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Buildings and the construction sector account substantially for global energy consumption. In hot-humid areas of China,
suboptimal thermal comfort in classrooms has heightened their cooling load and energy consumption. It is necessary to
renovate the buildings of outdated code according to the current weather conditions to save energy. This study thus aimed to
examine the thermal effects of such designs on the cooling load, based on an actual classroom building during summers in
hot-humid southern China. Using air temperature and PMV values to evaluate thermal comfort, this study conducted
simulation through EnergyPlus and DesignBuilder. The resultant updated typical meteorological year (TMY) and the monthly
and hourly analyses of indoor thermal comfort revealed persistent classroom overheating. To mitigate the cooling load,
numerous design variables were investigated: space form, roofing, external walls, windows, and shading devices. Evaluative
comparisons found that appropriate choice of external windows and shading devices represented the two most effective
strategies in mitigating the cooling load. Furthermore, jointly applying effective retrofit strategies to the building yielded a
favorable reduction in the annual cooling energy consumption by 16.6%. The findings herein are envisioned to provide
evidence-based referential guidance for building designs for classrooms in a hot-humid climate.

1. Introduction

Across the globe, buildings and the construction sector col-
lectively constitute a substantial share of the total energy
consumption. In 2010, more than one third of the total
global final energy was accounted for by buildings, highlight-
ing their role as the dominant end-use sector worldwide [1].
More specifically, building energy consumption represented
20–40% [2] of the total energy use for developed countries
and 20.7% [3] in 2004 for China. The energy demand by
buildings has been projected to continue its upward trajec-
tory in future [4–8]. Additionally, it is noteworthy that
energy-related CO2 emissions from buildings have escalated
in recent years. In 2019, unprecedentedly high levels were
reported for direct and indirect emissions from electricity
and commercial heat used in buildings [9]. Accordingly,
improving the energy efficiency of buildings has been

regarded as a strategy to reduce both energy consumption
and CO2 emissions.

Educational buildings such as classrooms, an integral
part of campus life [10], have been shown to affect students’
health and performances through thermal comfort [11–13].
This is exemplified by Guangzhou, a city in southern China,
characterized by long, hot-humid summers and short-warm
winters. In such a climate, the indoor environment of natu-
rally ventilated buildings is usually unsatisfactory because of
high temperature, high humidity, and strong radiation.

Under the restriction of economic and technical condi-
tions, the air conditioning system was not popularized in
the local area before the twenty-first century. Under natural
ventilation, good building heat dissipation capacity is very
important for prolonging indoor comfort time. With the ris-
ing temperature and economic development, most local
buildings are now equipped with air conditioning systems
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to cope with the hot climate. However, as far as the current
climate is concerned, most of the old buildings are not prop-
erly insulated, resulting in an unnecessary large amount of
cooling load. In order to reduce energy and carbon emis-
sions, it is necessary to transform old buildings to improve
energy efficiency. We take a typical teaching building con-
structed in the early stage as a case study. To ensure indoor
comfort during summers, heating, ventilation, and air con-
ditioning (HVAC) systems are needed. Because of the hot
and humid climate, generally, buildings in hot and humid
areas in China do not have heating equipment. Building
energy in this area is dominated by cooling load [14–18].
The widespread use of such HVAC systems, coupled with
the rapid growth in the numbers of campuses and students
in China (Figures 1 and 2) [19], suggests that the energy
consumption will continue to escalate [20]. Hence, exploring
methods to reduce the cooling load and, in turn, energy con-
sumption of classrooms in hot-humid areas has become a
challenge faced by not only governments and educational
institutions, but also architects [21].

Architecture critically governs energy performances of
buildings and thermal comfort of their inhabitants [22–24].
Optimizing the thermal performance of the envelope [25,
26] and increasing the sunshade construction can save the
cooling load [27, 28]. In the context of campus life, the pru-
dent use of passive design and HVAC systems enables
energy savings in certain climates [29] and offers a thermally
comfortable and conducive environment for students’ activ-
ities. To this end, energy simulation tools such as EnergyPlus
[5] have commonly been used: Through meteorological data
and modeling of buildings, such tools can yield intuitive cal-
culations on building performances. Such simulation results
may then be compared to examine the influences of design
variables on the performances.

Against this background, the objective of this study was
to investigate the thermal environment and the cooling load
of classroom buildings during summers in hot-humid areas
of southern China. The aims were as follows: (1) to examine
the thermal comfort of naturally ventilated classrooms
under typical summer weather conditions; (2) to analyze
the cooling load of the classrooms throughout the year; (3)
to estimate the saving potential for the cooling load of class-
rooms by testing the impacts of different design variables;
and (4) to provide evidence-based referential guidance for
building designs for classrooms in a hot-humid climate.

2. Materials and Methods

2.1. Study Area. The study area is a seven-story classroom
building in the South China University of Technology,
Guangzhou (Figure 3). This building is made of bricks and
concrete blocks. One side of the corridor is a classroom,
and the other side is open to the outdoor environment. This
semi-open corridor space is common in buildings built at
the end of last century, because it can provide shade and
air convection without affecting the building space
(Figure 4). The classrooms were on the north and south
sides and occupied the second story and above, at a height
of 3.6 meters. In the east-west direction, the distance

between pillars was 4 meters. The windows, each 2.0 meters
high, were positioned between the pillars on the facade of
the building, while the roofs were furnished with green roofs
for thermal insulation. Simulation-based investigations were
undertaken for the thermal environment of the classrooms
under natural ventilation and for the cooling load of those
under air conditioning.

2.2. Thermal Comfort Evaluation Criteria. Two types of eval-
uative indicators for indoor thermal comfort have globally
been used: simple physical indices and complex computa-
tional indices. The physical indices are intuitive and easy
for users, as exemplified by the air temperature. Evidence
has suggested that the 80% acceptable upper limit of indoor
temperatures is 29.5°C [30, 31] for naturally ventilated build-
ings in hot-humid areas of China. Accordingly, the temper-
ature of 29.5°C was designated in this study as one of the
upper limits of thermal comfort; any classroom tempera-
tures above it would be considered overheating.

The other indicator is the relatively complex indices gen-
erated by calculations of environmental and human
response variables. Examples include the predicted mean
vote (PMV) index and physiological equivalent temperature
(PET) index. For the PMVmodel [32] established by Fanger,
its fundamental basis encompasses human thermal balance
and subjective thermal sensation in psychophysiology. As a
composite index of thermal comfort, the PMV index con-
siders factors such as the relative humidity, mean radiant
temperature (MRT), wind speed, metabolic rate, and cloth-
ing insulation. To denote human sensation, a range from
-3 (extreme cold) to 3 (extreme hot) is used. Across this
range, values between -0.5 and 0.5 correspond to 90%
acceptability of thermal comfort, while those between -0.85
and 0.85 [33, 34] correspond to 80%. Accordingly, a PMV
value of 0.85 was designated in this study as another upper
limit of thermal comfort. One further practical consideration
concerns the criticism for the PMV model on its inaccura-
cies when applied to naturally ventilated buildings in warm
areas [33, 35, 36]. To address this for enhanced applicability
of the model, an expectancy factor has thus been recom-
mended in the literature for calculations [37]: This enables
its adaptive modification to more accurately characterize
local areas based on field research. Thus, in this study, an
expectancy factor of 0.822 (based on local research) was
included in calculating thermal comfort [38].

2.3. Simulations

2.3.1. Dynamic Building Simulation Engine. To investigate
the thermal environment and long-term cooling load of class-
rooms in hot-humid areas, a numerical simulation tool known
as EnergyPlus was used in this study. Developed by the US
Department of Energy’s Building Technologies Office, Ener-
gyPlus [39] is a whole-building energy simulation program,
whose accuracy has been validated by many studies [40–46].
Over the years, it has been widely used in building simulations
worldwide, including hot-humid areas [47–50]. For conve-
nient and practical use of EnergyPlus, user interfaces are usu-
ally coupled to it: This study accordingly used DesignBuilder
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[51] (software version V6), an established and advanced user
interface, for the simulation.

2.3.2. Weather Data. To reliably simulate energy consump-
tion, hourly meteorological data are necessary [52]. A useful
conceptualization in this context is the typical meteorologi-
cal year (TMY): It represents the one-year collation of
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Figure 1: Increase of Chinese colleges and universities.
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Figure 2: Increase of colleges and universities students.

Figure 3: The seven-story classroom building under investigation.
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Figure 4: The building plan of the classrooms.
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hourly meteorological and solar data for a location based on
longer periods of time, accurately reflecting its local climate.
In the hot-humid region, building energy consumption is
dominated by cooling demand. Under the context of global
warming and climate change, it would be more accurate
for building energy evaluations to take the impacts of the
two internal factors into consideration. This study, a TMY
file spanning the period from 2007 to 2016 of Guangzhou,
was established, incorporating ten-year hourly meteorologi-
cal and solar data from the NOAA and PVGIS databases
[53], respectively.

To generate the TMY, the Sandia method (developed by
Sandia National Laboratories [54]) was adopted. It used the
Finkelstein-Schafer (FS) statistical method to consider
weather variables in the calculations. The FS value character-
ized the difference between a specific weather variable in a
certain month and in a long-term period. By assigning
proper weights to the weather variables, the weighted-sum
value of every single candidate month could be calculated:
A lower WS value indicated a smaller deviation between
the monthly weather and the long-term climate. The FS
and WS were calculated based on the following equations:

FSW = 1/n〠
n

i=1
δi,W ,

WS =〠wi × FSW ,
ð1Þ

where δi,w is the absolute difference between the long-term
cumulative distribution function (CDF) of the weather vari-
able w and that of the candidate month, n is the number of
days of the candidate month, and wi is the weight of w.
(As recommended by the National Renewable Energy Labo-
ratory, the maximum and minimum dry bulb temperature,
maximum and minimum humidity, and maximum and
mean wind velocity account for 1/20 of the weight; the mean
dry bulb temperature and mean humidity account for 2/20;
and the global and direct radiations account for 5/20 [55].)

A simple persistence process was used to choose the best
month to form the TMY among the five candidate months
with lower WS statistics. The process, referred to as the Pis-
simanis method [56], calculated the root mean square differ-
ence (RMSD) of the global radiation of the candidate month.
Accordingly, the month with the minimum RMSD was
selected as the typical meteorological month (TMM). The
algorithm was as follows:

RMSD = 〠
n

i=1
Hy,m − �Hm

� �
/n

" #1/2

, ð2Þ

where n is the number of days of the candidate month; Hy,m,i
is the daily global radiation of a certain day; y,m, and i are
the specific year, month, and day; and �Hm is the long-term
mean value for daily global radiation.

Since TMMs were selected from different years, curve fit-
ting techniques were applied to the six hours at the begin-
ning and end of each month, to ensure smooth data

transition between the months. The average temperature
and daily radiation of Guangzhou were thus obtained, which
illustrate the general characteristics of hot summer and
warm winter regions (Figures 5 and 6).

2.3.3. Model Settings. The model setting of the building is
based on previous research and common engineering prac-
tices, to achieve the goal of being as close to reality as possi-
ble. Constructions layers (from external interface to internal)
and the U value of the building parts are outlined in Table 1.
Those construction layers with a thickness less than 3mm
were excluded from calculations. The green roof settings
are outlined in Table 2. The building model is shown in
Figure 7.

In this study, summer vacation began on 16 July and
ended on 31 August. The classroom were in use daily from
8 : 00 to 21 : 00 (they were used for teaching during the day
and served as study areas at night). Occupancy in classrooms
was set to 0.6 people/m2 for most of the time, but was
reduced to 0.5 people/m2 for two periods (12 : 00 to 14 : 00
and 17 : 00 to 18 : 00) to account for the breaktime. Other rel-
evant parameters were as follows: metabolic rate for a seated
human body in summer (1.1 met); clothing insulation for a
seated human body in summer (0.5 clo); air change rate (5
times per hour); air infiltration constant rate (0.7 ac/h); light
density power (9W/m2); and other equipment power den-
sity (5W/m2). According to local customs, air conditioning
systems of the classrooms were switched on from May to
October, during which the average daily outdoor tempera-
ture was above 25°C. The cooling set point was 26°C in the
simulation models.

To analyze the impacts of architectural designs on the
cooling load of classroom buildings in hot-humid areas, var-
ious aspects of renovation were investigated: the space form,
roof construction, wall construction, window materials, and
additional shading devices. Different models were made, for
each of which one design variable was altered in comparison
to the benchmark model. Following this, differences in the
resultant cooling load were quantified to determine the
extents of their impacts in the hot-humid climate. Further-
more, synergistic strategies were generated to further explore
the cooling load saving potential of the buildings.

3. Results and Discussion

3.1. Thermal Comfort in Naturally Ventilated Classrooms

3.1.1. Relationship between Indoor Temperatures and
Outdoor Temperatures. The relationships between daily
indoor temperatures in naturally ventilated classrooms and
outdoor temperatures were examined for summer days on
which the classrooms were occupied (Figures 8–10). The scat-
ter plots outline the indoor and outdoor temperatures during
classes in a single day, with each data point representing each
of the 98 days of summer class. One of our findings was that
the indoor temperatures rose linearly with the outdoor ones.
Another finding was that, throughout the summer, the average
temperatures in the classroom were mostly above 29.5°C, clus-
tering in the range from 30°C to 35°C. The highest
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temperature was close to 37.5°C, whereas the lowest was above
22.5°C. Furthermore, the indoor temperatures were generally
higher than outdoor ones. Lastly, elevated indoor tempera-
tures were observed for higher floors. Within the building,
the seventh floor registered the highest temperatures, reflect-
ing the least thermally comfortable environment under natu-
ral ventilation. Conversely, the second registered the lowest,
reflecting its greatest thermal comfort.

3.1.2. Monthly Analysis of Indoor Thermal Comfort.Monthly
analysis of indoor thermal comfort was undertaken based on
the monthly average indoor temperatures and PMV values
(Figures 11 and 12). The average indoor temperatures were
above the threshold for thermal comfort across the five
months of summer: Those of May and October were lower
than June, July, and August. For the maximum indoor tem-
peratures, the readings of all five months were above the
threshold (with the highest exceeding 37°C being observed
in June); for the minimum ones, they were all below the

threshold. Likewise, the average PMV values were above
the threshold for thermal comfort across all five months,
with those of June, July, and September exceeding 2.0. For
the maximum PMV values, the readings of all five months
were above the threshold (with those from May to October
being close to 3.0); for the minimum ones, the readings of
only June and July were above it.

Further analysis focused on the percentage of time of
thermal discomfort. The PMV-based evaluation criteria
were more stringent than the temperature-based ones: The
percentages calculated by the PMV method for all the
months were higher than those calculated by temperatures
(Figures 13 and 14). Comparison between the months found
that, for May, the lowest percentage of uncomfortable time
was observed. For June and July, the highest percentages
were observed, for which the PMV values reached almost
100%. For September and October, though the percentages
were lower, the values were nonetheless high, indicating
almost constant overheating in the classrooms. Further
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comparison between the floors found that the proportion of
uncomfortable time rose progressively with the height of the
floor. Lastly, among all the floors, the classrooms on the sec-
ond floor evidently registered the greatest thermal comfort.

3.1.3. Hourly Analysis of Indoor Thermal Comfort. Hourly
analysis of indoor thermal comfort determined that the
box plots for indoor temperatures and PMV values exhibited
similar trends during a summer day (Figures 15 and 16).
Based on both temperatures and PMV values, the most com-
fortable time of the day in the classroom was 9 : 00; this was
followed by a rise to the peak at 17 : 00 and then a gradual
decline until 21 : 00. With temperatures as the evaluative cri-
terion, only the median line of the 9 : 00 hourly interval and
the lower quartiles of both 10 : 00 and 11 : 00 hourly intervals

Table 2: Green roof setting.

Height of plants(m) 0.30

Leaf area index 2.00

Leaf reflectivity 0.22

Leaf emissivity 0.95

Minimum stomatal resistance(s/m) 180.00

Max volumetric moisture content at saturation 0.50

Min residual volumetric moisture content 0.01

Initial volumetric moisture content 0.15

Figure 7: Building model.
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Table 1: Building parts.

Building parts Construction layer Thickness (m) U value

External wall

Gravel 0.015

2.020
Mortar 0.015

Brick 0.18

Gypsum plastering 0.01

Internal wall

Gypsum plastering 0.01

1.821Brick 0.18

Gypsum plastering 0.01

Roof

Soil 0.30

1.472

Mortar 0.02

Concrete 0.05

Mortar 0.02

Mortar 0.02

Mortar 0.03

Concrete reinforced 0.10

Gypsum plastering 0.01

Internal floor

Terrazzo 0.01

2.495Concrete reinforced 0.10

Gypsum plasterboard 0.02

Glazing Glass 0.03 5.894
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were lower than the threshold of 29.5°C. The reverse was
true for all other data points. With PMV values as the crite-
rion, only the lower quartiles of nine of the hourly intervals
barely met the requirement of thermal comfort.

3.2. Cooling Load of Air-Conditioned Classrooms. The
annual cooling load for the 48 classrooms was 888.3 MWh.
Given the operation time (93 days × 13 hours per day),
and the cooling energy consumption per square meter per
hour was 128.3W. The cooling load of the classrooms
increased from the lowermost floor to the uppermost: The
topmost classrooms incurred a cooling load of 155.3MWh,
while bottommost classrooms incurred 136.7 MWh, which
was only 88% of the topmost ones.
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3.2.1. Space Form. The designs of facades and the presence of
windows are known to affect the cooling load of buildings. For
each floor of the building, classroomA (Figure 4) on the north-
west corner had concave-convex facades and windows on the
west facade. To understand the thermal significance of the
facades and windows, comparisons were drawn based on sev-
eral retrofit plans. In case 1, the windows on the west facade
were eliminated for reduced direst entry of solar radiation in
the afternoon. In case 2, the concave-convex facades were
replaced with regular flat ones. Case 3 represented a combina-
tion of cases 1 and 2 (Figure 17). It is noteworthy that, because
the irregular layout had not been easy to use in the first place,
the reduced indoor area arising from changes in cases 1 to 3
exerted negligible effect on the use of the classrooms.

The resultant changes of the total cooling load of the five
classrooms and of the entire building were computed. The
findings showed that the retrofit measures effectively
reduced the annual cooling energy consumption of these
classrooms. Compared with the original case, the cooling
load of the classrooms in the three cases has, respectively,

declined by 6.6%, 8.8%, and 15.4%. Moreover, the cooling
loads of the entire building in the three cases were 99.0%,
98.8%, and 97.8% of the original.

3.2.2. Roof Construction. Given the role of solar radiation as
the predominant heat source for the topmost floors [57],
roof construction crucially governed the thermal comfort
and HVAC energy consumption of indoor spaces at those
floors [58, 59]. In this context, green roofs have been
reported in the literature to contribute to diminished cooling
load in hot-humid areas [60–62]. Passive designs as green
roofs and thermal conductivity are common in the locality.
To understand the thermal significance of roofing, compar-
isons were drawn with respect to the original case involving
green roofs without thermal insulation. By changing the
thickness of such insulation, the thermal transmittance
(denoted by the U value) of the roofs was analyzed (Table 3).

The results showed that both the installation of green
roofs and thermal insulation lessened the cooling load. Case
4 illustrated that, in the absence of green roofs and thermal
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insulation, the cooling load of the topmost classrooms
increased by 2.5%. Nonetheless, the most energy-efficient
roof construction was not the one with both green roofs
and thermal insulation. Of all the cases, case 7 with the ther-
mal insulation of 0.1m registered the greatest reduction (2%)
in the cooling load of the topmost classrooms. Furthermore,
the results demonstrated that the cooling energy consumption
declined with the U value of the roof structure (all other
parameters being held constant). While the thermal impact
of roof construction was evident, it was restricted to the cool-
ing load of only the topmost classrooms; its impact on the
cooling energy consumption of the entire building was rela-
tively insignificant. In case 6, the total cooling energy con-
sumption of the building diminished by about 0.4%.

3.2.3. External Wall Construction. External walls are known
to crucially affect building energy consumption in hot-
humid areas through their impact on the cooling load [63,

64], as dictated by the materials of their envelopes and ther-
mal insulation. In the original case, the external wall com-
prised ordinary bricks without thermal insulation. To
improve its thermal performance, investigative modifica-
tions thus involved replacing ordinary bricks with aerated
bricks and altering the thickness of the insulation layers.
The results showed that improved thermal performances of
the external wall contributed to cooling energy saving
(Table 4). The cooling load declined with its decreasing U
values: Among all the cases, the U value in case 15 was the
smallest, with a resultant lowering of the cooling energy to
the greatest extent (1.8%).

3.2.4. External Windows. Heat exchange through windows,
determined by the thermal performance of glazing, criti-
cally influences the indoor heat balance and thus cooling
load of buildings in hot-humid areas [10, 65]. Low-

Original case Case 1

Case 2 Case 3

Figure 17: Space form of classroom A.

Table 3: Roof construction of cases 4 to 14.

Case
Thickness of thermal

insulation (m)
Green roof U value

Original case 0 Yes 0.725

Case 4 0.05 No 0.547

Case 5 0.075 No 0.39

Case 6 0.1 No 0.303

Case 7 0.05 Yes 0.353

Case 8 0.075 Yes 0.28

Table 4: External wall construction of cases 15 to 25.

Case Envelope material
Thickness of thermal

insulation (m)
U value

Original case Ordinary brick 0 2.02

Case 10 Aerated brick 0 0.605

Case 11 Aerated brick 0.02 0.464

Case 12 Aerated brick 0.04 0.377

Case 13 Aerated brick 0.06 0.317

Case 14 Aerated brick 0.08 0.274

Case 15 Aerated brick 0.1 0.241
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emissivity and multiple-glazed windows are often used for
conserving energy, given their optimal thermal and optical
properties. For a given window, a smaller total solar trans-
mittance and U value translate into less heat transfer and
thus better thermal performance. In this study, modifica-
tions of the windows were undertaken for simulations
(Table 5). The results showed that all the changes in the
window materials reduced the cooling load. The U value
exerted a nonlinear coupling impact on the cooling load:
As the U value decreased, the load would not invariably
exhibit the same trend. The total solar transmission of
the glass exerted a more consistent impact on the cooling
energy: As the transmission increased, greater consump-
tion of energy would be incurred. Accordingly, in case
28, the low total solar transmission value and moderate
U value of the window translated into its lowest cooling
load (8.7% less than the original). Case 26 represented
the worst among the cases, in which only 3.9% cooling
energy was saved.

3.2.5. External Shading Devices. External shading devices are
also deployed to limit space heat gain, with demonstrable
effectiveness in lowering the cooling load in hot-humid
areas [10, 46, 66]. In this study, the impacts of horizontal
shading devices and egg-crate shading devices were tested
on the north- and south-facing classroom windows

(Figure 18). Three sizes were used (0.3m, 0.6m, and
0.9m). In cases 38, 39, and 40, horizontal shading devices
were installed; in cases 41, 42, and 43, egg-crate ones were
installed, ranging in size from small to large. To ensure
similar sizes and orientations of the windows, case 3 was
used as the benchmark. The results showed that, across
all six cases, an evident positive effect was noted on cool-
ing energy consumption. In terms of the type of shading
devices, egg-crate ones outperformed their horizontal
counterparts in lowering the cooling load. In terms of
their size, the larger ones yielded greater savings in cooling
energy. case 43 was found to reduce the cooling load to
the greatest extent (9.7%), followed by case 42 (8.2%),
and then by case 40 (6.1%).

3.3. Comprehensive Retrofit Solution. To optimize the saving
potential of the cooling load for the target building, the best-
performing cases in each group (cases 3, 7, 25, 28, and 42)
were integrated into a single comprehensive retrofit solution.
As anticipated, the joint application of the strategies to the
building yielded a favorable reduction in the cooling load
by 16.6%. With such an encouraging observation, it was
envisioned that the practical implementation of such an
integrated retrofit solution would afford substantial savings
for the annual cooling load. The cooling load and saving
ratio is shown in Figure 19.

Table 5: Window materials of cases 26 to 37.

Case Window type Total solar transmission Light transmission U value

Original case Single-glaze (clear) 0.86 0.9 5.9

Case 16 Single-glaze (low-E) 0.63 0.8 3.40

Case 17 Single-glaze (low-E) 0.42 0.68 3.16

Case 18 Single-glaze (low-E) 0.37 0.75 3.05

Case 19 Double-glaze (low-E) 0.65 0.72 2.00

Case 20 Double-glaze (low-E) 0.38 0.62 1.90

Case 21 Double-glaze (low-E) 0.33 0.68 1.84

Case 22 Triple-glaze (low-E) 0.45 0.59 1.49

Case 23 Triple-glaze (low-E) 0.35 0.56 1.44

Case 24 Triple-glaze (low-E) 0.31 0.62 1.40

Case 25 Triple-glaze (low-E) 0.42 0.48 0.97

Case 26 Triple-glaze (low-E) 0.32 0.42 0.89

Case 27 Triple-glaze (low-E) 0.3 0.61 0.88

Horizontal shading Egg-crate shading

Figure 18: Horizontal and egg-crate shading devices.
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4. Conclusions

Thermal investigations in this study were undertaken for an
actual classroom building during summers in hot-humid
areas of southern China, with air temperature and PMV
values as evaluative indicators for thermal comfort. As
shown by the simulations, overheating persisted in the natu-
rally ventilated classrooms throughout most of the summer,
potentially impairing the students’ health and learning effi-
ciency. The resultant widespread use of air conditioning
for indoor cooling, alongside the substantial number of cam-
puses and students in China, highlighted the need for reduc-
ing the cooling load.

The architectural designs of the classrooms were inter-
twined with their cooling load. Our findings have demon-
strated that jointly applying effective retrofit strategies to
the building yielded a favorable reduction in the annual
cooling energy consumption by 16.6%. It follows that, when
designing classroom buildings, the impacts of different strat-
egies on energy consumption should be compared, from
among which the optimal one is then to be selected. Further-
more, our findings have demonstrated that the use of exter-
nal windows with glazing materials of good thermal
performance and additional external shading devices were
the two most effective strategies in mitigating the cooling
load. Accordingly, to reduce the cooling load of classrooms

in hot-humid areas, limiting heat gain from external win-
dows should be prioritized.

Our research represents the beginning of a series of ther-
mal investigations aiming to provide evidence-based refer-
ential guidance for building designs for classrooms in a
hot-humid climate. Based on analysis of the actual class-
room building, this work has updated the typical meteoro-
logical year of Guangzhou, offering evidence of the
practical importance of prudent architectural designs and
optimization in building retrofit. Building upon the insights
herein, future works may examine the design strategies of
the classrooms in hot-humid areas from the perspective of
space units and building units. Additionally, climate change
should be considered to improve both applicability and
timeliness of the research.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Figure 19: Cooling load and saving ratio.
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