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Abstract: A lack of consideration of outdoor spaces of universities has resulted in lower outdoor
thermal comfort in summer. This study investigates the thermal comfort of outdoor spaces of a
university in summer and proposes the model’s accuracy and optimization strategies to improve
the outdoor thermal environment, including vegetation greening, building morphology, and surface
albedo. The ENVI-met program was used for the simulation. The measured data were utilized to
verify the accuracy of the simulation model. The typical meteorological year data were applied as the
inlet boundary condition of the optimized case. The simulation results show that vegetation greening
has the most significant effect on improving the outdoor thermal environment. At a greening rate
of 45%, the air temperature (Ta), mean radiant temperature (Tmrt), and physiological equivalent
temperature (PET) in the study area were 3.2 ◦C, 14.4 ◦C, and 6.9 ◦C lower, respectively, than that
in the base case. In areas shaded by building, the Ta, Tmrt, and PET were 2 ◦C, 8.7 ◦C, and 5.5 ◦C
lower, respectively, than that in the base case. Increasing the height of buildings did not significantly
improve thermal comfort when the height-to-width ratio (H/W) exceeded 1.0. Increasing the ground
albedo from 0.2 (base case) to 0.6 can reduce the Ta by 1.44 ◦C but increase the Tmrt by 3.7 ◦C and
the PET by 4.3 ◦C. These findings can be used by urban planners to develop sustainable cities and
improve thermal comfort on university campuses.

Keywords: outdoor thermal environment; thermal comfort; improvement strategies; campus plan-
ning; university campus

1. Introduction

The outdoor thermal environment affects people using outdoor spaces, especially on
university campuses [1–3]. Campuses have a high density of people performing various
activities [4,5]; thus, outdoor thermal comfort affects the daily activities of teachers and
students [6–8]. The number of newly-built and expanded campuses has increased recently,
but the lack of outdoor space planning has caused students to experience high thermal
stress in summer [9–12]. The extensive use of concrete and asphalt in newly-built campuses
has increased the surface temperature. A reduction in the proportion of green areas and
permeable surfaces has reduced the shading level and heat dissipation rate in summer.
The surface materials of buildings absorb heat, but the shading by buildings has not
been sufficiently utilized. Moreover, the heat produced by people and heat dissipation
equipment has contributed led to low outdoor thermal comfort [13,14]. In other words, in
the context of global warming, higher summer temperatures and a lack of planning for
campus construction affect students’ physical and mental health [15,16].

Various indices have been used to evaluate outdoor thermal comfort on the campus
and other urban open spaces [17–19]. For instance, Altunkasa and Uslu [20] analyzed the
predicted mean vote (PMV) to reveal the effect of different planting design on thermal
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comfort of the campus environment. They concluded that deciduous trees had a larger
effect on thermal comfort. The physiological equivalent temperature (PET) and universal
thermal climate index (UTCI) are commonly used to determine the neutral temperature in
the climate regions they studied [21–23]. Kumar [24] found that the PET was adopted more
frequently than other parameters for analyzing outdoor thermal comfort. These studies
have demonstrated the usefulness of these models for designing outdoor spaces, however
the applicability of these models differs for different cases. PMV [25] is more suitable for
evaluating indoor thermal environments. Nie [26] suggested that the UTCI should not be
used in cold and severely cold regions in winter.

Methods to mitigate thermal stress in summer include changing the urban geometry,
increasing vegetation cover, changing the surface material albedo, and adding water bod-
ies [9,27,28]. Greening is considered a suitable strategy for improving the outdoor thermal
environment [29,30]. It reduces the air temperature by shading, reflecting, and absorbing
solar radiation and by photosynthesis and transpiration. Numerous researchers have con-
ducted studies on the greening rate, planting configuration, and tree species [31–33]. Wang
and Akbari [34] found that a 10% increase in urban vegetation cover reduced the mean
radiant temperature (Tmrt) by up to 8.3 K. Abdi et al. [35] found that a rectangular planting
pattern, the combination of evergreen and deciduous trees, and plantings perpendicular to
the prevailing wind direction were the most beneficial to improving the outdoor thermal
environment on campus. Gachkar et al. [36] concluded that trees with tall trunks in summer
and a high albedo in winter were the best planting strategies in Iran. Yang et al. [37] found
that tall trees were more beneficial to improving the outdoor thermal environment than
shrubs and grass.

The influence of urban morphological parameters on the outdoor thermal environment
cannot be ignored [38,39]. The architectural layout, height, orientation, density, floor area
ratio, height-to-width ratio (H/W), and sky view factor (SVF) are the dominant factors
affecting radiative and convective heat exchange in urban spaces [40–42]. The H/W is an
important parameter describing the openness of streets. Streets with a high H/W can block
solar radiation and tend to have higher thermal comfort in summer [43–45]. The SVF is
often used to describe the openness of complex outdoor spaces. A lower SVF indicates
lower solar radiation [46]. However, a large H/W affected the sunlight hours, especially in
cold and severe cold climate zones [47].

Choosing surfaces with a high albedo is an effective strategy for reducing surface
temperatures [48,49]. These surfaces absorb less solar energy and have a lower convective
heat transfer from the surface to the air [50,51], resulting in lower air temperatures than in
areas with low-albedo surfaces [52]. High-albedo surfaces have been used on the ground
and on the building envelope and roof (e.g., grassy areas and light-colored stone) [53–55].
However, several researchers have observed an increase in the total radiation due to
an increase in reflected shortwave radiation [56]. For example, Yang [57] found that a
high-albedo surface increased the thermal stress of pedestrians.

A reasonable optimization strategy is essential to improve the outdoor thermal comfort
of teachers and students on campuses. Most studies have focused on urban greening,
building layout and structure, and surface albedo and investigated improvements in the
outdoor thermal environment in summer using a single factor, whereas few researchers
considered multiple factors. This study evaluates the outdoor thermal environment of open
space on a university campus considering various design factors and proposes suitable
optimization strategies. An ENVI-met program simulation and parameter analysis are
used to determine the design requirements of the outdoor thermal environment on the
campus in summer to provide theoretical and design information for campus planning.

2. Methods
2.1. Study Area and Climatic Conditions

The research site is located in Jinan City, Shandong Province. The study area is a
building on the campus of Shandong Jianzhu University and its surroundings, as shown in
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Figure 1. Jinan is a cold region that is hot and rainy in summer and cold and dry in winter.
According to the meteorological data from the recent thirty years, Jinan has the highest
temperatures in June and August, with average daily maximum temperatures between
31 ◦C and 33 ◦C. The maximum temperature is 39 ◦C. July and August have the largest
rainfall and are the months with high temperatures and high humidity (Figure 2). The solar
radiation is intense during this period, causing the students to feel uncomfortable in the
outdoor environment.
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Figure 2. The monthly mean climatic data for Jinan city during a 30-year period obtained from
Meteoblue (2022) [58].

2.2. Field Measurements

The study was conducted from 17 to 18 August 2020 on the two hottest days of the year.
Eight measuring points were selected based on the diversity of the thermal environment in
the public space. The measurement points are shown in Figure 3, and the site photos and
fisheye images of the measurement points are shown in Table 1.
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Table 1. Surrounding environment of eight measurement points.
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Photos SVF
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where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

Point 5 

 

 

 

 

 

 
 

 

0.531 Point 6 

 
 

0.728 

Point 7 

 

 

 

 

 

 
  

0.778 Point 8 

 
 

0.855 

Table 2. The measurement parameters and devices used for monitoring. 

Instrument Parameters Accuracy Measuring Range 

iButton thermometer Temperature ±0.5 °C −10~65 °C 

iButton thermometer Humidity ±0.5 °C 0~100% 

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s 

JA-IAQ-50 multifunction tester Globe temperature ±0.5 °C −20~120 °C 

L99-FSFX anemometer Wind speed ± (0.5 + 0.05 x speed) m/s 0~60 m/s 

L99-FSFX anemometer Wind direction 0~360° 1° 

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2 

Fotric 225s-L24 camera Surface temperature ±2 °C −20~350 °C 

Fish-eye camera Fisheye images - 180° 

2.3. Thermal Comfort Indices 

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal com-

fort. The Tmrt is the most critical parameter in biological meteorology and outdoor thermal 

comfort studies. It is defined as the temperature of an ideal isothermal enclosure in which 

the radiant heat transfer from a human body is equal to the heat transfer in a non-isother-

mal enclosure. It is calculated as follows [59,60]. 

( )

1
8 0.6 44

mrt 0.4

1.10 10
273.15 273.15a

g

V
T T

D

 
= + + − 
  , 

(1) 

where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

0.531 Point 6

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

Point 5 

 

 

 

 

 

 
 

 

0.531 Point 6 

 
 

0.728 

Point 7 

 

 

 

 

 

 
  

0.778 Point 8 

 
 

0.855 

Table 2. The measurement parameters and devices used for monitoring. 

Instrument Parameters Accuracy Measuring Range 

iButton thermometer Temperature ±0.5 °C −10~65 °C 

iButton thermometer Humidity ±0.5 °C 0~100% 

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s 

JA-IAQ-50 multifunction tester Globe temperature ±0.5 °C −20~120 °C 

L99-FSFX anemometer Wind speed ± (0.5 + 0.05 x speed) m/s 0~60 m/s 

L99-FSFX anemometer Wind direction 0~360° 1° 

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2 

Fotric 225s-L24 camera Surface temperature ±2 °C −20~350 °C 

Fish-eye camera Fisheye images - 180° 

2.3. Thermal Comfort Indices 

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal com-

fort. The Tmrt is the most critical parameter in biological meteorology and outdoor thermal 

comfort studies. It is defined as the temperature of an ideal isothermal enclosure in which 

the radiant heat transfer from a human body is equal to the heat transfer in a non-isother-

mal enclosure. It is calculated as follows [59,60]. 

( )

1
8 0.6 44

mrt 0.4

1.10 10
273.15 273.15a

g

V
T T

D

 
= + + − 
  , 

(1) 

where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

Point 5 

 

 

 

 

 

 
 

 

0.531 Point 6 

 
 

0.728 

Point 7 

 

 

 

 

 

 
  

0.778 Point 8 

 
 

0.855 

Table 2. The measurement parameters and devices used for monitoring. 

Instrument Parameters Accuracy Measuring Range 

iButton thermometer Temperature ±0.5 °C −10~65 °C 

iButton thermometer Humidity ±0.5 °C 0~100% 

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s 

JA-IAQ-50 multifunction tester Globe temperature ±0.5 °C −20~120 °C 

L99-FSFX anemometer Wind speed ± (0.5 + 0.05 x speed) m/s 0~60 m/s 

L99-FSFX anemometer Wind direction 0~360° 1° 

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2 

Fotric 225s-L24 camera Surface temperature ±2 °C −20~350 °C 

Fish-eye camera Fisheye images - 180° 

2.3. Thermal Comfort Indices 

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal com-

fort. The Tmrt is the most critical parameter in biological meteorology and outdoor thermal 

comfort studies. It is defined as the temperature of an ideal isothermal enclosure in which 

the radiant heat transfer from a human body is equal to the heat transfer in a non-isother-

mal enclosure. It is calculated as follows [59,60]. 

( )

1
8 0.6 44

mrt 0.4

1.10 10
273.15 273.15a

g

V
T T

D

 
= + + − 
  , 

(1) 

where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

0.728

Point 7

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

Point 5 

 

 

 

 

 

 
 

 

0.531 Point 6 

 
 

0.728 

Point 7 

 

 

 

 

 

 
  

0.778 Point 8 

 
 

0.855 

Table 2. The measurement parameters and devices used for monitoring. 

Instrument Parameters Accuracy Measuring Range 

iButton thermometer Temperature ±0.5 °C −10~65 °C 

iButton thermometer Humidity ±0.5 °C 0~100% 

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s 

JA-IAQ-50 multifunction tester Globe temperature ±0.5 °C −20~120 °C 

L99-FSFX anemometer Wind speed ± (0.5 + 0.05 x speed) m/s 0~60 m/s 

L99-FSFX anemometer Wind direction 0~360° 1° 

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2 

Fotric 225s-L24 camera Surface temperature ±2 °C −20~350 °C 

Fish-eye camera Fisheye images - 180° 

2.3. Thermal Comfort Indices 

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal com-

fort. The Tmrt is the most critical parameter in biological meteorology and outdoor thermal 

comfort studies. It is defined as the temperature of an ideal isothermal enclosure in which 

the radiant heat transfer from a human body is equal to the heat transfer in a non-isother-

mal enclosure. It is calculated as follows [59,60]. 

( )

1
8 0.6 44

mrt 0.4

1.10 10
273.15 273.15a

g

V
T T

D

 
= + + − 
  , 

(1) 

where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

Point 5 

 

 

 

 

 

 
 

 

0.531 Point 6 

 
 

0.728 

Point 7 

 

 

 

 

 

 
  

0.778 Point 8 

 
 

0.855 

Table 2. The measurement parameters and devices used for monitoring. 

Instrument Parameters Accuracy Measuring Range 

iButton thermometer Temperature ±0.5 °C −10~65 °C 

iButton thermometer Humidity ±0.5 °C 0~100% 

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s 

JA-IAQ-50 multifunction tester Globe temperature ±0.5 °C −20~120 °C 

L99-FSFX anemometer Wind speed ± (0.5 + 0.05 x speed) m/s 0~60 m/s 

L99-FSFX anemometer Wind direction 0~360° 1° 

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2 

Fotric 225s-L24 camera Surface temperature ±2 °C −20~350 °C 

Fish-eye camera Fisheye images - 180° 

2.3. Thermal Comfort Indices 

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal com-

fort. The Tmrt is the most critical parameter in biological meteorology and outdoor thermal 

comfort studies. It is defined as the temperature of an ideal isothermal enclosure in which 

the radiant heat transfer from a human body is equal to the heat transfer in a non-isother-

mal enclosure. It is calculated as follows [59,60]. 

( )

1
8 0.6 44

mrt 0.4

1.10 10
273.15 273.15a

g

V
T T

D

 
= + + − 
  , 

(1) 

where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

0.778 Point 8

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

Point 5 

 

 

 

 

 

 
 

 

0.531 Point 6 

 
 

0.728 

Point 7 

 

 

 

 

 

 
  

0.778 Point 8 

 
 

0.855 

Table 2. The measurement parameters and devices used for monitoring. 

Instrument Parameters Accuracy Measuring Range 

iButton thermometer Temperature ±0.5 °C −10~65 °C 

iButton thermometer Humidity ±0.5 °C 0~100% 

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s 

JA-IAQ-50 multifunction tester Globe temperature ±0.5 °C −20~120 °C 

L99-FSFX anemometer Wind speed ± (0.5 + 0.05 x speed) m/s 0~60 m/s 

L99-FSFX anemometer Wind direction 0~360° 1° 

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2 

Fotric 225s-L24 camera Surface temperature ±2 °C −20~350 °C 

Fish-eye camera Fisheye images - 180° 

2.3. Thermal Comfort Indices 

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal com-

fort. The Tmrt is the most critical parameter in biological meteorology and outdoor thermal 

comfort studies. It is defined as the temperature of an ideal isothermal enclosure in which 

the radiant heat transfer from a human body is equal to the heat transfer in a non-isother-

mal enclosure. It is calculated as follows [59,60]. 

( )

1
8 0.6 44

mrt 0.4

1.10 10
273.15 273.15a

g

V
T T

D

 
= + + − 
  , 

(1) 

where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

Buildings 2022, 12, x FOR PEER REVIEW 5 of 21 
 

Point 5 

 

 

 

 

 

 
 

 

0.531 Point 6 

 
 

0.728 

Point 7 

 

 

 

 

 

 
  

0.778 Point 8 

 
 

0.855 

Table 2. The measurement parameters and devices used for monitoring. 

Instrument Parameters Accuracy Measuring Range 

iButton thermometer Temperature ±0.5 °C −10~65 °C 

iButton thermometer Humidity ±0.5 °C 0~100% 

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s 

JA-IAQ-50 multifunction tester Globe temperature ±0.5 °C −20~120 °C 

L99-FSFX anemometer Wind speed ± (0.5 + 0.05 x speed) m/s 0~60 m/s 

L99-FSFX anemometer Wind direction 0~360° 1° 

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2 

Fotric 225s-L24 camera Surface temperature ±2 °C −20~350 °C 

Fish-eye camera Fisheye images - 180° 

2.3. Thermal Comfort Indices 

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal com-

fort. The Tmrt is the most critical parameter in biological meteorology and outdoor thermal 

comfort studies. It is defined as the temperature of an ideal isothermal enclosure in which 

the radiant heat transfer from a human body is equal to the heat transfer in a non-isother-

mal enclosure. It is calculated as follows [59,60]. 

( )

1
8 0.6 44

mrt 0.4

1.10 10
273.15 273.15a

g

V
T T

D

 
= + + − 
  , 

(1) 

where Tg is the black globe temperature (°C), Ta is the air temperature (°C), Va is the wind 

speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter (D 

= 50 mm in this study). 

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model 

for Individuals (MEMI). It is defined as the temperature of an environment resulting in 

the same physiological response of a subject as in the environment being investigated. It 

is equal to the core temperature and skin temperature of a person in a standard space (air 

temperature is 20 °C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into 

account meteorological parameters (including air temperature, relative humidity, wind 

speed, and solar radiation) and personal data (including height, weight, age, clothing, and 

activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subrou-

tine of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the 

RayMan model [2,61–63]. 

2.4. Simulation Methodology 

2.4.1. Simulation Model 

0.855

Eight measurement points were selected through field survey based on variation in
landscape element and azimuth. The measurement points 1, 2, 3, and 4 were located in the
square of the building, and the measurements were obtained at a height of 1.5 m. Points
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1 and 2 were located near the building on the north side. There were no tall trees and
relatively little shade all day. Point 4 was located in the center of the U-shaped square,
which has little shade. The air temperature and relative humidity were measured using an
iButton thermometer shielded from the sun by light louvers, and the wind speed and globe
temperature were recorded using a JA-IAQ-50 multifunction tester. The solar radiation
was measured with a HOBO solar radiation sensor attached to a tripod. An infrared
thermometer was used to record hourly thermal images manually, and the fisheye images
of the sites were acquired with a fisheye camera. The measurements were obtained at
four azimuth angles at a height of 4 m. An L99-FSFX anemometer was used to record the
wind speed and direction at the four measuring points. Except for the surface temperature
of building envelope and ground, which was measured and recorded manually by the
infrared thermometer with an interval of 60 min, other thermal environment parameters
were recorded automatically with an interval of 1 min. The details of the devices are listed
in Table 2.

Table 2. The measurement parameters and devices used for monitoring.

Instrument Parameters Accuracy Measuring Range

iButton thermometer Temperature ±0.5 ◦C −10~65 ◦C
iButton thermometer Humidity ±0.5 ◦C 0~100%

JA-IAQ-50 multifunction tester Wind speed ±0.03 m/s 0~2 m/s
JA-IAQ-50 multifunction tester Globe temperature ±0.5 ◦C −20~120 ◦C

L99-FSFX anemometer Wind speed ±(0.5 + 0.05 × speed) m/s 0~60 m/s
L99-FSFX anemometer Wind direction 0~360◦ 1◦

HOBO solar radiation sensor Solar radiation ±10 W/m2 0~1280 W/m2

Fotric 225s-L24 camera Surface temperature ±2 ◦C −20~350 ◦C
Fish-eye camera Fisheye images - 180◦

2.3. Thermal Comfort Indices

In this study, the Tmrt and PET were used as indices to evaluate outdoor thermal
comfort. The Tmrt is the most critical parameter in biological meteorology and outdoor
thermal comfort studies. It is defined as the temperature of an ideal isothermal enclosure
in which the radiant heat transfer from a human body is equal to the heat transfer in a
non-isothermal enclosure. It is calculated as follows [59,60].

Tmrt =

[(
Tg + 273.15

)4
+

1.10× 108Va
0.6

εD0.4

] 1
4

− 273.15, (1)

where Tg is the black globe temperature (◦C), Ta is the air temperature (◦C), Va is the wind
speed (m/s), ε is the emissivity (ε = 0.95 for a black globe), and D is the globe diameter
(D = 50 mm in this study).

The PET was proposed by Hoppe and is based on the Munich Energy-balance Model
for Individuals (MEMI). It is defined as the temperature of an environment resulting in the
same physiological response of a subject as in the environment being investigated. It is
equal to the core temperature and skin temperature of a person in a standard space (air
temperature is 20 ◦C, relative humidity is 50%, and airflow speed is 0.1 m/s). It takes into
account meteorological parameters (including air temperature, relative humidity, wind
speed, and solar radiation) and personal data (including height, weight, age, clothing, and
activity), so the given thermal feeling is true and reliable. In this study, Biomet, a subroutine
of ENVI-met, is used to calculate the PET. The Biomet calculation is based on the RayMan
model [2,61–63].
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2.4. Simulation Methodology
2.4.1. Simulation Model

ENVI-met is a microclimate simulation software based on fluid mechanics, thermody-
namics, and urban ecology. It considers the interaction of surfaces, vegetation, buildings,
and the atmosphere in urban environments in simulating dynamic changes in the urban at-
mosphere. It includes airflow, turbulence, heat and water exchange between plants and the
surrounding environment, particle diffusion, and heat and water vapor exchanges between
the ground and building surface. ENVI-met has been used extensively for analyzing urban
configurations, street canyons, surface materials, greening of buildings and roofs, and wall
materials [56,64–68]. Its reliability in simulating urban outdoor thermal environments has
been confirmed [20,35].

2.4.2. ENVI-Met Simulation Setting

The simulated area is the chosen building on the university campus and its surround-
ings. A UAV was used to acquire images of the research area, and an orthophoto mosaic
was created as the base map of the ENVI-met model. The image was transformed into the
BMP format and imported into the submodule SPACES. The buildings, plants, and grounds
in the study area were simulated according to actual conditions (Figure 4). The model
was verified using the parameter values in Table 3. The parameter settings included the
grid settings, start and end time of the simulation, output time interval of the results, and
meteorological conditions. Measurements were used to set the meteorological boundary
conditions (including air temperature, relative humidity, and solar radiation). ENVI-met
cannot simulate the wind field over time. Therefore, we used the average wind speed
during the test days (1.5 m/s at a height of 10 m). Equation (2) was used to determine it,
and the most frequent wind direction was 225◦.

Va10 = Va0

(
z10

z0

)α

(2)

where Va10 is the wind speed at 10 m above the ground, and Va0 is the wind speed at 1.5 m
above the test height. Z10 is the distance from the ground (10 m), and z0 is the height of the
anemometer (1.5 m); α is 0.36.
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Table 3. Simulation conditions used in ENVI-met.

Variable Value

Longitude, Latitude 117◦14′ E, 36◦37′ N
Climate type Cold climate

Simulation date 17 August 2020
Simulation duration 48 h

Start time 00:00 am
Spatial resolution 3 × 3 × 3 m3

Domain Size 336 × 486 × 90 m3

Model rotation 14◦

Wind speed at 10 m 1.5 m/s
Wind direction 225◦

Surface albedo Walls 0.2; Roofs 0.2 and 0.3

Different cases were used to compare the effects of the greening rate, building H/W,
and surface albedo on the outdoor thermal environment. Figure 4 shows the top view
geometry model as the base case A0. This base case has a greening rate of 12%, a masonry
floor albedo of 0.3, and an asphalt floor albedo of 0.2. Besides it, there are additional 13 cases
considering the different greening rates, building H/W, and surface albedo. Tables 4–6 are
the descriptions of 13 cases under three different optimization strategies, respectively. We
used typical meteorological year data in summer as the boundary condition of the model.
The other settings were the same as those of the validation model. Three greening rates
were considered with a ratio of trees to grassland of 1:1: A1 (25%), A2 (35%), and A3 (45%).
The study area is relatively open and consists of mostly low-rise teaching buildings. We
simulated additional buildings with different H/W, SVFs, and building heights. As shown
in Figure 5, buildings 1, 2, 3, and 4 are the new buildings. According to the principle of
using a symmetrical H/W and a suitable floor area ratio proposed by Oke [69] in 1988
and Ali-Touder et al. [64] in 2006, three cases were considered (A4, A5, and A6). The
width difference between the new buildings and the original building was 30 m. The
new buildings exceeded the height limit of 4–6 floors and had heights of 24 m, 36 m, and
48 m. The albedo of the asphalt was increased from 0.2 (base case) to 0.3, 0.4, 0.5, and 0.6,
and the cases were A7, A8, A9, and A10, respectively. The albedo of the masonry floor
was increased from 0.3 (base case) to 0.4, 0.5, and 0.6, and the cases were A11, A12, and
A13, respectively.

Table 4. Cases for vegetation greening.

Cases Greening Rate

A1 25%
A2 35%
A3 45%

Table 5. Cases for building layout.

Cases H/W SVF Building Height

A4 0.8 0.53 24
A5 1 0.457 36
A6 1.2 0.414 48
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Table 6. Cases for ground albedo.

Cases Masonry Floor Albedo Asphalt Floor Albedo

A7 0.3 0.3
A8 0.3 0.4
A9 0.3 0.5
A10 0.3 0.6
A11 0.4 0.2
A12 0.5 0.2
A13 0.6 0.2
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3. Results
3.1. Measured Results and Simulation Verification
3.1.1. Measurement of Environmental Parameters

We analyzed the climatic characteristics of four measuring points in the building
square. Since the wind speed did not change substantially, we only analyzed the changes in
the mean temperature and solar radiation at hourly intervals over two days (Figure 6). The
daytime temperature was relatively high. The temperature at measuring points one, two,
and four were above 36 ◦C from 10:00 to 16:00, resulting in the discomfort of students during
outdoor activities. The temperature reached its peak at 15:00. The maximum temperature
was observed at point one (38.4 ◦C). This point is located on the south side of the building,
and there is no shade, and the largest SVF value was recorded (0.799). Point three had the
smallest SVF value (0.157) because of vegetation and building shading, where the lowest
temperature was observed. The temperature at point three was 0.7–4.1 ◦C lower than at
point one. The solar radiation changed substantially during the day, rapidly increasing from
9:00 h, reaching the peak (G = 802 W/m2) at 13:00. Unlike the air temperature, the solar
radiation declined after 13:00, which was related to the long-wave radiation of buildings
and the ground.
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Figure 6. Air temperature and solar radiation at measuring points.

Thermal images are useful in analyzing differences in the surface temperature of
different materials. Figure 7 shows thermal images from different locations inside the
outdoor open space obtained at 12 h noon. The surface temperatures differed substantially
for different materials and at different positions. The windows and walls had high surface
temperatures, ranging from 44 ◦C to 51 ◦C. The temperature of the ground reached 47.1 ◦C,
far higher than the ambient air temperature. Because of the low albedo, the surface
temperature of green plants was about 35 ◦C. The lowest surface temperature was observed
on a wall shaded by buildings and vegetation (31.6 ◦C). Therefore, shading and a high-
albedo surface can substantially reduce the surface temperature and improve students’
thermal comfort.
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3.1.2. ENVI-Met Model Validation

Measuring points two and four are representative measuring points to verify the
accuracy of the ENVI-met model. Figure 8 shows the difference between the measured
and simulated average meteorological parameters at different points. A good agreement
is observed between the measured and simulated air temperature and relative humidity,
with a similar trend. This is to note that the curves of the simulation results are flatter than
that of the measured results. At the same time, the correlation level between measured
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meteorological parameters and simulation results was compared. As shown in Figure 9,
the R2 values between the simulation and measurement results were above 0.9 for points
two and four. These comparisons demonstrate the accuracy of the simulation output.
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Figure 9. Regression results between measured and simulated values of (a) temperature and (b) rela-
tive humidity.

3.2. Effect of Greening Rate

The simulation results showed that the highest temperature occurred at 15:00. The
temperature ranged from 34.4 to 37.6 ◦C, indicating uncomfortable conditions for students
in the outdoor environment. Figure 10 shows the air temperature at 15:00 at the pedestrian
height of 1.5 m for greening rates of 25%, 35%, and 45% (the legend applies to all cases). It is
observed that the air temperature is lower in vegetated than in non-vegetated areas. As the
greening rate increases, the temperature decreases. The maximum temperature difference
between the area with a 45% greening rate and the base case is 3.2 ◦C.
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Figure 10. Comparison of simulated Ta obtained at the height of 1.5 m at 15:00 for different greening
rates. (a) Base case (A0); (b) Greening rate: 25% (A1); (c) Greening rate: 35% (A2); (d) Greening rate:
35% (A3).

The results show that a dense green space around the campus helps to reduce the air
temperature of the environment. These areas include tree plantings and the surrounding
square. The statistics show that more than 90% of the temperature values of the A3 case are
between 34.4 ◦C and 36 ◦C, whereas the percentage is less than 20% for A0. The temperature
in areas shaded by buildings is 0.4–1.6 ◦C lower than that in the common green area. Due
to building shade, the air temperature is much lower on the north side of the building than
on the south side at the same planting density. Therefore, planting tall trees on the south
side of buildings can improve the outdoor thermal environment.

Figure 11 shows the average Tmrt at the measuring points at the pedestrian height of
1.5 m for the base case and cases with different greening rates. A0 has a very high Tmrt,
exceeding 60 ◦C at 12:00 and 13:00, resulting in extreme discomfort to the human body.
Differences in the Tmrt are observed between the cases with different greening rates during
the day. A small difference occurs at 8:00 (ranging from 0.98 ◦C to 2 ◦C). The difference
increases over time. For example, the Tmrt difference between A0 and A3 is 14.4 ◦C at 12:00.
Therefore, increasing the greening rate can substantially reduce the Tmrt, especially at noon,
improving outdoor human comfort.
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Figure 11. Tmrt of the base case and cases with different greening rates.

The PETs are compared at the start of the day (8:00), at noon (12:00), and when the
temperature starts to drop (15:00) (Figure 12). The PETs are significantly lower at higher
greening rates, reducing thermal discomfort. Compared with the A0 case, a small difference
occurs between the cases at 8:00 (0.1–1.3 ◦C) and a large difference at 12:00 (1.6–5.8 ◦C).
The largest difference is observed at 15:00 (1.2 ◦C to 6.7 ◦C). A3, with the highest greening
rate (45%), has the lowest PET. It is 5.5 ◦C lower than that of A1 with the 25% greening
rate. These results demonstrate that increasing the greening rate can considerably improve
outdoor thermal comfort.
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3.3. Effect of Building H/W

The influence of the building H/W on the outdoor thermal environment is evaluated
by increasing the building height. Figure 13 shows the air temperature at 15:00 at the
pedestrian height for different H/W. The simulation shows that the ranking of the cases
based on the average temperature is A0 > A4 > A5 > A6. The proportion of air temperature
values above 36.8 ◦C is 3% for A6 and 13.5% for A0. The temperature around the building
is significantly lower due to the shading of the building. As the H/W increases, the air
temperature in the study area decreases. The reason is that increasing the building height
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reduces the SVF, causing more shading. A larger shadow area means less solar radiation,
lowering the temperature of the study area. The proportion of temperature values above
36 ◦C decreases significantly with an increase in the H/W, especially around buildings,
and the temperatures are 0.8 ◦C to 2 ◦C cooler for cases A4 than case A0. However, there is
a negligible difference in the temperature between A5 and A6, indicating that when the
building reaches a certain height, the cooling effect decreases, which is related to SVF.
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Figure 13. Comparison of simulated Ta obtained at the height of 1.5 m at 15:00 for different H/W.
(a) Base case (A0); (b) H/W = 0.8 (A4); (c) H/W = 1 (A5); (d) H/W = 1.2 (A6).

The street on the east side of building four is used as an example. The Tmrt of the base
cases and the cases with different H/W are shown in Figure 14. As the building height
increases, the Tmrt of the three cases decreases, and the order is A6 > A5 > A4. The highest
Tmrt difference was recorded at 12:00. The Tmrt of A6 was 10.6 ◦C lower than that of A0. It
is concluded that campus streets with a higher H/W have higher outdoor thermal comfort
in summer. Case A4 (H/W = 0.8) exhibited the largest difference in the Tmrt (the maximum
Tmrt was 8.7 ◦C lower than that of A0). The reason is that the streets have buildings on
both sides, providing a larger shadow area. However, when the H/W increased from 0.8 to
1 (case A5), the difference in Tmrt was relatively small, and when H/W increased from 1 to
1.2 (case A6), there was a negligible difference in Tmrt.
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Figure 15 shows the PET for the four cases of 8:00, 12:00, and 15:00. The simulation
results show that the PET value of A4 is significantly lower than those of A0, it is 0.2 ◦C
lower at 8:00, 5.1 ◦C lower at 12:00, and 5.5 ◦C lower at 15:00. The results demonstrate
increasing the building height improves the outdoor thermal environment, and the higher
the temperature, the more pronounced the effect is. The PET of case A5 is 1.2 ◦C lower than
that of A4 at 15:00. Increasing the building height increases the H/W, resulting in shorter
sun exposure and less solar radiation. However, the difference in the PET between case
A6 and case A5 is almost 0, which is consistent with the difference in the Tmrt. The likely
reason is that as the H/W increase, the influence on the SVF decreases, and the shading
effect is less pronounced.
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3.4. Effect of Surface Albedo

Figure 16 shows the difference in the air temperature between each case and the base
case for surfaces with different albedo values. Figure 16a–d indicates that the surface with
a high albedo has a low air temperature. The highest cooling effect is achieved for case
A10 (1.44 ◦C). A small difference in the temperature is observed near the asphalt pavement
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(0.15–0.45 ◦C), and the temperature in the other areas is almost unchanged. When the
ground albedo is 0.3, the temperature difference ranges from 0 ◦C to 0.75 ◦C. The largest
cooling effect is observed in the northeast. A large area of asphalt in the east with an
albedo of 0.4 also shows a cooling effect. Figure 16e–g shows that increasing the albedo
of the masonry has a negligible effect on the temperature of most areas. The temperature
difference of the area near the masonry is 0.15 ◦C to 0.45 ◦C, and that of a few areas around
the building is greater than 1.2 ◦C. Case A13 exhibits the highest cooling effect, i.e., a
maximum difference of 1.4 ◦C. Overall, increasing the ground albedo results in a slight
cooling effect on the hard pavement and surrounding area. The cooling effect is more
pronounced at a higher albedo.

Buildings 2022, 12, x FOR PEER REVIEW 14 of 21 
 

shorter sun exposure and less solar radiation. However, the difference in the PET between 

case A6 and case A5 is almost 0, which is consistent with the difference in the Tmrt. The 

likely reason is that as the H/W increase, the influence on the SVF decreases, and the shad-

ing effect is less pronounced. 

 

Figure 15. PET of the base case and cases with different H/W at 8:00, 12:00, and 15:00. 

3.4. Effect of Surface Albedo 

Figure 16 shows the difference in the air temperature between each case and the base 

case for surfaces with different albedo values. Figure 16 (a) - (d) indicates that the surface 

with a high albedo has a low air temperature. The highest cooling effect is achieved for 

case A10 (1.44 °C). A small difference in the temperature is observed near the asphalt 

pavement (0.15–0.45 °C), and the temperature in the other areas is almost unchanged. 

When the ground albedo is 0.3, the temperature difference ranges from 0 °C to 0.75 °C. 

The largest cooling effect is observed in the northeast. A large area of asphalt in the east 

with an albedo of 0.4 also shows a cooling effect. Figure 16e–g shows that increasing the 

albedo of the masonry has a negligible effect on the temperature of most areas. The tem-

perature difference of the area near the masonry is 0.15 °C to 0.45 °C, and that of a few 

areas around the building is greater than 1.2 °C. Case A13 exhibits the highest cooling 

effect, i.e., a maximum difference of 1.4 °C. Overall, increasing the ground albedo results 

in a slight cooling effect on the hard pavement and surrounding area. The cooling effect 

is more pronounced at a higher albedo. 

    

(a) (b) (c) (d) 

Buildings 2022, 12, x FOR PEER REVIEW 15 of 21 
 

   

 

(e) (f) (g) Legend 

Figure 16. Difference in air temperature between each case and the base case at a height of 1.5 m at 

15:00 for surfaces with different albedo values. (a) Asphalt albedo: 0.3 (difference between cases A7 

and A0); (b) Asphalt albedo: 0.4 (difference between cases A8 and A0); (c) Asphalt albedo: 0.5 (dif-

ference between cases A9 and A0); (d) Asphalt albedo: 0.6 (difference between cases A10 and A0); 

(e) Masonry albedo: 0.4 (difference between cases A11 and A0); (f) Masonry albedo: 0.5 (difference 

between cases A12 and A0); (g) Masonry albedo: 0.6 (difference between cases A13 and A0). 

Figure 17 shows the Tmrt of the base case and the cases with different surface albedo 

values. The results indicate that the thermal comfort is slightly worse for the cases with 

higher albedo values. Increasing the surface albedo does not reduce the Tmrt but increases 

it after 9:00. At 12:00, the Tmrt of the asphalt with an albedo of 0.6 is 3.7 °C higher than that 

of A0. The reason is that an increase in the ground albedo increases the shortwave radia-

tion at the location, thereby increasing the total radiation. Similarly, a high surface albedo 

results in a higher PET, as shown in Figure 18. The effect on the PET is negligible at 8:00, 

but the PET increases with the albedo at 12:00 and 15:00. The PET of case A10 at 15:00 is 

44.99 °C, which is 4.3 °C higher than the PET of A0, significantly reducing the students’ 

thermal comfort. It is concluded that increasing the albedo of the surface reduces the air 

temperature. However, although the human body benefits from the cool road surface, it 

is affected by the increase in radiation. The resulting increases in the Tmrt and PET cause 

discomfort to the human body. Therefore, surfaces with a high albedo have variable ef-

fects. Fewer surfaces should be covered with asphalt and concrete, and more areas should 

be planted with vegetation, such as grass and trees. 

 

Figure 17. Tmrt of the base case and cases with different surface albedo values. 

Figure 16. Difference in air temperature between each case and the base case at a height of 1.5 m
at 15:00 for surfaces with different albedo values. (a) Asphalt albedo: 0.3 (difference between cases
A7 and A0); (b) Asphalt albedo: 0.4 (difference between cases A8 and A0); (c) Asphalt albedo: 0.5
(difference between cases A9 and A0); (d) Asphalt albedo: 0.6 (difference between cases A10 and A0);
(e) Masonry albedo: 0.4 (difference between cases A11 and A0); (f) Masonry albedo: 0.5 (difference
between cases A12 and A0); (g) Masonry albedo: 0.6 (difference between cases A13 and A0).

Figure 17 shows the Tmrt of the base case and the cases with different surface albedo
values. The results indicate that the thermal comfort is slightly worse for the cases with
higher albedo values. Increasing the surface albedo does not reduce the Tmrt but increases
it after 9:00. At 12:00, the Tmrt of the asphalt with an albedo of 0.6 is 3.7 ◦C higher than
that of A0. The reason is that an increase in the ground albedo increases the shortwave
radiation at the location, thereby increasing the total radiation. Similarly, a high surface
albedo results in a higher PET, as shown in Figure 18. The effect on the PET is negligible at
8:00, but the PET increases with the albedo at 12:00 and 15:00. The PET of case A10 at 15:00
is 44.99 ◦C, which is 4.3 ◦C higher than the PET of A0, significantly reducing the students’
thermal comfort. It is concluded that increasing the albedo of the surface reduces the air
temperature. However, although the human body benefits from the cool road surface, it
is affected by the increase in radiation. The resulting increases in the Tmrt and PET cause
discomfort to the human body. Therefore, surfaces with a high albedo have variable effects.
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Fewer surfaces should be covered with asphalt and concrete, and more areas should be
planted with vegetation, such as grass and trees.
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4. Discussion

This study focused on three optimization parameters to improve the outdoor thermal
comfort of a campus in hot summer weather: vegetation greening, building shading, and
surface albedo. The results of the micrometeorological simulations showed that a higher
greening rate resulted in a more comfortable outdoor thermal environment on campus.
These findings are in line with previous studies support the results here [37,70]. Evergreen
trees can reduce thermal comfort in winter by blocking the sunlight. Deciduous trees
provide shade in summer and let sunlight reach buildings in winter [71,72]. In addition,
according to the results of the field investigation, the deciduous trees with a height of 12 m
and a crown width of 9 m were selected in this model. Based on the campus greening
characteristics, the central greening in the model is arranged in blocks, and the greening
along streets and buildings is arranged in lines. These make our study more reliable.

We investigated the effects of different building heights (H/W). Campus spaces sur-
rounded by buildings with a high H/W have less exposure to solar radiation, resulting in
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higher thermal comfort in hot summer. This study showed that a H/W exceeding one did
not significantly improve the outdoor thermal environment. Considering the characteristic
of cold and severe cold climate zones, students prefer more sunshine in winter. Therefore,
the tradeoff between advantages and disadvantages in hot and cold seasons should be
considered in the building design to improve outdoor thermal comfort.

The outdoor thermal environment of university campuses can be improved by chang-
ing the building facade materials and paving materials. We attempted to improve the
outdoor thermal environment by using materials (asphalt and masonry) with a high albedo.
Although the surfaces with a high albedo had lower temperatures, the thermal environment
near the ground was not improved, which was consistent with the existing findings [48,54].
Therefore, surfaces with a suitable albedo should be selected.

This study has some limitations. First, we used a high greening rate to improve the
outdoor thermal environment of the campus. Other greening strategies include various tree
planting patterns, different tree species, vertical greening, and other factors. The influence
of different greening elements and combinations on the outdoor thermal environment of
campuses should be carefully considered.

Moreover, in addition to improving the students’ comfort by optimizing meteorologi-
cal parameters, the students’ adaptability is also an important factor. Some studies have
found that students’ behavior, thermal preferences, and psychological factors affect outdoor
thermal sensation [73,74]. Referring to Lam’s work, students’ perceptions of the outdoor
thermal environment were influenced by psychological and physiological factors (such as
emotion, fatigue, and region) [75]. Students’ thermal sensation was also influenced by sea-
sonal factors. Most students preferred slightly warm conditions in winter and slightly cool
conditions in summer [76]. Our research focused on optimizing the design characteristics
but did not consider the students’ characteristics. Therefore, student behavior, psychology,
and physiology should be considered to optimize outdoor thermal comfort.

In summary, future studies will consider landscape design factors, annual climate
characteristics, and students’ behaviors to provide more insights into optimizing outdoor
thermal comfort. The ultimate goal is to create a science-based and efficient outdoor thermal
environment optimization strategy to provide reliable information for urban designers and
campus planners.

5. Conclusions

This study investigated outdoor thermal comfort in an open space of a campus in
a cold region of China. Different optimization strategies (vegetation greening, H/W of
buildings, and surface albedo) were analyzed using ENVI-met. The main findings are
as follows.

(1) The field test showed that the temperature of the campus reached 38.4 ◦C at noon
in summer, and the temperature in areas without shade was above 36 ◦C, adversely
affecting the students’ outdoor activities. Thermal imagery showed very high surface
temperatures of pavement and walls, ranging from 44 ◦C to 51 ◦C. In contrast, the
surface temperatures in areas shaded by vegetation and buildings were much lower,
ranging from 31 ◦C to 35 ◦C.

(2) An increase in the greening rate reduced the air temperature and improved outdoor
thermal comfort. This effect became more pronounced as the greening increased from
25% to 45%. At a greening rate of 45%, the maximum Ta, Tmrt, and PET were 3.2 ◦C,
14.4 ◦C, and 6.9 ◦C lower, respectively, than in the base case.

(3) As the H/W of the building increased, the shadow area during the day increased, re-
ducing the SVF. The Ta, Tmrt, and PET were 2 ◦C, 8.7 ◦C, and 5.5 ◦C lower, respectively,
when there were buildings on both sides of the open area (H/W = 0.8). An increase
in the H/W from 0.8 to 1 did not further improve the outdoor thermal comfort. A
negligible difference in the Tmrt and PET was observed between a H/W of 1 and 1.2.
Therefore, increasing the building height improves the thermal environment of the
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campus in summer, but a higher building height does not necessarily mean a better
thermal environment.

(4) The air temperature decreased with an increase in the surface albedo. As the albedo
increased from 0.2 to 0.6, the maximum temperature dropped by 1.44 ◦C. However,
a decrease in the temperature led to an increase in Tmrt and PET, especially in areas
in building shadows. The Tmrt (PET) of the surface with an albedo of 0.6 was 3.7 ◦C
(4.3 ◦C) higher than that of the base case. Therefore, the building and ground surfaces
should not have a very high albedo.

(5) Further studies will consider landscape design factors, annual climate characteristics,
and students’ behaviors to provide more insights into optimizing the outdoor thermal
comfort of the university campuses.
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Nomenclature

D globe diameter, mm
G solar radiation, W/m2

RH relative humidity, %
Ta air temperature, ◦C
Tg black globe temperature, ◦C
Tmrt the mean radiation temperature, ◦C
Va wind speed, m/s
Va0 wind speed at 1.5 m, m/s
Va10 wind speed at 10 m, m/s
z0 distance from the ground at 1.5 m
z10 distance from the ground at 10 m
Abbreviation
H/W height-to-width ratio
PET physiological equivalent temperature, ◦C
PMV predicted mean vote
SVF sky view factor
UTCI universal thermal climate index, ◦C
Greek Symbols
ε emissivity
Superscripts
α roughness index

Subscripts
a air
g globe
mrt mean radiation temperature
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