found that the mean radiant temperature (MRT) had
the greatest influence on thermal comfort during the summer and winter, whereas the
thermal resistance of clothing had the greatest influence on the thermal comfort of people
during the transition seasons, i.e., spring and fall. Understanding the human thermal
sensation in commercial buildings requires a field survey of the thermal environment in
large commercial building complexes. Li et al. [20] conducted a field test and questionnaire
survey of a large shopping complex in Guangzhou and found inconsistencies between
the predicted and actual thermal sensations. Based on this, they established an adaptive
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model for describing the variations in interior thermo-neutral temperature with the exterior
air temperature in winter. Chen [21] investigated the variation in thermal sensation with
temperature in different areas of the same shopping complex using a similar method and
obtained thermal adaptation models for four types of functional areas. Dang et al. [22]
conducted a test and subjective evaluation of the indoor thermal environment of a large
commercial complex in Beijing during winter, established an equation for an adaptive
predicted mean vote (PMV) correction, and proposed a mathematical model for assessing
the winter thermal environment of large shopping malls.

Based on the direct influence of ventilation scheme on thermal comfort and air quality
and the unique airflow distribution of hotel lobbies, Zhang [23] numerically simulated the
summer thermal environment of a hotel lobby using a computational fluid dynamics (CFD)
method, comparatively analyzed the indoor thermal comfort levels under different air
circulation modes, and explored the optimal air circulation solution. To develop approaches
for improving the air quality of shopping malls, Huang et al. [24] measured the air quality
and thermal parameters of a shopping mall in Ma’anshan through a field survey as well as
the subjective assessment of the indoor air quality by the shopping assistants and customers
through a questionnaire survey. They found that users were quite unsatisfied with the air
quality. Compared with commercial complexes, street shops in traditional blocks have a
different thermal environment owing to the unique street layout. Their thermal comfort is
also worthy of attention. For the purpose of evaluating human thermal sensation precisely,
Henderson et al. [25] suggested replacing the constant-temperature control strategy with a
constant-comfort adjusting strategy in the control of air conditioning systems to maintain
constant comfort instead of constant temperature. Under most circumstances, the constant-
comfort based adjusting strategy also improves the indoor thermal comfort level at reduced
energy consumption of the AC systems.

A salient characteristic of an urban climate is micro-climate differentiation. Different
urban zones have diverse micro-climate environments owing to the influence of many
factors, such as building layout, vegetation, water body, and spatial characteristics. Qilou
street shops have markedly different building spaces than other street shops due to the
unique colonnade walkway space. Namely, the urban features of qilou streets have enor-
mous effects on their local thermal environment. Therefore, the research findings on the
thermal environment mentioned above cannot be directly extended to qilou shopping
streets. The reasons for this are as follows.

(1) The existing research mostly focuses on ordinary shopping malls and large commer-
cial complexes by measuring and qualitatively assessing their thermal environments.
For traditional shopping streets in particular climates (such as humid and hot ones),
the indoor thermal environment is greatly affected by the outdoor block layout and
diverse human activities. Hence, the existing research findings are not sufficiently
applicable to qilou shopping streets in humid and hot climates.

(2) The two widely applied thermal comfort models, the PMV model proposed by
Fanger [26] and the adaptive model presented by de Dear [27], do not take indoor
air cleanliness into account. The IAQ, however, is also a research topic of significant
and growing interest [28]. In order to improve the IAQ of school classrooms in the
subtropical region, Liu et al. [29] analyzed the area ratio of AoA in the classroom
plane to determine the optimal window orientation. For providing useful information
for comprehending the situation of air quality in sensitive indoor and outdoor areas,
Lucialli et al. [30] performed a test to investigate the indoor and outdoor concen-
trations of benzene, toluene, ethylbenzene, and xylene in eight schools. The results
are helpful to enhance environmental quality in school construction renovation pro-
grams. Since classrooms and shops have similarities in air quality requirements and
crowd density, the study of IAQ in classrooms has enlightened the IAQ study in
shops. For the purpose of investigating the main influencing factors of air quality in
commercial settings, Zhang et al. [31] continuously monitored IAQ in two large-scale
comprehensive commercial places in Beijing and found that IAQ in functional areas
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of the shopping mall was related to human activities, ventilation, air freshness, and
so on. The outbreak of COVID-19, furthermore, has increased the awareness of the
importance of IAQ. Maintaining air freshness through healthy ventilation is critical
for improving the IAQ of shops.

However, most of these studies were performed on cold and humid or cold and dry
types of climates, and there are very few studies on the hot and humid type of climatic
conditions prevailing in southern China. There also has been a lack of research on the
thermal environment and IAQ of traditional commercial buildings (like qilou street shops)
in areas of severe summer. To fill this research gap, this study will investigate the indoor
thermal environment of qilou street shops in Nanning (see Figure 2a,b). Considering that
the airflow mode is a major factor influencing the thermal comfort and IAQ in mechanically
ventilated qilou street shops, the thermal environment of these shops will be evaluated
using two indices, PMV and AoA, which are the time of air particles required to reach a
certain location in the airflow field [32]. The patterns influencing the ventilation scheme
on the indoor thermal comfort and IAQ are analyzed, and approaches are proposed for
effectively improving the thermal environment and IAQ of qilou street shops in hot and
humid areas. This study aims to analyze the effects of mechanical ventilation scheme (air
circulation modes for cooling) on thermal comfort and air quality in a qilou street shop
with air conditioner. In Section 2, we introduce the parameters of micro-climate in qilou
streets, including monthly average temperature, hourly dry bulb temperature, monthly
relative humidity, and the summer wind environment in qilou street areas. The indices
(PMV and AoA) to evaluate the thermal performance and air quality in a qilou street shop
are established in Section 3, and the indoor thermal environment of a qilou street shop
is measured and simulated in Section 4. Then, the analysis of numerical simulations is
conducted to optimize the ventilation scheme by evaluation in terms of PMV and AoA in
Section 5. Finally, the conclusions are provided in Section 6.

Figure 2. The location of (a) Nanning in China and (b) the qilou street in Nanning.

2. Micro-Climate Environment in Qilou Street Block

Nanning is located south of the Tropic of Cancer and has a wet subtropical monsoon
climate. The annual highs of monthly average temperature (MAT) occur from June to
September (see Figure 3) [33]. The MAT values in these four months are 28.1, 27.9, 28.1,
and 27.3 ◦C, respectively. The annual lows of MAT occur from December to February.
The MAT values in these three months are 14.9, 13.9, and 14.4 ◦C, respectively. Thus,
Nanning has a long period of high temperature annually, with four months having an
MAT of above 27 ◦C. As shown in Figure 4, the weather is fairly hot for most hours of the
year. High air temperature in urban blocks can impair human health; as a consequence,
reduction of indoor air temperature should be a key consideration inside a building and
block micro-environment redesign.
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Figure 3. MAT in a typical meteorological year of Nanning.

Figure 4. Hourly dry bulb temperature in Nanning.

The relative humidity (RH) in Nanning varies insignificantly throughout the year and
is fairly high for most of the year. The monthly average RH is approximately 75–85% and is
much higher than many other cities in China for most months of the year (see Figure 5). In
summer, a high humid environment increases the sensible temperature, causing sultriness
and discomfort.

Figure 5. Monthly average RH in Nanning.

To further understand the climatic characteristics of qilou shopping streets in Nanning,
the summer wind environment of the block was simulated using the PHOENICS software
(see Figure 6). The software PHOENICS that was first launched in 1981 by Cham UK
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is a well-known numerical simulation software, which is used to simulate wind fields
and heat transfer in building environments [34] and offers different kinds of turbulence
models. The results showed that the airflow velocity was low in the building clusters, the
wind-free areas are developed, and the ventilation is weak in the building clusters owing
to the dense network of roads of different widths in the block. The poor ventilation and
high density of the building clusters resulted in a relatively high temperature, and several
high-temperature concentration zones and thermal discomfort in these areas are developed.
Therefore, the indoor thermal discomfort level in qilou streets could not be solved through
natural ventilation. Air conditioners and electric fans are commonly employed for cooling
and ventilation.

Figure 6. Wind environment of a qilou street block in Nanning.

3. Indoor Thermal Comfort and AoA
3.1. PMV and Predicted Percentage of Dissatisfied (PPD)

There are several indices for evaluation of indoor thermal comfort, such as effective
temperature (ET), new effective temperature (ET *), standard effective temperature (SET),
heat stress index (HSI), predicted mean vote (PMV), etc. Among the many comfort assess-
ment indices, the most widely recognized is the thermal balance theory-based PMV created
by Fanger [26] and standardized in EN ISO 7730 [35]. This index statistically predicts
the human thermal sensation in a steady thermal environment to obtain the association
between the human thermal sensation and comfort with six parameters (air velocity, air
temperature, humidity, interior surface radiant temperature, thermal resistance of clothing,
and activity level) under steady-state, uniform thermal environment conditions. The PMV
is a statistical index, which is equal to the mean value of thermal sensation measurements.
The PMV-PPD index system proposed by Fanger has been adopted by the International
Organization for Standardization (ISO) as a standardized method for indoor thermal envi-
ronment assessment and measurement (ISO 7730). PMV is calculated using the following
equation [36]:

PMV = (0.303e−0.036M + 0.0275){M−W − 3.05[5.733− 0.007(M−W)− pa]
−0.42(M−W − 58.15)− 0.0173M(5.867− pa)− 0.0014M(34− ta)−Q} (1)
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where M is the human metabolic rate (W/m2), depending on the activity level, W is the
mechanical work from human activities, pa is the water vapor pressure of the ambient air
(kPa) and is a measure of the effect of RH, ta is the ambient air temperature (◦C), and Q is
the sensible heat loss (W):

Q = 3.96× 10−8 fcl [(tcl + 273)4 − (tr + 273)4] + fclhc(tcl − ta), (2)

where
tcl = 35.7− 0.028(M−W)− 0.155IclQ. (3)

hc =

{
2.38(tcl − ta)

0.25 2.38(tcl − ta)
0.25 > 12.1

√
v

12.1
√

v 2.38(tcl − ta)
0.25 < 12.1

√
v

, (4)

tr is the mean indoor radiant temperature (◦C), and

tr =

n
∑

j=1
Sjθi,j

n
∑

j=1
Sj

, (5)

where Sj is the inner surface area of the enclosure structure (m2), θi,j represents inner
surface temperature of building envelope (◦C), tcl is the outer surface temperature of the
clothed human body (◦C), hc is the convection heat transfer coefficient (W/(m2·K)), v is the
air velocity (m/s), Icl is the thermal resistance of clothing (clo) and is 0.5 col for summer
clothing, and fcl is the clothed surface area coefficient and is expressed as

fcl = 1 + 0.25Icl . (6)

Owing to the variation between individuals, PMV may not be indicative of the thermal
sensation of all people in the area. Hence, Fanger proposed another index, the PPD, which
represents the percentage of occupants dissatisfied with a given thermal environment and
is related to the PMV as follows:

PPD = 100− 95e−(0.03353PMV4+0.2179PMV2). (7)

The PMV is derived from thermal comfort equations based on a steady-state human
body thermal balance. Its validity is premised on the assumption that the human body is in
a state of thermal equilibrium with the surroundings. The PMV is an accurate measurement
of human thermal sensation in air-conditioned, low airflow velocities and steady-state
environments. Hence, it is applicable to air-conditioned qilou street shops. It also has the
theoretical potential to reduce the energy consumption of indoor cooling systems without
compromising the thermal comfort level [16].

3.2. AoA

The concept of AoA was proposed by Sandberg [37], referring to the time an air
particle takes to travel from an inlet to a point in the room, or the time for the inlet air to
move to the measurement point. AoA refers to the time the air stays in the room, but is
actually the speed at which the stale air is replaced by fresh air. It is a clear description of
the air freshness at every point in the room. A lower value of AoA indicates greater air
freshness and better air quality. AoA is a comprehensive measurement of the effectiveness
of ventilation and air exchange and a major index for an IAQ assessment. Designate the
probability distribution function (i.e., proportional distribution) of the AoA of all micro-
particles at an indoor point p as f (τ), where τ refers to AoA; thus, the following equation
can be obtained: ∫ ∞

0
f (τ)dτ = 1. (8)
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Hence, the relationship between cumulative distribution function F(τ) and probability
distribution function for micro-particles can be given:

F(τ) =
∫ τ

0
f (τ)dτ. (9)

Hence, the mean AoA at point p τp is expressed:

τp =
∫ ∞

0
τ f (τ)dτ =

∫ ∞

0
[1− F(τ)]dτ. (10)

The cumulative distribution function F(τ) refers to the proportion of air micro-particles
with an AoA of younger than τ. τp is a passive scalar and governed by the equation [2]:

ρ
∂τpvj

∂xj
=

∂

∂xj

[(
2.88ρ× 10−5 +

µe f f

Sct

)
∂τp

∂xj

]
+ Sτ (11)

where vj is the jth component of velocity, m/s, µeff is the effective turbulent viscosity, Sct
represents the turbulent Schmidt number, Sτ is the source term, and ρ is the air density,
kg/m3. With the AoA at the inlet assumed as zero, the time experienced by the air micro-
particles starting from their entrance and moving into the ventilation systems is referred to
as the overall AoA, and reducing the overall AoA inside the building can increase indoor
air freshness and greatly decrease the spread of various viruses and bacteria [38,39].

4. Measurement and Simulation
4.1. Measurement

The indoor thermal environment of a qilou street shop (Figure 7a) will be investi-
gated. First, the thermal environment parameters, including air temperature (response rate:
0.5 ◦C/s), RH (response rate <3 min from 45% to 90%), and velocity, are measured. The
measurement uses the humility/temperature meter (TES-1361C) and anemometer (testo
405i), whose parameters are shown in Table 1, and their calibrations are in accordance with
ISO 9002. Since most shops with air-conditioning systems in the qilou streets have almost
the same area size, shape (as shown in Figure 1c), and floor height, one of them, which is
selected for investigation, is representative. Besides the entrance of the shops, there are no
windows or openings that are placed in the surrounding walls and ceiling. Table 1 indi-
cates that the measurement range and resolution of the instrument meets the measurement
requirements. During the measurement, the recorded interval was set to 5 min, and the
data loggers were placed at a height of 1.5 m above the floor due to measuring the thermal
parameters in the breathing zone. Additionally, the measurements were taken during a 9-h
period (09:00–18:00) each day from 16–30 July 2019, so the time period of measurement
represents the hottest period on the qilou street (see Figures 3 and 4). The shop’s indoor
space was basically ventilated mechanically. The thermal comfort in the space varied from
point to point owing to the configuration of the air conditioners, showcases, and lights.
The plane of the shop is divided into nine areas using a 3 × 3 grid. The data loggers have
been fitted to each area in the shop to measure environmental parameters simultaneously.
Figure 7b shows the layout of the measurement points.

Because the qilou shop’s indoor thermal environment is controlled using air condition-
ers and ventilation equipment, the indoor temperature and humidity varied insignificantly.
Hence, the measurements of the thermal environment parameters at individual measure-
ment points were averaged. Tables 2 and 3 show the environmental parameters and their
statistical summary for measurement points 1–9. In the rear part of the shop, the airflow
is restricted by the closed rear wall and the concentration of cool air, resulting in low
temperature. A relatively low temperature occurs in the middle of the shop, because it
is located in the position of the air conditioning outlet and inlets. The front part of the
shop has a high airflow velocity but a high air temperature. Because all of these several
parameters greatly affect the human thermal sensation, their combined effect should be
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considered. As shown by the analysis above, the shop’s rear part (measurement points
1–3) is a place with relatively low temperature and restricted airflow; in the middle part,
there are moderate temperature, lower relative humidity, and lower level of airflow; and
the front part has higher wind speed, higher relative humidity, and higher air temperature,
thus easily producing the thermal discomfort in this area.

Figure 7. The shop in qilou street block: (a) indoor setting and (b) layout of measurement points.

Table 1. Parameters of humility/temperature meter and anemometer.

Measurement Parameters Measurement Range Resolution

Temperature (◦C) −20–60 0.1
Relative humidity (%) 10–95 0.1

Wind speed (m/s) 0.1–30.0 0.01

Table 2. Thermal environment parameters at measurement points.

Measured Point Air Temperature (◦C) Relative Humidity (%) Wind Speed (m/s)

1 27.54 70.25 0.059
2 27.74 71.27 0.098
3 27.00 72.03 0.164
4 29.05 62.82 0.063
5 29.21 63.44 0.041
6 28.79 64.08 0.055
7 31.20 72.29 0.111
8 31.62 72.60 0.139
9 30.92 72.04 0.111

Table 3. Statistical summary of indoor thermal environment parameters.

Parameter Minimum Maximum Mean S.D.

Air Temperature (◦C) 27.54 31.62 29.23 2.75
Relative Humidity (%) 62.82 72.60 68.98 6.89

Air velocity (m/s) 0.041 0.139 0.093 0.068

4.2. Simulation

First, the model of the air-conditioned shop space was established for the numerical
simulation. The simulation model measured as 6 × 4 × 3.3 m (length × width × height).
The southern side is defined as the doorway (entrance) side. An air curtain is installed over
the doorway. The vertically downward stream of air blowing from the machine formed
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an air curtain over the doorway to reduce the indoor–outdoor air exchange. The eastern,
western, and northern sides of the shop are connected to the adjacent shops and have
similar temperatures of wall surfaces. Square chairs, showcases, and a cashier desk were
placed inside the shop (see Figure 7a). The ceiling was installed with 15 lights, 40 W each.

The PMV values at the measurement points were calculated by substituting the
measured data given in Table 2, the clothing resistance, and metabolic rate data obtained
from a questionnaire survey into Equation (1) according to GB/T 50785–2012 Evaluation
Standard for Indoor Thermal Environment in Civil Buildings [40]. The calculation results
are displayed in Figure 8.

Figure 8. Measured and predicted PMV values at each measurement point.

The applicability of the software PHOENICS was verified in Figure 8; the PMV values
calculated using the measurement data are consistent with those yielded by the PHOENICS
simulation. Therefore, the PHOENICS can be used to conduct a simulation analysis of
the thermal environment in the qilou street shop. Figure 9 shows the PMV distribution
in the shop derived from the simulation, and it indicates that the PMV value increases
gradually from the rear part to the front part of the shop. In summer, the rear part of the
shop is relatively comfortable, but the front part that connects with the colonnade space
has a low comfort level and people feel hot there. Hence, reduction of the PMV value in the
front part of the shop is the focus of thermal environment improvement, and enhancing
the natural ventilation of the colonnade space helps to improve the indoor thermal comfort
in this zone of the store [41].

Figure 9. PMV distribution in the shop.
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5. Optimization and Discussion

Indoor space differs from the outdoor space that makes up the qilou street environ-
ment; the customers staying in the shop experience variations in thermal sensation due to
ventilation schemes that directly affect humans’ thermal comfort and air freshness.

Generally, the ventilation schemes for the shop include the upper-inlet–bottom-outlet,
upper-inlet–upper-outlet, and side-inlet–side-outlet [21]. The thermal environments in-
side the shop under the three ventilation schemes will be simulated separately by using
PHOENICS software. Figures 10–12 show the shop models, PMV, and AoA distribution in
the occupied zone under three ventilation schemes, respectively.

Figure 10. Upper-inlet–bottom-outlet scheme: (a) the shop model, (b) PMV distribution, and (c) AoA distribution.

Figure 11. Side-inlet–side-outlet scheme: (a) the shop model, (b) PMV distribution, and (c) AoA distribution.

Figure 12. Upper-inlet–upper-outlet scheme: (a) the shop model, (b) PMV distribution, and (c) AoA distribution.
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When the shop is air-conditioned adopting the upper-inlet–bottom-outlet scheme (see
Figure 10a), owing to the combined effect of the air curtain and the air-conditioning outlets,
the cooling air first blows towards the floor, forming a zone of cool high-pressure air in the
middle-to-front part of the shop, with an average PMV of 1.032. This zone is adjacent to the
hot space near the doorway, resulting in a non-uniform PMV distribution inside the shop
space, as shown in Figure 10b. The rapid variation between cool and hot easily makes the
occupants feel uncomfortable. Under this ventilation scheme, the airflow in the rear part of
the shop space is restricted, resulting in a high AoA (with an average value of 253.12 s) and
a low air freshness level in the rear space of the shop (see Figure 10c), creating a feeling
of sultriness.

Under the side-inlet–side-outlet scheme (see Figure 11a), the inlet airflow zone in the
upper side of the shop has a high level of air freshness. The inlet airflow descends owing
to the low temperature. High air freshness level and low AoA occur in the place that is
near the opposite wall from the inlet. The cool air descends along the wall and absorbs
heat to move up to the ceiling level, creating an airflow circulation in the vertical direction
of the shop space. The thermal sensation on the air inlet side is relatively cool, resulting in
a certain level of temperature variance across the different parts of the human body and
attenuated comfortable feeling. Figure 11b indicates that the thermal sensation inside the
shop is slightly hot, as the average PMV is 1.07 and PMV is an uneven distribution. The
resulting air circulation makes the air linger for quite a long time inside the shop, with
a mean AoA of 218.46 s. In particular, the rear space of the shop has a high AoA and
low air freshness level, and the AoA varies considerably from point to point as shown in
Figure 11c, making the shop space unsuitable for a long occupancy. Therefore, the IAQ of
the shop is relatively poor in the shopping area.

As illustrated in Figure 12a,b, the upper-inlet–upper-outlet scheme produces a rela-
tively uniform PMV field in the shop, which exhibits a slightly warm feeling in the front
part and a slightly cool feeling in the rear part, and a warm–cool transition is reasonable,
thus avoiding the discomfort caused by abrupt changes and minimizing the impact on
the thermal sensation of the customer. Satisfying thermal comfort is provided for peo-
ple standing beside the showcases to select and purchase goods, owing to this shopping
area with a low value of PMV. Most of the space of the shop also has lower PMV values,
with an average PMV of 0.995. As the indoor thermal comfort requirement in China is
−1 ≤ PMV ≤ 1, the expected PPD of the indoor environment should not be greater than
25% [42], so that the indoor thermal comfort under the upper-inlet–upper-outlet scheme
meets the requirement of GB/T33658-2017. In addition, the indoor AoA has a uniform
distribution and is young, with a mean AoA of 205.76 s in the breathing zone, indicating
that there is a relatively high level of air freshness and it does not make the occupants feel
stuffy in the store. Figure 12c displays a uniform and low AoA distribution, which satisfies
requirements for comfort and air hygiene developed in the shop.

Among the three ventilation schemes, the upper-inlet–upper-outlet scheme with the
lowest PMV and highest air freshness level exhibits the most favorable indoor thermal
environment. Figure 13 shows a comparison of the mean values of PMVs and mean AoAs
under three schemes, and indicates that the upper-inlet–upper-outlet mode of air circulation
is more conducive to creating the favorable PMV and AoA distribution. In addition, this
kind of mechanical ventilation requires less AC energy consumption to provide the same
level of thermal sensation. Hence, this ventilation scheme better facilitates energy saving.
Therefore, the comparative analysis above shows that the upper-inlet–upper-outlet scheme
can create a comfortable, healthy, and energy-saving thermal environment in the qilou
street shop.

By analyzing the impact of the ventilation scheme on indoor thermal comfort and AoA,
this study indicates that the ventilation performance of upper-inlet–upper-outlet mode
is an optimal scheme. During simulation, some details of the shop have been simplified.
In the shop, the effects of enclosing structures and different heights of inlets and outlets
are not taken into account. It is recognized that the building model adopted in the present
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study was relatively simple in comparison to the real qilou street shops. However, the
obtained results in the study do provide useful insight into the magnitude of effect that
mechanic ventilation schemes are likely to have on qilou street shops. Since only indoor
thermal environment under summer conditions is investigated in this paper, the future
work will focus on investigating the indoor thermal environment of qilou street shops in
different seasons, and describing the vertical distribution of PMV and AoA in these shops.

Figure 13. Comparison of the PMVs and mean AoAs under different ventilation schemes.

6. Conclusions

The urban island effect has raised attention to thermal comfort in urban blocks; this
study investigated the indoor thermal environment of a traditional block, i.e., a qilou
shopping street, in Nanning through field measurements and simulation computations
based on the local climate conditions. Research about indoor thermal comfort and air
quality has been conducted, and indoor thermal comfort and air freshness are quantified by
PMV and AoA, respectively. Then, the distributions of PMV and AoA inside the shop space
are described by using data provided by measurement and numerical simulation. The
influences of the three different ventilation schemes on the indoor thermal environment
are comparatively analyzed, with the aim of finding the optimal air circulation solution for
the shop. The following conclusions are obtained:

(1) An investigation shows that the human thermal comfort sensation in shops is affected
by indoor environmental factors, such as air temperature, velocity, and humidity.
This finding is consistent with the PMV-PPD thermal comfort theory. In addition, the
quality of the indoor thermal environment is closely related to shopping behavior,
and a comfortable and healthy environment has a positive effect on commercial con-
sumption.

(2) The qilou street shop is enclosed on three sides, and the entrance opens towards the
colonnade. The rear space of the shop has weak air movement owing to the win-
dowless rear wall, and cool air concentrates there, resulting in low temperature. The
front space of the shop has inadequate ventilation and relatively high air temperature,
resulting in a low thermal comfort level and directly affecting the consumption be-
havior. Hence, under natural ventilation, the airflow field in the colonnade walkway
space is conducive to improving the indoor thermal environment inside the shop.

(3) A comparative analysis of three ventilation schemes (upper-inlet–bottom-outlet,
upper-inlet–upper-outlet, and side-inlet–side outlet) for the qilou street shop showed
that the upper-inlet–upper-outlet scheme is more beneficial to creating a comfortable
thermal environment and to improving the air freshness level in the shop along qilou
streets. Additionally, the agreement between this result and the finding derived from
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other literatures [43,44] suggests the accuracy of the analysis adopted in this study
and its further application.

For the purpose of creating a thermally comfortable, high IAQ environment in a
shop in a qilou street, this study highlights the essentiality of optimization strategies in
ventilation schemes to provide the design guidelines for commercial buildings in humid
and hot regions.
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