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Abstract: The sunken courtyard has long been used in underground spaces and provides an im-
portant outdoor environment. It introduces natural elements to create a pleasant space for human
activities. However, this study measured a typical sunken courtyard and found potential problems of
excessive solar radiation and accumulated air pollutants in summer when at an acceptable outdoor
temperature for human activities. To improve the comfort and health of a sunken courtyard, this
research proposes some green retrofit designs. Firstly, compared with green wall, water and a tree,
sunshade is a primary measure to improve thermal comfort. Combining sunshade, a green wall and
water reduces the temperature by up to 5.6 ◦C in the activity zone during the hottest hour. Secondly,
blocking/guiding wind walls can effectively improve the wind environment in a sunken courtyard,
but only when the wind direction is close to the prevailing wind. A blocking wind wall was better
at affecting velocity and uniformity, while the guiding wind wall was more efficient at discharging
air pollutants. This study initially discusses the climate-adaptive design of underground spaces
in terms of green, thermal comfort and natural ventilation. Designers should generally integrate
above/underground and indoor/outdoor spaces using natural and artificial resources to improve
comfort and health in underground spaces.

Keywords: comfort; health; green; sunken courtyard; retrofit design; climate-adaptive design

1. Introduction

Urban intensification and vertical development are driving underground spaces to-
wards becoming important activity spaces, particularly in downtown and railway areas.
The sunken courtyard (or sunken plaza), which is a long-standing spatial form, plays a
significant role in enclosing underground spaces in terms of connecting to the outdoors,
improving thermal comfort, introducing natural elements and reducing traffic noise and
energy consumption [1,2]. However, greening is disappearing from current sunken court-
yards and being replaced by artificial materials, such as tiles, metals and plastic. Vernacular
architecture and scientific studies have shown that soil, water and plants effectively modify
sunlight, temperature, humidity and air quality [3,4]. In the summer, artificial materials
with high albedo increase the radiant temperature, causing courtyards to be unsuitable
for human activities. This situation also causes potential health risks, thereby preventing
people from moving around outdoors during epidemics [5] and can cause health hazards,
such as the release of total volatile organic compounds (TVOCs) and particulate matters
(PMs) [6]. Therefore, there are research requirements and practical needs for monitoring
environmental parameters and analyzing potential deficiencies in artificial sunken court-
yards. Moreover, green retrofit designs can be developed purposefully and by scientifically
combining microclimate simulations.
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Existing research has indicated that location, orientation, form, geometry and construc-
tion affect the physical performances of sunken courtyards, including lighting, ventilation,
energy and thermal comfort [1,4,7–9]. However, these factors are determined during the
early design and construction phase. Subsequently, changing them would be extremely
costly or even difficult because the construction of underground spaces is highly irre-
versible, particularly for those with other buildings or facilities aboveground. This study
uses site measurements and environmental conditions as a basis for focusing on retrofit
designs to improve the thermal comfort and air quality of existing sunken courtyards,
including internal layout, building surface, greening and ventilation potential. In the
summer weather, excessive radiation and air pollutants have been identified by analyzing
the variation and correlation of air temperature, black-bulb temperature, relative humidity,
wind velocity, CO2, TVOCs and PMs, as the two most important problems. It has been
identified that unshaded areas and building materials lead to high radiant temperatures.
Physiological equivalent temperature (PET) is adopted by comparing several thermal
comfort indicators. Furthermore, excessive TVOCs and PMs indicate that airflow in the
courtyard is unable to discharge air pollutants. A wind vector is adopted to evaluate the
ventilation potential driven by ground winds.

The simulation results supported the hypothesis that there is excessive solar radiation
and accumulated air pollutants. The thermal effects of a sunshade, a green wall, water
and the presence of a tree, as well as the natural ventilation effects of ground winds were
simulated using ENVI-met Version 4 and Cradle scSTREAM Version 14. On the one hand,
sunshades are a primary measure to improve thermal comfort in the summer, reducing
the physiological equivalent temperature (PET) by up to 3 ◦C in the activity zone during
the hottest hours. Green walls and shallow water reduce PET by up to 3 ◦C and 0.8 ◦C,
respectively, when in specific positions. Combining a sunshade, a green wall and water
reduce PET by up to 5.6 ◦C in the activity zone where the measured maximum of 39.5 ◦C
drops to below 35 ◦C (which is hot for PET). On the other hand, a guiding wind wall
introduced ground winds and created suitable and uniform wind fields in the activity
zone and discharged air pollutants. A guiding wind wall can also be combined with a
green wall and controllable louvers to provide controllable and comfortable ventilation.
Actual measurements and retrofit designs indicate that underground spaces with good
thermal performance often disregard climate-adaptive designs in the early stages. This
study initially discusses the climate-adaptive design of underground spaces in terms of
green, thermal comfort and natural ventilation. Introducing additional natural elements
into sunken courtyards improves physiological comfort and also visual and psychological
delight. This study is a direct reference for retrofit designs and newly built courtyards,
providing numerous comfortable and healthy spaces for urban activities.

2. Methodology
2.1. Field Measurements

The measured sunken courtyard used in this research is located at an underground
shopping mall in the center of Nanjing, China (Figure 1). Nanjing has a subtropical mon-
soon climate with an annual average temperature of 15.4 ◦C, an annual high temperature of
39.7 ◦C, and it belongs to the hot summer and cold winter climate zone in China. Nanjing is
known as a hot summer city in China and is experiencing significant warming. Summer in
Nanjing is also becoming longer and arrives in mid-May [10,11]. However, dates where the
temperatures were above expected levels were not studied because, from observations dur-
ing the previous summer, people were generally reluctant to stay in the sunken courtyard
being measured for long periods when it exceeded 33 ◦C. Furthermore, China sets 35 ◦C as
the threshold for high temperature warnings and outdoor work allowances. In the previ-
ous 140-day summer in Nanjing, only 19 days exceeded 33 ◦C. Three adjacent weekends,
29–30 May and 5 June 2021 (the weather was cloudless and sunny with a high temperature
of 32 ◦C and a Beaufort Wind Force of 2–3), were selected in advance based on weather
forecasts. The study period began at 10:00 (mall opening) and ended at 18:00 (dinner) when
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solar radiation decreased significantly to a steady phase. Three measurements showed
highly consistent patterns and characteristics, which were sufficient to support validity
and representativeness. Data from 30 May were chosen because there were only a few
unforeseen interferences and numerous evident interactions of environmental parameters.
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Figure 1. The measured sunken courtyard in Nanjing, China.

The measurement instrument was placed on a table and its probe was approximately
1.1-m high, which was also the height of the consumers’ faces when sitting for a long time in
the courtyard. Table 1 summarizes the specifications of the JT integrated monitor of thermal
environment and air quality. The sampling interval was set at 10 s to sensitively determine
the environmental effects of changing winds. A total of 2881 data sets were analyzed over
an eight-hour period (i.e., 10:00–18:00). Meanwhile, environmental parameters required
by ENVI-met were measured. Air temperatures, relative humidity (RH) and building
surface temperatures were measured at a height of 2 m in the center of the courtyard. Air
temperatures and RH were measured using a TANDD TR-72wf thermo recorder with
a precision of 0.5 ◦C and 5% RH. Surface temperatures were measured using a Fluke
59 mini-infrared thermometer with a temperature precision of 2 ◦C. Wind velocities and
directions were measured at a height of 10 m from the courtyard floor. Wind velocities
were measured using Testo 405i hot-wire anemometer with a velocity precision of 0.1 m/s
and temperature precision of 0.5 ◦C.

Table 1. Specifications of JT integrated monitor of thermal environment and air quality.

Parameters Range Precision

Air temperature −40–85 ◦C ±0.3 ◦C
Globe temperature 20–85 ◦C ±0.3 ◦C (20−40 ◦C)

Wet-bulb temperature 5–40 ◦C ±0.5 ◦C
Relative humidity 0–100% RH ±2%RH

Wind velocity 0.05–2 m/s ±(0.03 m/s + 2% reading)
PM2.5 0–999 ug/m3 ±10% reading
CO2 0–5000 ppm ±30 ppm

TVOCs 0.1–0.6 ppm ±10% reading

2.2. Thermal Comfort Evaluation

Outdoor thermal comfort indices can be divided into three categories: (1) cold and hot
thermal stress indices based on regression analysis, such as Wet-bulb globe temperature
(WGBT) and predicted mean vote amended by Jendritzky (PMV*) [12]; (2) indices based
on steady-state heat transfer models, such as OUT Standard Effective Temperature (OUT-



Buildings 2021, 11, 413 4 of 19

SET*) [13] and PET [14]; and (3) indices based on unsteady heat transfer models, such as the
Universal Thermal Climate Index (UTCI) [15]. Table 2 summarizes the factors involved in
some commonly used indicators. Based on the literature review, PET and UTCI have been
recommended and widely used in recent years. Compared with UTCI, PET is considerably
more sensitive to wind velocity and solar radiation [16,17]. Moreover, PET requires wind
velocity to be measured at 1.1 m, whereas UTCI requires wind velocity to be measured
at 10 m. Therefore, PET is better adapted to the requirements of the current study. At
any given place, outdoors or indoors, PET is equivalent to the air temperature at which,
in a typical indoor setting, the heat balance of the human body (work metabolism 80 W
of light activity was added to basic metabolism; heat resistance of clothing 0.9 clo) is
maintained with core and skin temperatures equal to those under the conditions being
assessed [14]. Table 3 shows PET ranges corresponding to different thermal sensations. In
the current study, clothing insulation (0.6 clo) and metabolic rate (1.0 met or 60 W/m2)
were predicted according to field observation and ASHRAE Standard 55-2017: Thermal
Environmental Conditions for Human Occupancy [18].

Table 2. Commonly used outdoor thermal comfort indices.

Index
Physical Factor (Climatic Conditions) Physiological Factor (Physiological Regulation)

Air
Temperature Humidity Air

Velocity Radiation Skin
Temperature

Skin
Wettedness

Core
Wettedness

Clothing
Insulation

Metabolic
Rate

WGBT + + + +
PMV* + + + + + + + +

OUT-SET* + + + + + + + +
PET + + + + + + + + +

UTCI + + + + + + + + +

Table 3. Thermal sensations and corresponding PET ranges.

Thermal Sensation Very Cold Cold Cool Slightly Cool Neutral Slightly Warm Warm Hot Very Hot

PET range (◦C) <4 4–8 8–13 13–18 18–23 23–29 29–35 35–41 >41

The RayMan Version 1.2 model was applied to calculate PET from the measure-
ment data. The RayMan model is a diagnostic micro-scale radiation model developed
by the department of meteorology and climatology at the Albert Ludwigs University of
Freiburg. This model is designed to calculate radiation fluxes in simple and complex
environments [19]. Mean radiation temperature (Tmrt) is a key index for calculating PET
and can be approximately calculated from the SkyHelios model and Sky View Factor in
RayMan. However, the current study adopted a considerably accurate calculation by
measuring the globe temperature which is explained in ISO 7726:1998-Ergonomics of the
thermal environment-Instruments for measuring physical quantities [20]. It is obtained using the
following equation:

Tmrt =

[(
Tg + 273.15

)4
+

1.1× 108v0.6

εD0.4 ×
(
Tg − Ta

)]1/4

− 273

where Tg = globe temperature (◦C), v = wind velocity (m/s), ε = globe emissivity (0.95),
D = globe diameter (mm) and Ta = air temperature (◦C).

2.3. Simulation of Retrofit Designs

The microclimate effects of four retrofit designs were modeled using Rhinoceros
software and simulated in ENVI-met software, including a water pond, a tree, wall greening
and a sunshade. ENVI-met is widely used and validated for predicting microclimates for
buildings and green areas. The courtyard in this study is 15 m × 23 m and has a calculation
domain of 45 m × 69 m; the simulation results shown in similar medium-sized courtyards
were satisfactory [21–24]. Furthermore, the ground environment of the measured courtyard
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is a green garden. No large buildings are within three times the scale of the courtyard and
as such do not affect the microenvironment [25].

Table 4 shows the environmental parameters at the heights required by the ENVI-met
simulation. These measured parameters were added to the epw.weather file. The epw.
file that is recommended for ENVI-met provided geographical location, solar angle and
radiation in this study; this was downloaded from https://www.ladybug.tools/epwmap/
(accessed on 12 September 2021) supported by the US Department of Energy. This study
compared the simulation results of three grid sizes (i.e., 2 m, 1 m and 0.5 m, which are the
smallest supported by ENVI-met) and found that a grid size of 1 m significantly balanced
simulation precision and computation time. Figure 2 shows the sizes and materials of the
original and modified courtyards.

Table 4. Environmental parameters required by ENVI-met simulation.

Hourly averaged
environmental

parameters

Time
2-m Height (Courtyard Center) 10-m Height (Ground Surface)

Air Temperature (◦C) RH (%) Wind Velocity (m/s) Wind Direction (◦)

09:00 31.6 58.2 2.5 202.5
10:00 32.2 52.8 1.6 247.5
11:00 32.8 48.5 2.3 202.5
12:00 33.5 38.6 1.6 270.0
13:00 34.9 35.8 2.7 270.0
14:00 35.8 35.3 1.6 292.5
15:00 37.0 31.7 2.4 225.0
16:00 33.8 36.6 1.3 135.0
17:00 32.7 39.1 2.1 292.5
18:00 31.7 42.2 1.9 112.5
19:00 31.2 48.6 2.7 112.5

Initial building temperature (09:00) 30.2 ◦C

Note: 0-m height of the sunken courtyard floor.
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Numerical models and settings were validated by comparing the simulated and
measured temperatures and RH. However, the measurements of the hourly average wind
velocities were 3–8 times that of those simulated (0.06 m/s–0.28 m/s), which seriously
affects the calculation of PET. This result supported our assumption that the sunken
courtyard was minimally affected by ground winds. Therefore, the measured wind velocity
was used to modify the simulated PET. The comparative results showed that temporal
trends are more consistent with errors of Ta (0.9–4.0%), RH (6.8–19.7%) and PET (6.0–15.6%)

https://www.ladybug.tools/epwmap/
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(Figure 3). ENVI-met calculated high solar radiation and low humidity, which were also
found in previous studies, but were at acceptable levels [22,26,27]. The effect of green
renovation was mainly assessed by comparing the differences of the simulated PET.
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Figure 3. Model validation (s: simulation, m: measurement).

Given the shortcomings of ENVI-met in fine-scale computerized fluid dynamics (CFD)
simulations, this study adopted Cradle scSTREAM Version 14, which is a specialized
computational fluid dynamics software, to accurately simulate the wind environment in
the sunken courtyard. Referring to Chinese standards, “GB 50736-2012, Design code for
heating ventilation and air conditioning of civil buildings” [28], Table 5 summarizes the
computational settings that meet the requirements of outdoor wind environment analysis.

Table 5. Computational settings of CFD simulations.

Computational Domain

Material Air (incompressible)
Analysis type Turbulence flow, heat, solar radiation, steady state

Turbulence model Renormalization group (RNG) k-εmodel
Ambient temperature 31.6 ◦C

Initial solid temperature 30.2 ◦C

Boundary Condition

Basic type External flow (winds blowing through buildings)
Prevailing wind 2.6 m/s (10 m height), SSE

Roughness category Urban area formed by medium-rise buildings (4–9 story) mainly
Flow boundary Power law (inlet), static pressure (outlet)
Wall boundary Noslip (power law or smooth)

Thermal boundary Adiabatic (outer), heat transfer (fluid-solid), conduction (solids)

Solar Radiation

Location Nanjing, 32◦00′ (Latitude), 118◦48′ (Longitude)
Date and time 30 May, 9:00 a.m.

Solid absorptance Architectural material

3. Results
3.1. Analysis of Measurement Data
3.1.1. Correlation Analysis

A correlation analysis was conducted using SPSS (Table 6). Firstly, PET was strongly
positively correlated with Ta and Tg and strongly negatively correlated with RH. Secondly,
TVOCs were strongly positively correlated with air temperature, which also led to a strong
negative correlation with humidity. Thirdly, wind velocity has a limited effect on the
concentration of air pollutants, which is contrary to common sense in ventilation. A
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positive correlation amongst CO2, PM2.5 and TVOCs initially proved that there was air
stagnation in the sunken courtyard.

Table 6. Pearson correlation analysis of environmental parameters.

PET Tmrt Ta Tg RH v CO2 PM2.5 TVOC
PET 1 0.982 ** 0.986 ** 0.988 ** −0.848 ** −0.227 ** 0.374 ** 0.290 ** 0.495 **

Tmrt 1 0.941 ** 0.999 ** −0.782 ** −0.108 ** 0.275 ** 0.273 ** 0.396 **
Ta 1 0.953 ** −0.897 ** −0.262 ** 0.462 ** 0.300 ** 0.579 **

Tg 1 −0.797 ** −0.134 ** 0.295 ** 0.277 ** 0.416 **
Absolute Correlation RH 1 0.224 ** −0.495 ** −0.193 ** −0.596 **

0.0–0.1 Not v 1 −0.266 ** −0.092 ** −0.264 **
0.1–0.3 Weak CO2 1 0.449 ** 0.854 **
0.3–0.5 Moderate PM2.5 1 0.364 **
0.5–1.0 Strong TVOC 1

**. Correlation significant at 0.01 level (two-tailed).

3.1.2. Excessive Solar Radiation

Temporal trends of the measured data showed a significant concordance amongst
PET, Tmrt, Ta and Tg (Figure 4). Humidity showed a significant negative correlation with
temperature in terms of overall trends and local changes. Given the effect of solar radiation
on ambient temperature and humidity, solar radiation can be deduced as the decisive
factor influencing the thermal environment in the sunken courtyard. Local changes in
wind velocity had evident cooling effects but did not affect the overall trend of PET
(Figure 5). From 10:00 to 15:00, solar radiation led to Tmrt > Tg > PET > Ta. Before 15:00,
the four temperatures steadily increased and started to exceed 35 ◦C (the hot threshold for
PET) at approximately 11:30. After reaching a maximum of 39.5 ◦C (PET) at 15:00, these
temperatures decreased rapidly because of self-shading of the sunken courtyard and a
reduction of direct solar radiation. Additionally, Tmrt and Tg were occasionally lower than
PET, which may be related to increasing humidity. These temperatures decreased gradually
and converged after 17:00. Therefore, controlling solar radiation is the primary means of
improving thermal comfort, with relative potential for increasing humidity.
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Figure 4. Temporal trend of strongly correlated thermal comfort parameters.
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3.1.3. Air Stagnation and Pollutant Accumulation

Concentrations of PM2.5, CO2 and TVOCs were consistently stable, even with evident
winds (Figure 6). However, there was an unforeseen scenario: at approximately 15:30, a
consumer stayed close to the instrument for 20 min smoking and eating, thereby leading to
a sudden increase in these concentrations. Table 7 shows the healthy building standards in
China and the US, in which PM2.5 (average 36.4 µg/m3) and TVOC (0.65 ppm) were consis-
tently exceeded, whilst CO2 (522.8 ppm) was below the threshold. Specifically, TVOCs were
nearly four times over the thresholds, which may be derived from the interior air in the
mall and decoration materials in the courtyard. Although the sunken courtyard is an open
outdoor space, it is not connected to the ground wind environment, thereby preventing the
discharge of air pollutants. Additionally, fresh air from the above ground garden cannot
enter the sunken courtyard. Occasional there were breezes in the measurements that were
mainly caused by air convection between open doors. Therefore, the sunken courtyard
should be modified to introduce substantial natural winds.
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Table 7. Air pollutant thresholds in healthy building standards.
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CO2 (ppm) 1000 800 24-h mean

TVOC (ppm) 0.15 0.125 8-h mean
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3.2. Simulation of Green Retrofit Designs
3.2.1. Retrofit Design for Thermal Comfort

Figure 7 shows the PET reduction when using a sunshade, a green wall, a tree, water
and their combination in the middle section of the courtyard. Table 8 summarizes ENVI-
met parameters of green retrofit measures. Firstly, the sunshade reduces PET throughout
the courtyard, most noticeably immediately below the sunshade by 2–4 ◦C. In the activity
zone (0–2 m high), it reduces the temperature by 1–3 ◦C. Secondly, the green wall increases
the surrounding PET by 0–2 ◦C, which is caused by sunlight reflection and heat storage
in the leaves. However, it reduces the temperature by 2–4 ◦C in the central activity zone.
Thirdly, contrary to common experience, a tree with a dense canopy increases the PET in
most of the courtyard, but reduces the temperature by 2–3 ◦C in the central activity zone. A
comparison of 15 m and 20 m tall trees shows that the canopy should preferably be above
ground level to avoid blocking surface winds. Fourthly, shallow water has a very limited
cooling effect, only cooling its surroundings by less than 0.8 ◦C. Fifthly, combining the four
designs reduces the temperature by up to 4.9 ◦C in the activity zone. Finally, considering
the counteraction of the trees, the combination of a sunshade, a green wall and water
reduces the temperature by up to 5.6 ◦C in the activity zone. This design integrates the
cooling effects of three designs to reduce the measured maximum temperature of 39.5 ◦C
to below 35 ◦C (which is hot for PET).
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Table 8. ENVI-met parameters of green retrofit measures.

Green Retrofit Measure Number Parameter

Sunshade 000001 Single wall, SunSail, material (PV), thickness (0.2)
Green wall 01AGDS Greenings with air gap, green and mixed substrate

Tree 0000BS 20 m height, dense, distinct crown layer, albedo (0.2), transmittance (0.3)
Water 0000WW default

3.2.2. Retrofit Design for Natural Ventilation

Pressure difference is fundamental for organizing natural ventilation. This study aims
to promote wind-pressure ventilation to introduce ground wind into the sunken courtyard
and exhaust accumulated air pollutants. The two retrofit designs and original courtyard
were compared by CFD simulation (Figure 8) in a prevailing SSE wind.
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First, the original courtyard had a wind velocity of 0.2–1.4 m/s in the activity zone,
which was just perceptible but has a limited cooling effect in the summer. The vector
diagram showed airflows circulating in the courtyard without being noticeably carried by
ground winds. Therefore, the sunken courtyard becomes an outdoor ventilation “dead
zone” and accumulates air pollutants, thereby confirming the uncertainties of previous
measurements and ENVI-met simulation.
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Thereafter, the 5-m high wall blocked ground winds to create a negative pressure zone
in the courtyard and promote ground winds that sucked out underground airflows. The
airflow field was effectively increased to 0.8–2.2 m/s in the activity zone. This condition
was inspired by the upward wind in the surrounding area induced by the windward side
of buildings in an urban wind environment. A blocking wall on the south side of the
courtyard improved wind velocity, airflow exchange and the ventilation area better than
the north side according to a comparison simulation. Furthermore, airflows were steadily
circulated from the sunken courtyard to the ground, although many polluted airflows enter
the courtyard again.

Lastly, guiding surface winds into the courtyard to create a positive pressure zone
enables effective and consistent ventilation. This condition was inspired by widely used
wind towers and wind deflectors in both aboveground and underground buildings. The
3-m high guiding wind wall increased the airflow field to 0.8–1.8 m/s in the activity zone.
The guiding wind wall was installed 1 m from the original wall and did not encroach on a
significant area. Although the guiding wind wall did not create a more uniform and faster
wind than the blocking wind wall, it directed ground winds into the sunken courtyard
more directly and with less circulation of polluted airflows.

In addition, both wind walls can be combined with greening or water cooling to reduce
airflow temperature and upward buoyancy in the summer. Guiding wind walls can also be
combined with controlled louvers in the top opening to avoid winter wind and undesirable
airflow. Figure 9 shows ventilation performances of guiding wind walls for north, south
and west (similar to east) ground winds with the same velocity as the prevailing wind
(2.6 m/s). For wind direction close to the prevailing wind, there was a better performance
on increasing wind velocity and discharging air pollutants. For wind direction contrary to
the prevailing wind, it was no better than the effect of a slight discharge passage. For wind
direction perpendicular to the prevailing wind, it was ineffective but had no negative effect.
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Both wind walls can effectively improve the wind environment in the sunken court-
yard, but only in wind directions close to the prevailing wind. A blocking wind wall was
better at improving the wind environment for velocity and uniformity, while the guiding
wind wall was more efficient at discharging air pollutants. When controlled louvers are
closed, the blocking wind wall became a prevailing wind wall as well.
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3.3. Summary

The main microclimatic problems in the measured sunken courtyard, that is, excessive
solar radiation and accumulated air pollutants, were identified through analyzing field
measurement and software simulations. First, compared to a green wall, water and a
tree, sunshade was the primary measure to improve thermal comfort. When applying
the findings to other sunken courtyards, position, size and angle of a sunshade should
be adapted to local climate in order to balance summer shading with winter heating.
Deciduous liane and photovoltaic panels can be combined with a sunshade to improve
shading effects and ecological benefits. Secondly, large trees that provide partial shade
for courtyards not only cause solar radiation to accumulate under the crown layer, but
also weaken natural ventilation above and underground. Therefore, the traditional and
empirical design concept of “more trees is better” may not apply. Appropriate plants should
be chosen for different architectural interfaces to address corresponding environmental
problems. Lastly, this study only applied the default setting of water in ENVI-met and
found little effect on the courtyard microclimate. This requires further research on water of
different depths, sizes and volumes. The design implications described above are further
extended in Section 4.

4. Discussion

From this study of the thermal environment and air quality of the sunken courtyard,
a classic underground space, it is clear that many empirically well and comfortably built
environments conceal comfort and health problems, such as bad thermal conditions, accu-
mulated pollutants and a lack of natural elements. In the early stages of building design,
the designer should incorporate modeling and simulation to predict environmental quality.
In turn, building design and environmental control should be adapted to the climatic
conditions and usage requirements. This facilitates energy savings, natural access and
reduces potential risks of the equipment used in the spaces. To counter global warming
and the health crises, underground spaces cannot simply be artificially designed, due
to the difficulties of construction and management, but should, as much as possible, be
naturalized and healthy. The following section provides extended discussions on “greening
underground spaces” and “adaptive designs for thermal environments”.

4.1. Greening Underground Spaces
4.1.1. Multiple Benefits

Greening underground spaces can enhance vitality and positive impressions. It can
also help to regulate the microclimate in order to improve thermal comfort and air quality
and promote healthy urban and social environments.

Firstly, greening revitalizes underground spaces into pleasant, comfortable and lively
public spaces. The public has negative impressions of underground spaces, mostly from tradi-
tional cultures or unpleasant experiences, such as gloomy, damp, stuffy or lost environments.
The sunken courtyard connects to the ground, bringing in natural elements, such as light, wind
and water, which naturalize the underground environment and show the weather and time of
day. This condition enhances multi-sensory experiences and also eliminates the unsafe and
unhealthy psychological cues of underground spaces [29]. Furthermore, sunken courtyards
enhance a sense of place and identity by providing external views and attractive images, which
also echoes vernacular architecture and traditional context [30].

Secondly, plants and water effectively regulate the microclimate to enhance environ-
mental quality whilst reducing energy consumption and carbon emissions. Plants enhance
thermal comfort through transpiration, the absorption of carbon dioxide and the release of
oxygen through photosynthesis. Plants can also absorb air pollutants (e.g., Vanda against
nicotine and Tortoise against formaldehyde). Water acts as an efficient heat sink owing
to its high thermal capacity and enhances absolute humidity and thermal comfort [31].
Meanwhile, these measures reduce operational loads for environmental control equipment,
thereby reducing energy consumption and carbon emissions.
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Thirdly, planted spaces in urban areas are beneficial to healthy environments in
numerous ways [32]. Green spaces directly contribute to public health, notably because
they enable citizens to engage in various activities that reduce obesity and prevent diseases,
such as cardiovascular and lung disease. Additionally, outdoor activities are promoted to
reduce the risk of indoor infections during epidemics.

4.1.2. Greening Design

The use of limited underground space to create a green atmosphere requires an
elaborate design. Floors, walls and ceilings are available for plant design, creating a
green underground space for a surrounding, immersive experience. Firstly, plants on
the floor are easily accessible to people and provide spatial orientation. Fixed planting
beds provide the soil depth required for plant growth. However, it inevitably takes up
the already insufficient underground space and affects space availability. Removable
containers can be arranged flexibly to meet different spatial requirements and can also
be changed for seasonal scenes and various experiences. Secondly, a green wall does not
encroach on horizontal spaces and provides an evident greening effect and recognizability.
Modular green walls can easily be removed and replaced, providing a green underground
space throughout the year. A green wall is also a widely used measure for regulating the
microclimate and has been studied for its effectiveness in reducing radiation, enhancing
thermal comfort and air quality and blocking noise [4,33,34]. Thirdly, a green ceiling
contributes to the surrounding natural atmosphere, does not encroach on spaces available
for human activities and provides coherent orientations. Additionally, a green ceiling
can be combined with an outdoor pergola or sunshade to create a markedly pleasant
environment in sunken courtyards. Lastly, water can be used in three spatial interfaces
and with plants and has superior effects on thermal comfort. Note that water can provide
animated landscapes and pleasant soundscapes. Water curtain walls, fountains and water
spray [35,36] increase the thermal comfort, liveliness and vitality of underground spaces,
giving occupants multi-sensory experiences.

Sunlight, air and water limit plant selection in underground spaces. Sunlight deter-
mines the photosynthesis and transpiration of plants. Outdoors, natural light is introduced
as much as possible whilst balancing thermal temperatures and daylight [37]. Indoors,
natural light can be supplied through direct, reflected or light-guided techniques, as well
as by lighting that simulates the natural spectrum. Air movement affects temperature and
humidity, which affect the root health and bacterial growth of plants. Poor air movement
increases indoor carbon dioxide during plant respiration and affects human health. Water
can be flexibly regulated through rainwater collection, grey water and irrigation systems.
Therefore, drought-loving, shade-loving and cryptogamous plants are suited to under-
ground greening, particularly in environments lacking in natural elements. Table 9 lists
some plants suitable for underground spaces.

Table 9. Some plants suitable for underground spaces.

Green Methods Plant Types Plants

Green floor
Arbor Royal palm, hemp palm, ficus lyrata
Shrub Octophylla, monstera, rohdea

Herbage, liane, pteridophyta Scindapsus, begonia cathayana hemsl, ophiopogon japonicus, moss
Green wall Herbage, liane Euphorbia humifusa, ivy, wisteria

Green ceiling Herbage, liane Scindapsus, ivy, chlorophytum comosum
Green water Herbage Eichhornia crassipes, iris hexagonus, lotus

4.2. Adaptive Designs for Thermal Environments

Thermal environments cannot simply be designed to meet certain environmental
standards. A healthy and energy-efficient thermal environment requires an adaptive
design and flexible regulation. On the one hand, standard thermal comfort indicators
should be modified according to the characteristics of underground spaces and the target
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population. On the other hand, energy-efficient-oriented thermal design should integrate
indoor and outdoor environments. Moreover, energy-oriented thermal regulation should
integrate indoor and outdoor environments to fully use natural and artificial cooling and
heat sources. Traditional designs focus on the interior and only consider using outdoor
wind and light to reduce energy consumption of indoor environmental controls. Air and
light between indoor and outdoor environments can be organized to maximize energy
efficiency. For example, excessive cold air can penetrate from the indoors to the courtyard
through open doors rather than mechanical exhaust systems, thereby reducing the energy
consumption of equipment and also enhancing the thermal comfort of a sunken courtyard.
Therefore, after analyzing the thermal demands generated by the environment and people,
designers should integrate the surrounding environment and resources to design buildings,
facilities, greening and operations with adaptive approaches.

4.2.1. Demand Analysis for Thermal Environment and Ventilation

The two common methods of thermal comfort are the predicted mean vote (PMV)
and percentage of people dissatisfied (PPD) methods developed by Fanger [38], and the
adaptive model proposed by Nicol and Humphreys [39]. Adaptive thermal comfort models
combine field studies and linear regression to obtain specific temperatures adapted to loca-
tion, climate and population [40]. Li et al. conducted a long-term and comprehensive study
of underground thermal environments in various climatic zones in China. Firstly, four
climatic zones for underground engineering in China were classified. Secondly, thermal
comfort models and recommended temperature ranges for the different climate zones
are proposed by regression analysis through field measurement and thermal sensation
survey [41,42]. The current study classified Nanjing in the humid climate zone and sug-
gested an indoor neutral temperature (25.43 ◦C) and an indoor acceptable temperature
(23.80–27.65 ◦C). Lastly, the effects of temperature, relative humidity, wind velocity and the
length of time that people dwell in the space, on thermal comfort in an underground mall
were analyzed. The high temperature of transitional spaces between indoors and outdoors
positively affected thermal comfort and energy consumption [43]. The research has been
instructive for sunken courtyards as transitional spaces. The acceptable temperatures
indoors are substantially lower than outdoor temperatures. Cool indoor air can naturally
exhaust from the courtyard to enhance thermal comfort during hot times. Furthermore, an
adaptive temperature gradient can provide dynamic thermal pleasure from the ground, to
a courtyard, to the interior [44]. This condition also reduces cardiovascular and respiratory
diseases caused by sudden exposure to hot and cold.

High thermal inertia of the surrounding soil provides a stable and delayed thermal
environment to reduce the effects of outdoor climate fluctuations. The air-conditioning
load of underground buildings is less than that of aboveground. However, excessive
humidity in the summer, which causes condensation and insufficient sunlight, increases
the dehumidification load of air-conditioning systems [45,46]. Humid air indoors also
moderates dry environments in the sunken courtyard on summer afternoons.

Typical indicators of indoor air quality in underground buildings include concentra-
tions of formaldehyde, TVOCs, CO2 and radon, which are the main risk factors for sick
building syndrome (SBS) and building-related illness (BRI) [45]. The most significant air
pollutants in underground malls are TVOCs and formaldehyde from indoor decorations,
catering and merchandise. These pollutant concentrations are significantly correlated with
wind velocity and significantly positively correlated with air temperature and relative
humidity [6]. Additionally, radon is a common problem for underground building air qual-
ity. Ventilation, coating level, decorating materials and geological formation are the main
influencing factors [47]. Air pollutants infiltrate and accumulate in sunken courtyards, mak-
ing them an environment which has a greater health risk than indoor environments with
mechanical exhaust systems. Therefore, promoting ventilation using natural or artificial
resources is key to the environmental health of courtyards.
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4.2.2. Adaptive Design for Sunken Courtyard Microclimates

Site layout, building form, building configuration, building surfaces, greening and
amenities of the built environment design significantly affect the thermal environment and
energy efficiency. Vernacular experience and passive design of traditional buildings can
be adapted to contemporary architectural design using innovation [48–50]. Even the built
environment determines the long-term problems faced by microenvironments. Common
problems in underground spaces include high humidity, lack of sunlight and views, poor
air circulation and air quality and difficulty diffusing out noise. Considerable equipment,
energy and space are required to compensate for the health and comfort deficiencies caused
by the built environment [51–53]. The sunken courtyard is a significant solution that ideally
connects and regulates indoor and outdoor microclimates and introduces the two most
important natural elements: sunlight and wind.

Several studies have extensively explored adaptive solar, wind and thermal designs.
Orientation, form, geometry and movable sunshade can be designed to provide substan-
tial shadow in the summer and receive extensive sunlight in the winter. Reducing solar
radiation in the summer should be balanced with heating in the winter, because sunken
courtyards may not provide sufficient sunlight and acceptable thermal comfort in the
winter [2]. Li studied, measured and simulated the ventilation and lighting performance of
a sunken courtyard and found that its height and width are positively correlated with a
ventilation effect. Furthermore, the height–lighting relationship suggested a north–south
orientation and 5-m height adapted to the research field [54]. For additional daylighting
and energy saving, Omrani et al. studied how the depth (D), width (W) and length (L) of
sunken courtyards affect daylighting performance inside rooms and showed a Well Index
(WI) = 0.5 that refers to D/W for a square plan or D(W + L)/2 WL for a rectangular plan [9].
Additionally, some studies on building surfaces and greening have been instructive. Ghaf-
farianhoseini et al. evaluated the ability of unshaded courtyards to provide thermally
comfortable outdoor spaces according to different design configurations and scenarios,
including orientation, height and wall albedo and vegetation [55]. Similarly, high albedo
surfaces, a water pond and vegetation were suggested to mitigate heat loads and moderate
the microclimate of courtyards [23,56].

Natural ventilation can effectively improve thermal comfort and air quality in daily
life and during epidemics and has the immense potential to control efficiency and save en-
ergy [57–59]. However, adequate and stable natural ventilation in a separate underground
space is difficult to obtain. In shallow underground spaces and hot-humid climates, the
generation of buoyancy by the vertical temperature difference between underground and
aboveground is not evident [60,61]. Thermal pressure ventilation needs stable temperature
differences, which can be obtained by active and passive designs. Firstly, solar chimneys
and photovoltaic–thermal collectors can collect solar energy to create temperature differ-
ences and promote stable ventilation [62]. Secondly, earth–air–heat exchanger systems
use the constant temperature of the subsoil to heat or cool outdoor air [63]. Underground
water cooling and spray cooling can be applied adaptively to reduce the length of cooling
ducts. Thirdly, temperature differences created by connected courtyards or atria, which are
widely used in traditional group buildings, can also create stable natural ventilation. Lastly,
the previously discussed wind pressure ventilation can be further enhanced by the design
of wind towers, wind ducts and wind catchers [8,58]. Figure 10 presents some concepts for
active and passive designs to promote natural ventilation in underground spaces.



Buildings 2021, 11, 413 16 of 19

Buildings 2021, 11, x FOR PEER REVIEW 16 of 19 
 

(WI) = 0.5 that refers to D/W for a square plan or D(W + L)/2 WL for a rectangular plan [9]. 
Additionally, some studies on building surfaces and greening have been instructive. 
Ghaffarianhoseini et al. evaluated the ability of unshaded courtyards to provide thermally 
comfortable outdoor spaces according to different design configurations and scenarios, 
including orientation, height and wall albedo and vegetation [55]. Similarly, high albedo 
surfaces, a water pond and vegetation were suggested to mitigate heat loads and moder-
ate the microclimate of courtyards [23,56]. 

Natural ventilation can effectively improve thermal comfort and air quality in daily 
life and during epidemics and has the immense potential to control efficiency and save 
energy [57–59]. However, adequate and stable natural ventilation in a separate under-
ground space is difficult to obtain. In shallow underground spaces and hot-humid cli-
mates, the generation of buoyancy by the vertical temperature difference between under-
ground and aboveground is not evident [60,61]. Thermal pressure ventilation needs stable 
temperature differences, which can be obtained by active and passive designs. Firstly, so-
lar chimneys and photovoltaic–thermal collectors can collect solar energy to create tem-
perature differences and promote stable ventilation [62]. Secondly, earth–air–heat ex-
changer systems use the constant temperature of the subsoil to heat or cool outdoor air 
[63]. Underground water cooling and spray cooling can be applied adaptively to reduce 
the length of cooling ducts. Thirdly, temperature differences created by connected court-
yards or atria, which are widely used in traditional group buildings, can also create stable 
natural ventilation. Lastly, the previously discussed wind pressure ventilation can be fur-
ther enhanced by the design of wind towers, wind ducts and wind catchers [8,58]. Figure 
10 presents some concepts for active and passive designs to promote natural ventilation 
in underground spaces. 

 
Figure 10. Active and passive techniques for natural ventilation in underground spaces. 

5. Conclusions 
Sunken courtyards, as major outdoor spaces underground, can provide comfortable, 

healthy and natural environments. Sunlight, wind and greening are the key factors to im-
proving thermal comfort, air quality and usage experience. This study identified the ex-
isting problems of excessive summer solar radiation and accumulated air pollutants in a 
sunken courtyard through field measurements and simulations. 
1. Measurements showed that excessive solar radiation caused PET to peak at 39.5 °C 

in the sunken courtyard when the weather forecast was below 33 °C. Increasing hu-
midity and wind velocities can reduce PET to a limited extent. 

Figure 10. Active and passive techniques for natural ventilation in underground spaces.

5. Conclusions

Sunken courtyards, as major outdoor spaces underground, can provide comfortable,
healthy and natural environments. Sunlight, wind and greening are the key factors to
improving thermal comfort, air quality and usage experience. This study identified the
existing problems of excessive summer solar radiation and accumulated air pollutants in a
sunken courtyard through field measurements and simulations.

1. Measurements showed that excessive solar radiation caused PET to peak at 39.5 ◦C
in the sunken courtyard when the weather forecast was below 33 ◦C. Increasing
humidity and wind velocities can reduce PET to a limited extent.

2. Ground wind conditions hardly affected the sunken courtyard causing poor thermal
comfort and accumulated pollutants. PMs and TVOCs consistently exceeded health
standards and were likely to originate from artificial building materials, catering
and merchandise.

3. In the activity zone, the sunshade most effectively reduced PET by 1–3 ◦C. The green
wall reduced the temperature by 2–4 ◦C in the central zone. The shallow water only
cooled its surroundings by less than 0.8 ◦C. Contrary to common experience, the
tree with a dense canopy increased the PET in most of the courtyard but reduced
the temperature by 2–3 ◦C in the central zone. Combining a sunshade, a green
wall and water reduced the temperature by up to 5.6 ◦C and reduced the maximum
temperature of 39.5 ◦C to below 35 ◦C (which is hot for PET).

4. Blocking/guiding wind walls can effectively improve the wind environment in the
sunken courtyard, but only in wind directions close to the prevailing wind. A blocking
wind wall was better at velocity and uniformity, while the guiding wind wall was
more efficient at discharging air pollutants.

5. Climate-adaptive designs have immense potential and demand in underground
spaces. Green-adaptive design considers the growth characteristics and environmen-
tal effects of plants to avoid a negative impact on an underground microclimate.
Thermal-adaptive design balances daylight and heating to increase building self-
shading in the summer and provide additional light in the winter. Wind-adaptive
design integrates indoor and outdoor spaces to improve thermal comfort and passive
ventilation through the use of natural and artificial sources.

The limitations of this study are the simulation errors of solar radiation and humidity
in ENVI-met, and its grid sizes and greening functions. The potential of wind pressure
ventilation in underground courtyards was only discussed initially and lacked realistic
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simulations. Future research and engineering should combine significantly accurate envi-
ronmental simulations with comprehensive adaptive design to improve the comfort and
health of underground spaces.
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