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Abstract: In recent years, the surge in air-conditioning ownership and usage has led to
significant heat rejection, impacting the surrounding atmosphere. Despite this, studies
examining the spatiotemporal effects of air-conditioning heat rejection at a block scale
remain limited. Additionally, comparative studies on the role of building areas with air-
conditioning systems versus natural underlying surfaces in the urban thermal environment
are relatively scarce. This study employs field measurements and ArcGIS technology to
investigate the local thermal and humidity environments, as well as the spatiotemporal
distribution of heat rejection from air-conditioning systems in Wuyi Square, Changsha.
Results show that cooling tower exhausts in commercial buildings maintain relative hu-
midity levels of 95.2% to 99.8% during the day, enhancing surrounding humidity. At night,
the humidity aligns with atmospheric levels (from 50.3% to 62.5%). The cooling tower
exhaust temperature is approximately 2.2 ◦C lower during the day and 2.4 ◦C higher at
night compared to the surrounding temperatures. In contrast, exhausts from split-type
air-conditioning units in residential buildings have an average relative humidity about
14.2% lower than the atmosphere humidity, with temperature averages being 5.2 ◦C higher
during the day and 6.5 ◦C higher at night, raising surrounding temperatures. The study
also finds that natural surface areas are up to 3.1 ◦C cooler and 9.6% more humid com-
pared to built environment surfaces. Furthermore, residential areas have air temperatures
about 0.3 ◦C higher than commercial zones, with a humidity distribution approximately
0.5% lower. These findings offer a theoretical foundation for enhancing urban thermal
environments and informing urban planning and design.

Keywords: air-conditioning heat rejection; thermal environment; mobile measurement;
underlying surface

1. Introduction
In recent years, urbanization has accelerated, becoming an inevitable trend in the

context of global economic integration. Accompanying this expansion in urban areas, the
surge in population has also had a significant impact on global climate change. Urban
thermal climate issues like urban heat islands (UHI), urban wet islands, and global warming
have become more prominent. The urban thermal climate impacts human health, comfort,
and energy consumption [1]. City blocks are fundamental units in urban planning and
design. The thermal environment of these blocks directly influences pedestrian comfort
and health. Thus, in-depth research on the thermal environment of city blocks is essential
for creating green, sustainable cities. Urban thermal climate is a complex phenomenon
influenced by factors such as underlying surface types, heat-absorbing materials, and
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anthropogenic heat emissions [2,3]. Areas with abundant vegetation and water can cool
their surroundings locally [2]. Indeed, the release of anthropogenic heat from buildings,
particularly through heat rejection from air conditioning and other heating systems, is
considered a major contributor to the urban heat climate. It is estimated that this building-
related heat release accounts for approximately 50% to 65% of the total anthropogenic
heat in cities [4,5]. Notably, air-conditioning systems constitute a significant portion of
China’s building energy consumption, accounting for approximately 60% of total energy
use in buildings [6]. Furthermore, the proportion of anthropogenic heat from building air-
conditioning systems is steadily increasing. In China, the adoption rate of air conditioning
is expected to increase from 82.5% to 95% between 2017 and 2090 [7]. Heat rejection
from air-conditioning systems is directly emitted into neighborhoods, exacerbating the
UHI effect. The UHI effect significantly increases energy demand for air conditioning in
urban buildings [8], creating a vicious cycle. Therefore, there exists a strong correlation
between the heat rejection from building air-conditioning systems and the urban thermal
climate. These systems, while maintaining indoor thermal conditions, primarily influence
the neighborhood’s thermal environment and pedestrian comfort through temperature and
humidity changes. To mitigate the urban heat climate and support sustainable economic
growth, it is crucial to investigate how exhaust air temperature and humidity from air-
conditioning systems affect the surrounding thermal conditions. This research is highly
relevant to urban planning and environmental management.

Currently, research on the impact of heat rejection from building air-conditioning
systems on the urban thermal climate is largely focused on the large-scale urban level. Hsieh
et al. [9] used Energy Plus and CFD simulations to investigate the temporal variation and
spatial distribution of temperature in the urban canopy. Their study specifically examined
the influence of heat rejection from air-conditioning systems. The results indicated that
temperatures increase with height, and the temperatures near buildings are consistently
higher than those at atmospheric levels. Sun et al. [10] found that the cooling energy
consumption of buildings influenced by the heat island effect correlates with city size.
Liu et al. [11] examined indoor electricity consumption for heating and its effects on
the outdoor thermal environment. Their results indicated that daytime air-conditioning
operation had no significant impact on near-surface air temperature; however, nighttime
temperatures increased by approximately 0.6 ◦C. Despite significant progress in studying
heat rejection from building air-conditioning systems, detailed research on the effects of
various forms of heat rejection on urban thermal climates remains limited, both domestically
and internationally.

Methods for studying urban thermal climates include ground-based observations,
remote sensing, and numerical modeling [12,13]. Wetherley et al. [14] analyzed urban
energy flux variability across land cover and climate gradients in Los Angeles County, USA.
They utilized high-resolution remote sensing along with spatial distribution simulations
from an urban energy balance model. Meng et al. [15] used remote sensing to study UHI
effects on cooling and heating energy demands of residential buildings in three cities of
varying sizes in the Beijing–Tianjin–Hebei region. Findings indicate that as UHI intensity
increases, the thermal load disparity between urban and rural areas decreases. Notably,
the difference in cooling energy demands indicates that the hourly absolute load variation
during the heating season is significantly greater than during the cooling season. This
variation features higher nighttime loads and lower daytime loads in the heating season.
Tariku et al. [16] used numerical simulations to predict urban canopy layer temperatures
and building energy demands in Vancouver’s central business district. Their findings
revealed that the UHI effect leads to a 23% increase in the total cooling energy requirements
and a 29% decrease in the total heating energy consumption of buildings. This results
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in a negative overall impact on the comprehensive energy needs of the building stock.
Zhong et al. [17] studied the impact of heat rejection from hybrid-mode outdoor units
on the surrounding environment and the building cooling load by, coupling Energy Plus
with Fluent. Their results indicate that the hybrid operation mode significantly reduces
the negative impact of heat rejection on space cooling energy consumption compared to
the all-air-conditioning operation. Increasing the outdoor unit’s air supply rate leads to
a slight increase in space cooling demand. However, these methods are typically applied
in large-scale studies, and satellite remote sensing is sensitive to atmospheric conditions.
The accuracy and reliability of numerical modeling techniques require further validation
through actual measurements. Therefore, comprehensive field measurements of the thermal
environment of city blocks are essential to fully understand the impact of air conditioning
system heat rejection on the block scale.

This paper focuses on the impact of building air-conditioning heat rejection on urban
heat climate, specifically in the Wuyi Square area of Tianxin District, Changsha City. Using
field measurement methods, the study thoroughly investigates the effects of heat rejection
from air conditioning systems on the atmosphere. The study also integrates GIS spatial
analysis to visualize the thermal and humidity parameters of the neighborhood’s surface
environment. It explores the temporal distribution differences in thermal and humidity
parameters across various building types and natural surfaces affected by air-conditioning
heat rejection. This research aims to provide guidance for optimizing parameters to enhance
the thermal environment of urban neighborhoods.

2. Methods
2.1. Details of the Studied Area

This study focused on Wuyi Square in the Tianxin District of Changsha, Hunan
Province as a case study for the summer heat and humidity parameters (see Figure 1).
Continuous measurements were taken to evaluate the heat rejection characteristics of air-
conditioning systems and to perform mobile assessments of the thermal and humidity
environment.
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2.2. Air-Conditioning Heat Exhaust Measurements
2.2.1. Measurements Area

This study selected the Changsha IFS Commercial Center, located at the core of Wuyi
Square, as an example of a commercial building for the heat rejection measurements (see
Case 1 in Figure 1). The area covers approximately 160,128 m2, with a building density of
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73%. This location experiences substantial atmospheric heat rejection from air-conditioning
systems throughout the day, significantly affecting the urban thermal and humidity climate.

Additionally, a residential community on Dengren Street was selected to assess the
heat rejection in residential buildings (see Case 2 in Figure 1). This area spans approximately
13,500 m2, with a floor area ratio of 3.6, a greening rate of 43%, and a building density of
27.4%.

To analyze the impact of air-conditioning heat rejection from various building types
and the underlying surface on the urban thermal and humidity environments of the urban
blocks, the study area was divided into 10 sub-regions based on the layout of the main
streets. As shown in Figure 2, Zones 1 to 10 represent these sub-regions. Specifically,
Zones 1, 3, 5, 6, 7, and 8 mainly consisted of residential buildings, while Zones 2 and 4 were
primarily commercial. Zone 10 featured water as the primary underlying surface, while
Zone 9 included vegetation along with some residential buildings.
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2.2.2. Measurement Parameters and Methods

To investigate the heat rejection patterns of air-conditioning systems and their impact
on the atmospheric thermal and humidity environment, the following key parameters were
measured, temperature and relative humidity. In commercial buildings, cooling towers
served as the primary heat rejection equipment, while residential buildings utilized split
air-conditioning outdoor units. Figure 3 shows the measurement points for air-conditioning
heat rejection. The study was conducted with a continuous measurement period spanning
from 9 August to 15 August, targeting the week with the highest energy consumption
and heat rejection. COS-04-X (Shandong Renke Measurement and Control Technology
Company Ltd., Jinan, China) outdoor temperature and humidity data loggers were installed
at the heat rejection devices for both systems, with an additional logger for atmospheric
temperature at a weather station located in an open, non-built-up area. To minimize solar
radiation interference, radiation shields were fitted on each instrument.
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outdoor unit measurement points.

2.3. Mobile Measurement

Mobile measurements were widely used in the study of the local urban climates [18].
To obtain comprehensive and accurate data on the thermal and humid parameters of urban
blocks, this research conducted mobile measurements in the case study area. This approach
aimed to visually demonstrate the impact of heat rejection from air-conditioning systems in
commercial and residential buildings on the surrounding thermal and humid environment,
while also providing raw data for ArcGIS 10.6 analysis.

2.3.1. Mobile Route

To obtain continuous spatiotemporal data on the thermal and humidity parameters in
urban neighborhoods and to visualize the impact of heat rejection from air-conditioning
systems, this study aimed to cover a variety of building types and underlying surfaces.
Fixed weather stations were established within the study area to calibrate temporal and
spatial data. Figure 4 illustrates the mobile routes and the locations of the fixed weather
stations, numbered 1 to 4. Weather Station 1 was situated within a commercial building
complex that primarily utilized cooling towers for heat rejection. Weather Station 2 was
located in a residential complex where split-type air conditioners served as the main heat
rejection source. Weather Station 3 was placed by the river, where water served as the
underlying surface, while Weather Station 4 was located in a park with vegetation as the
underlying surface. The mobile route covered a total length of 6.5 km.
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2.3.2. Mobile Testing Scheme

This study selected four typical daytime moments (10:00, 14:00, 17:00, and 20:00)
for mobile observations. These specific times were chosen to comprehensively assess
the impact of heat rejection from air-conditioning systems on the urban blocks’ thermal
environment. These times correspond to varying solar radiation intensities and human
activity levels, providing a more accurate reflection of thermal environment changes
throughout the day. The observer carried a portable temperature and humidity data
logger along with a handheld GPS, identical to the one used for measuring air-conditioning
heat rejection. At each selected time, the observer began at the Xiangjiang River, driving
along the designated route at a constant speed and recording thermal and humidity data
while tracking the location in real-time. Each testing round lasted about 40 min, with
consecutive measurements taken throughout the week. Figure 5 illustrates the setup of the
mobile measurement platform and the fixed weather stations.

Atmosphere 2025, 16, x FOR PEER REVIEW 6 of 21 
 

 

 

Figure 4. Mobile route and fixed weather station locations. The four numbers denote the locations 
of the fixed weather stations placed in different regions. The red line denotes the track of the move. 

2.3.2. Mobile Testing Scheme 

This study selected four typical daytime moments (10:00, 14:00, 17:00, and 20:00) for 
mobile observations. These specific times were chosen to comprehensively assess the im-
pact of heat rejection from air-conditioning systems on the urban blocks’ thermal environ-
ment. These times correspond to varying solar radiation intensities and human activity 
levels, providing a more accurate reflection of thermal environment changes throughout 
the day. The observer carried a portable temperature and humidity data logger along with 
a handheld GPS, identical to the one used for measuring air-conditioning heat rejection. 
At each selected time, the observer began at the Xiangjiang River, driving along the des-
ignated route at a constant speed and recording thermal and humidity data while tracking 
the location in real-time. Each testing round lasted about 40 min, with consecutive meas-
urements taken throughout the week. Figure 5 illustrates the setup of the mobile meas-
urement platform and the fixed weather stations. 

 

Figure 5. The setting of mobile measurements. The left half of the picture shows a mobile measuring 
platform; the right half of the picture shows a weather station. 

Figure 5. The setting of mobile measurements. The left half of the picture shows a mobile measuring
platform; the right half of the picture shows a weather station.



Atmosphere 2025, 16, 100 7 of 21

2.3.3. Correlation Analysis

Correlation analysis is a statistical method used for exploring the strength and direction
of the relationship between two or more variables. It is primarily used to measure the
strength of a linear relationship between two random variables. This paper focused on
the use of Pearson’s linear correlation method in exploring the relationship between air-
conditioning heat rejection and the thermal and humid environment of a building area [19].
The equation can be expressed as follows:

R =
n(∑ XY − (∑ X)·(∑Y)√

n
(

∑ X2)− (∑ X) 2
√

n
(

∑ Y2)− (∑Y) 2
(1)

where n represents the number of observations; X represents the measures of variable 1;
Y represents the measures of variable 2; ∑ XY represents the sum of the product of the
respective variable measures; ∑ X represents the sum of the measures of variable 1; ∑ Y
represents the sum of the measures of variable 2; ∑ X2 represents the sum of the squared
values of the measures of variable 1; and ∑ Y2 represents the sum of the squared values of
the measures of variable 2.

2.3.4. Temporal Corrections for Mobile Data

During the mobile testing, the thermal and humidity parameters at the measurement
points were influenced by variations in the background meteorological conditions, lead-
ing to a lack of simultaneity in the collected data. To facilitate spatial comparisons, the
observational data were adjusted to specific times. This study applied temperature and
humidity correction formulas, as described in the referenced model [20], to adjust the
recorded temperatures and humidity to correspond to the following times: 10:00, 14:00,
17:00, and 20:00. This adjustment provided a higher temporal resolution for characterizing
the spatial and temporal distribution of the thermal environment. The model included mul-
tiple fixed weather stations as reference points and considered distance factors to improve
the accuracy of the simultaneity corrections used for the mobile observational data. This
study utilized benchmark reference data from four meteorological stations, collected at the
specified testing times of 10:00, 14:00, 17:00, and 20:00. The equation can be expressed as:

yj, tr − yj, tj = ∑N
i=1

(
xi, tr − xi, tj

)
·l−2

ij /∑N
i=1 l−2

ij (2)

where yj,tr and xi,tr represent the thermal and moisture environmental parameters of the jth
moving measuring point and the ith fixed measuring point at the unified correction time
(tr), respectively; yj,tj and xi,tj represent the thermal and humid environment parameter
values of the jth moving point and the ith fixed point at any time (tj) during the moving
observation period, respectively; N represents the number of fixed meteorological stations;
and lij represents the actual distance between the jth mobile station and the ith fixed station.

2.3.5. ArcGIS Spatial Visualization

In monitoring the thermal and humidity environment of urban neighborhoods, the
mobile testing range-imposed limitations result in data collection from discrete, non-
continuous measurement points along the route. To analyze the spatial distribution of
the thermal parameters within the study area, spatial interpolation methods in ArcGIS
were utilized to transform point data into block-level data, facilitating further spatial scale
transformations.

Spatial interpolation, as described in reference [20], estimates unknown data for
spatial points or areas based on known data. Previous research has demonstrated that
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ordinary kriging is particularly effective for the precise interpolation of micro-scale thermal
environment observation data [21]. With the kriging method [22], weights are calculated
based on the distance between known and unknown points, as well as the spatial auto-
correlation of the parameter variables. This method is grounded in variogram theory, which
posits that the surface or volume of interest can be estimated using spatial covariance and
the semivariogram functions. It provides a linear, unbiased, and optimal estimation of
unknown parameter values, using original variable values and variogram properties. The
expression for the semivariogram is based on the sampling data and the assumption of
stationarity, and it is presented in equation form as follows:

Ẑ(x0) = ∑N
i=1 λiZ(xi) (3){

∑N
i=1 λiC

(
xi, xj

)
+ µ = C

(
x0, xj

)
(j = 1, 2, . . . , n)

∑N
i=1 λi = 1

(4)

where Z(xi) represents the measured value at the ith position; x0 represents the predicted
location; N represents the number of measured location points; λi represents the undeter-
mined weight coefficient of the measured value at the ith position; and C

(
x0, xj

)
represents

the covariance function between xi and xj.

3. Results
3.1. Heat Rejection from Air-Conditioning Systems

The primary air-conditioning systems in commercial and residential buildings were
monitored over a seven-day period, along with the atmospheric temperature and hu-
midity measurements for comparison. Data from the temperature and humidity mea-
surement instruments were exported to obtain information on heat rejection from dif-
ferent air-conditioning systems as well as the atmospheric temperature and humidity.
Due to equipment damage during measurements, only three complete consecutive days
(12–14 August) were selected for analysis. The temperature results of this monitoring are
presented in Figure 6.

As shown in Figure 6, in Case 1, the exhaust air temperature from the cooling tower in
commercial buildings was approximately 2.4 ◦C higher than the atmospheric temperature
recorded in the morning and evening. At these times, the air from the cooling tower outlet
has a heating effect on the surrounding atmosphere. Conversely, during midday and the
afternoon, the temperature of the cooling tower exhaust air is lower than the atmospheric
temperature due to the increase in atmospheric temperature. As a result, the exhaust air
temperature was about 2.2 ◦C lower than the atmospheric temperature. In Case 2, the
exhaust air temperature from the outdoor units of residential buildings closely followed
the trend of the atmospheric temperature, consistently remaining higher throughout the
day. During the day, when air conditioning was in operation, the outdoor units produced
sensible heat, with the temperature difference between the exhaust and the atmosphere
averaging at about 5.2 ◦C. At night, as temperatures gradually decreased, the temperature
difference between the outdoor units’ exhaust air and the surrounding environment in-
creased. Around midnight, as temperatures continued to drop and air-conditioning usage
decreased, heat rejection from the units began to decline; however, exhaust air temperature
remained higher than atmospheric temperature, with an average temperature difference
of about 6.5 ◦C. Overall, the exhaust air temperature of the outdoor units significantly
raised atmospheric temperature throughout the day, with a more pronounced effect at
night. The temperature difference between the exhaust air from the outdoor units and the
atmosphere was slightly greater than the results obtained from previous models simulating
the impact of outdoor air-conditioning units on urban environments in cities such as Tokyo,
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Phoenix, and Berlin. However, this finding aligns with the observed phenomenon of more
pronounced temperature increases at night compared to during the day [23–25].
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monitored over a seven-day period, along with the atmospheric temperature and humid-
ity measurements for comparison. Data from the temperature and humidity measurement 
instruments were exported to obtain information on heat rejection from different air-con-
ditioning systems as well as the atmospheric temperature and humidity. Due to equip-
ment damage during measurements, only three complete consecutive days (12–14 August) 
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Figure 6. 
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Figure 6. Changes in the temperature of the exhaust air from the air-conditioning system: (a) trends 
in the temperature of the exhaust air from the air-conditioning system; (b) range of variation in the 
temperature of the exhaust air from the air-conditioning system. Case 1 denotes the exhaust air 

Figure 6. Changes in the temperature of the exhaust air from the air-conditioning system: (a) trends
in the temperature of the exhaust air from the air-conditioning system; (b) range of variation in
the temperature of the exhaust air from the air-conditioning system. Case 1 denotes the exhaust
air temperature from the cooling towers of commercial buildings; Case 2 denotes the exhaust air
temperature from the outdoor air-conditioning units of residential buildings.

The relative humidity results of this monitoring are presented in Figure 7.
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Figure 7. Changes in relative the humidity of the exhaust air from the air-conditioning system:
(a) trends in the humidity of the exhaust air from the air-conditioning system; (b) range of variation
in the humidity of the exhaust air from the air-conditioning system. Case 1 denotes the exhaust air
relative humidity from the cooling tower of commercial buildings; Case 2 denotes the exhaust air
relative humidity from the outdoor air-conditioning units of residential buildings.

As shown in Figure 7, in Case 1, the cooling tower operated as an open system,
facilitating heat and moisture exchange through the direct contact between water and
air [26], primarily rejecting heat as latent heat [27]. During the day, the exhaust air relative
humidity from the cooling tower remained between 95.2% and 99.8% due to its open
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heat and moisture exchange system, being significantly higher than the average outdoor
air relative humidity of 45.5%. In the evening, the relative humidity of the exhaust air
from the cooling tower was 85.3%, still significantly higher than the atmospheric relative
humidity of 58.5%. At night, when the cooling tower ceased operation, its relative humidity
became comparable to that of the atmosphere, ranging from 50.3% to 62.5%. Consequently,
the higher air-conditioning usage during the day caused the wet air discharged from the
cooling tower to significantly influence the surrounding humidity, with a more pronounced
effect during the day than at night. In contrast to the open system of cooling towers, in Case
2, the outdoor units operated in a closed-loop refrigerant cycle, without direct heat and
mass exchange with outdoor air. Therefore, the moisture content of the exhaust air should
theoretically match that of the atmospheric air. However, measured data indicated that the
relative humidity of the exhaust air was consistently lower than that of the surrounding
environment. This discrepancy was primarily due to air disturbance caused by the exhaust,
which reduced the moisture content near the exhaust outlet by displacing surrounding
water vapor, leading to lower relative humidity. Nonetheless, this localized effect did not
significantly affect the overall surrounding humidity environment.

3.2. Correlation Analysis Between Air-Conditioning Heat Rejection and the Neighborhood
Environment

To analyze the impact of different building air-conditioning systems’ heat rejection
on the neighborhood thermal environment, this study conducted an in-depth analysis of
relevant measured data. We focused on several key variables as follows: the temperature
difference between the outdoor unit and the atmosphere (∆Ta), the temperature differ-
ence between the residential building area of meteorological Station 2 and the suburban
meteorological station (∆T2), the relative humidity difference between the cooling tower
and the atmosphere (∆RHc), and the relative humidity difference between the commercial
building area meteorological Station 1 and the suburban meteorological station (∆RH1).
The correlation analysis results are detailed in Figures 8 and 9, illustrating the relationships
between the variables and the extent of their influence.
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building area meteorological Station 2 and the suburban meteorological station.
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Figure 9. Linear relationship between ∆RHc and ∆RH1. ∆RHc denotes the relative humidity differ-
ence between the cooling tower and the atmosphere; ∆RH1 denotes the relative humidity difference
between the commercial building area meteorological Station 1 and the suburban meteorological
station.

As shown in Figure 8, the correlation coefficient was 0.69, indicating a strong positive
correlation between the heat exhaust of outdoor units and the temperature increase in the
residential building area. This suggested that heat exhaust from outdoor air-conditioning
units significantly affected the neighborhood thermal environment, highlighting the need
to consider this effect in urban planning and construction. Meanwhile, Figure 8 shows
a correlation coefficient of 0.59, indicating a positive correlation between the humidity
exhaust of the cooling tower and the increase in relative humidity in commercial building
areas, suggesting that this discharge affected neighborhood humidity.

It is important to note that the temperature and relative humidity of residential and
commercial buildings were influenced by various factors, including traffic heat removal
and heat-absorbing materials. However, this study identified air-conditioning heat rejection
as a significant factor influencing the temperature and humidity of built-up areas, and this
has to be considered in urban design and planning.

3.3. Temperature and Humidity Data with Spatiotemporal Correction

In this study, the obtained mobile measurements were corrected, and the correction
results are shown in Figures 10 and 11.

As shown in Figures 10 and 11, there were obvious differences between the original
test data and the corrected data at different test moments. Since the mobile test route
was closed, the temperature and humidity at the starting and ending positions should
theoretically have been the same or very similar. The figures showed that the temperature
and humidity at the corrected starting and ending points were closely matched, while the
data before correction exhibited a significant difference. Therefore, it was necessary to
correct the data with respect to time and space.
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3.4. Temperature and Humidity Distribution Along the Mobility Routes

To highlight the impact of different underlying surfaces and building types on the
thermal environment of urban blocks, this study compared the corrected temperature
and humidity values with hourly air temperature and humidity data from the suburbs,
resulting in the average temperature differences (∆T) and relative humidity differences
(∆RH) between the mobile route and the suburban area. The data were then imported into
ArcGIS software to visualize the average values of temperature and humidity differences
along the mobile route at various time points during the measurement period, as shown in
Figures 12 and 13.
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As shown in Figures 12 and 13, the temperature difference from the suburban areas
in the Wuyi Square commercial area generally ranged from −1.5 ◦C to 3.0 ◦C at different
times, while the relative humidity difference varied from −6% to 6%. There are obvious
differences in the temperature and humidity differences in different underlying surface
areas and building types.

In terms of temporal distribution, the temperature difference from suburban areas
in the riverside and park areas along the mobile route ranged from −0.5 ◦C to 0 ◦C in
the morning, −1.5 ◦C to −0.5 ◦C in the afternoon, and −1.0 ◦C to 0 ◦C in the evening.
The relative humidity differences ranged from 2% to 4% in the morning, 4% to 6% in the
afternoon, and 2% to 4% in the evening. These variations were mainly due to the reduced
solar radiation in the morning and evening, which decreased the heat absorption and
humidification capacity of riverside water and park vegetation. In the afternoon, when
solar radiation was strongest, the heat and humidity absorption capacity of these elements
peaked. Consequently, the temperature difference from suburban areas in the riverside
and park areas was approximately 0.5 ◦C lower in the afternoon compared to the morning
and evening, while the relative humidity difference was about 2% higher. In contrast, the
temperature difference from suburban areas in commercial and residential zones ranged
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from 1 ◦C to 2 ◦C in the morning, 1.0 ◦C to 2.5 ◦C in the afternoon, and 2.0 ◦C to 3.0 ◦C in
the evening. The relative humidity differences ranged from −2.0% to 0% in the morning,
−4.0% to −2.0% in the afternoon, and −6.0% to −2.0% in the evening. The differences
in temperature and humidity over time between the commercial and residential zones
were largely driven by human activity. In the morning, lower outdoor temperatures and
decreased occupancy rates resulted in reduced air-conditioning energy consumption and
lower sensible heat rejection. In the afternoon, rising outdoor temperatures increased
air-conditioning usage, enhancing sensible heat rejection and raising the temperature
difference. In the evening, increased occupancy rates caused air conditioning to operate at
peak levels, resulting in the highest heat exchange with the outdoor environment and the
greatest temperature difference [28,29].

In terms of spatial distribution, significant differences in temperature and humidity
were observed along the mobile routes in the Wuyi Square commercial area. The riverside
and park areas along the route exhibited temperatures lower than those in suburban areas,
ranging from −1.5 ◦C to 0 ◦C, while the relative humidity was higher by 2.0% to 6.0%. In
contrast, the commercial and residential areas exhibited temperatures higher than those in
suburban areas, ranging from 0.5 ◦C to 3.0 ◦C, with relative humidity levels lower by 2.0% to
6.0%. These differences primarily arose from the characteristics of the underlying surfaces.
The riverside area contained water, while the park area was predominantly vegetated,
both exhibiting good heat absorption and humidity-enhancing properties. Conversely,
the commercial and residential zones were mainly composed of low-reflectance asphalt
surfaces, which have a high heat absorption and storage capacity, contributing to the
increased temperatures in the surrounding environment. This aligned with findings from
previous studies [30–32]. Additionally, significant air-conditioning condensation heat
and traffic waste heat were difficult to dissipate in narrow streets, leading to elevated
temperatures and reduced humidity in these areas. Together, these factors contributed to
the significant differences in temperature and humidity across different regions.

3.5. Spatial Distribution of Temperature and Humidity

The measured data were imported into ArcGIS to extract masks within the Wuyi
Square commercial area. This created spatial visualizations of temperature and relative
humidity at 10:00, 14:00, 17:00, and 20:00, as shown in Figures 14 and 15.
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Figure 15. Spatial and temporal distribution of relative humidity. ∆RH denotes the relative humidity
differences between the study area and the suburban area.

The temperature difference between the urban area and the suburbs in the Wuyi Square
commercial area generally ranged from −1.2 ◦C to 2.7 ◦C, while the relative humidity
difference fell between −6.0% and 6.0%. Average temperature and humidity parameters
for each neighborhood were calculated using the “partition statistics” tool in ArcGIS, as
shown in Tables 1 and 2 and Figure 16.

Table 1. The average temperature difference (◦C) of each zone throughout the day. Zones 1, 3, 5, 6,
7, and 8 mainly consisted of residential buildings, while Zones 2 and 4 were primarily commercial.
Zone 10 featured water as the primary underlying surface, while Zone 9 included vegetation along
with some residential buildings.

Region 10:00 14:00 17:00 20:00 Average

Zone 1 1.6 1.9 1.9 1.9 1.8
Zone 2 1.9 2.21 1.9 2.3 2.0
Zone 3 2.2 2.3 2.2 2.5 2.3
Zone 4 1.7 1.8 1.8 1.8 1.8
Zone 5 2.2 2.4 2.2 2.6 2.4
Zone 6 2.2 2.5 2.2 2.6 2.4
Zone 7 1.9 2.2 1.9 2.4 2.1
Zone 8 2.0 2.2 1.9 2.4 2.1
Zone 9 1.0 1.1 1.1 1.1 1.1
Zone 10 −0.6 −1.0 −0.9 −0.5 −0.8
Average 1.6 1.8 1.6 1.9

Table 2. The average humidity difference (%) of each zone throughout the day.

Region 10:00 14:00 17:00 20:00 Average

Zone 1 −3.2 −3.9 −3.2 −4.2 −3.6
Zone 2 −3.7 −4.0 −3.8 −4.5 −4.0
Zone 3 −4.5 −4.7 −4.4 −5.0 −4.7
Zone 4 −3.6 −3.6 −3.7 −4.1 −3.8
Zone 5 −4.5 −4.8 −4.4 −5.6 −4.8
Zone 6 −4.4 −5.1 −4.3 −5.3 −4.8
Zone 7 −3.9 −4.0 −3.8 −5.2 −4.2
Zone 8 −3.9 −4.4 −3.8 −5.2 −4.3
Zone 9 −1.9 −1.6 −1.8 −1.9 −1.8

Zone 10 4.6 5.2 5.0 4.3 4.8
Average −2.9 −3.1 −2.8 −3.7
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In terms of temporal distribution, the average temperature difference between the
urban area and the suburbs in the test area was measured at 1.6 ◦C, 1.8 ◦C, 1.6 ◦C, and
1.9 ◦C at different times of the day. The average relative humidity difference ranged from
−2.9% to −3.7%. In the morning, low air-conditioning usage and cooler temperatures
led to minimal heat rejection. In the afternoon, peak outdoor temperatures increased
air-conditioning energy consumption, worsening the outdoor temperature and humidity
conditions. By evening, peak air-conditioning usage intensified the temperature difference
with the suburbs. In the commercial building area, the mean temperature difference with
the suburbs was approximately 2.0 ◦C during the day and increased to 2.1 ◦C at night,
reflecting a difference of about 0.1 ◦C. Air exhausts from cooling towers lowered the
environmental temperature during the day but raised it at night. In residential areas, the
mean temperature difference with the suburbs was around 2.0 ◦C during the day and rose
to 2.6 ◦C at night, reflecting a 0.6 ◦C increase due to the higher nighttime air-conditioning
usage and sensible heat discharge, further elevating environmental temperature.

In terms of spatial distribution, the average temperature differences between the
urban area and the suburbs at the riverside (Zone 10) and park area (Zone 9) were −0.8 ◦C
and 1.1 ◦C, respectively, which are significantly lower than in other regions. The average
relative humidity differences were 4.8% and −1.8%, respectively, which are much higher
than in other areas. This can be attributed to the natural surface’s ability to absorb heat
and enhance humidity, as well as the distance from air-conditioning heat rejection. Areas
with cement and asphalt surfaces also show variations in temperature and humidity. The
riverside zones (Zone 1, Zone 4, Zone 7) had average temperature differences of 1.8 ◦C,
1.8 ◦C, and 2.1 ◦C, respectively, which are lower than the comparable areas. Their average
relative humidity differences were −3.6%, −3.8%, and −4.2%, respectively, which are
higher than in other regions. This cooling effect is influenced by nearby rivers, which
lower temperatures and increase humidity [33]. In commercial building areas (Zone 2
and Zone 4), temperatures were approximately 0.3 ◦C lower than in residential areas
(Zone 5, Zone 6, Zone 8). However, the relative humidity in Zones 2 and 4 was about
0.5% higher. This difference is primarily due to the use of cooling towers in commercial
buildings, which release latent heat and enhance humidity during the day. In contrast,
residential buildings primarily use split-system air conditioning, which contributes to
higher surrounding temperatures.
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4. Discussion
4.1. The Impact of Air-Conditioning Heat Rejection and the Underlying Surfaces

The rapid adoption and the increasing use of air-conditioning systems has notably
affected urban thermal environments. Although numerous studies have examined the
effects of air-conditioning heat rejection, most have focused on general assessments without
differentiating between unit types or analyzing their specific impact on outdoor temper-
ature and humidity. This study utilized field measurements and GIS spatial analysis,
focusing on the commercial area of Wuyi Square in Changsha. We assessed the impact of
air-conditioning heat rejection on the thermal and humidity environment of the district, an-
alyzing variations across different building types and natural surfaces under the influence
of air-conditioning rejection. This study enhances the understanding of the mechanisms
behind air-conditioning heat rejection in urban thermal environments. It serves as a crucial
reference for future urban planning, air-conditioning system design, and improvements to
the thermal environment.

This study revealed that air-conditioning heat rejection significantly affects outdoor
temperature and humidity, which is consistent with the existing literature [25,34,35]. Previ-
ous research has largely centered on UHI effects, often overlooking the differences among
various types of air-conditioning heat rejection. This study further categorized and ex-
amined the distinct effects of various air-conditioning heat rejection systems, both on
environmental temperature and humidity. Additionally, this research explored correla-
tions between air-conditioning heat rejection and temperature or humidity across different
building types. It found that the moisture released from cooling towers correlates with the
humid environment of commercial areas, while heat rejection from outdoor units is strongly
correlated with the temperature of residential areas. These findings further validated that
air-conditioning heat rejection is a significant factor in altering outdoor thermal and humid
environments, thereby supplementing and extending existing research. Furthermore, by
comparing different building areas with unaffected natural underlying sur-faces, such as
water and green spaces, we observed that these surfaces exhibited lower temperatures
and higher humidity, with water providing a stronger cooling effect than green spaces.
This conclusion is consistent with previous studies [36–38]. However, those studies mainly
focused on the humidifying and cooling effects of green spaces and water, without com-
paring them to areas impacted by air-conditioning heat rejection. Our research highlights
the critical role of green spaces and water in alleviating the effects of air-conditioning heat
rejection. Studies on river cooling effects have indicated that river segments adjacent to
green spaces show enhanced cooling effects [39]. In our study area, however, water and
green spaces were not in close proximity, indicating opportunities for future research on
their combined effects in mitigating air-conditioning heat rejection. Urban planners should
incorporate these findings to consider the interactions between various building types and
their surrounding environments in air-conditioning system designs, aiming for the more
effective thermal management and mitigation of UHI effects.

4.2. Improving the Urban Thermal Environment

The significant increase in air-conditioning usage resulted in substantial heat rejection
into the outdoor atmosphere, exacerbating the urban thermal climate issues [23–25,40].
This intensification degraded the thermal environment around buildings, necessitating
the prolonged operation of air-conditioning systems to maintain indoor comfort, thus
increasing their thermal load [16,41]. Consequently, more heat was released into the urban
atmosphere in both sensible and latent forms, creating a vicious cycle that exacerbates
urban thermal challenges.
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To optimize the urban thermal environment regarding air-conditioning heat rejec-
tion in different building types, three approaches can be considered, involving altering
building density, modifying building layout [42,43], and utilizing waste heat from air-
conditioning systems as follows: (1) Increase overall building density. This enhances
ventilation along main roads, leading to noticeable improvements in residual heat and
moisture from air conditioning. (2) Modifying building layout. Arranging buildings in
parallel or staggered patterns can create ventilation corridors, effectively dispersing heat
emitted by air-conditioning systems and preventing heat accumulation. (3) Utilizing waste
heat recovery technology [44,45]. Waste heat from air-conditioning systems can be har-
nessed for various purposes, such as domestic hot water supply, winter heating, or nearby
industrial processes.

From the perspective of different underlying surfaces, the urban thermal environment
can be optimized by focusing on the following two aspects: (1) Increasing water areas. This
can be achieved by constructing artificial lakes or reservoirs and developing wetland parks
in low-lying urban areas. (2) Increasing green space areas. Existing parks and green spaces
can be enlarged, and greening efforts can be extended to overpasses, elevated bridges,
public buildings, and residential rooftops to enhance vertical greenery coverage.

4.3. Limitations and Prospects

This study examines the impact of building air-conditioning heat rejection and sur-
face materials on the thermal climate of urban neighborhoods, offering valuable insights
for mitigating urban thermal environments. However, the current research has some
limitations.

First, while field measurements provide authentic data, they require substantial human
and material resources and are limited by weather conditions. Second, the analysis mainly
considers the horizontal effects of air-conditioning heat rejection and surface materials on
the urban thermal environment, with insufficient discussion on vertical height. Lastly, there
has been insufficient investigation into the regulatory mechanisms of the urban thermal
environment.

Therefore, future research should focus on the following areas: (1) Integrating ad-
vanced techniques, such as numerical simulation and remote sensing, to accurately analyze
how building air-conditioning heat rejection and different surface types influence surface
temperature; (2) Expanding the research perspective beyond the 1.5 m pedestrian height
limitation to conduct comprehensive spatiotemporal analyses of air-conditioning heat
rejection; (3) Exploring effective strategies for mitigating the urban thermal climate from
the perspectives of both building air-conditioning heat rejection and surface material.

5. Conclusions
This study presented field measurements conducted in the Wuyi Square commercial

district in Changsha, discussing the temporal distribution patterns of heat rejection from air-
conditioning systems across various building types and its impact on the neighborhood’s
thermal environment. Using ArcGIS technology, this study visualized the thermal and hu-
midity environment on the block scale and analyzed the spatiotemporal patterns of thermal
and humidity parameters of different underlying surfaces, considering air-conditioning
heat rejection. The key findings of this investigation are as follows:

The cooling towers of air-conditioning systems in public buildings significantly in-
crease the humidity of the surrounding environment. The relative humidity of the exhaust
air from these cooling towers during the day fluctuates between 95.2% and 99.8%. Con-
versely, the outdoor units of split-type air conditioners in residential buildings notably raise
the temperature of the surrounding environment. The exhaust air temperatures from these
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units are, on average, 5.2 ◦C higher during the day and 6.5 ◦C higher at night compared to
the respective outdoor ambient temperatures.

Spatial analysis indicated that the average temperature difference between the green
space and water area and the suburban area is 1.1 ◦C and −0.8 ◦C, respectively, which is
significantly lower than that of the built-up area. Meanwhile, the average relative humidity
difference between these areas is −1.8% and 4.8%, which is significantly higher than that of
the built-up areas, and the mitigating effect of green spaces and water on air-conditioning
heat exhaust rejection is obvious. Furthermore, due to variations in air-conditioning
usage and heat rejection systems, commercial areas had an average temperature that is
approximately 0.3 ◦C lower than that of residential areas, highlighting differences in the
thermal environment between various building types. These findings provide important
references for future urban planning and air-conditioning system design.
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