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The local rise in urban temperature is increasingly exacerbated due to the combined effect
of urban heat islands and global climate change. Numerous studies have shown that green
roofs (GRs) have great potential for facilitating urban heat mitigation. However, little is
known about whether such cooling effects can be achieved under extreme heat
conditions. With the expected occurrence of more extreme heat events under climate
change, such understanding is crucially important for the effective design of heat
mitigation. This study aims to fill this gap by investigating the pedestrian-level cooling
effect of GR under two weather conditions (i.e., typical summer weather conditions and
extreme heat conditions). This research employed a three-dimensional simulation model,
ENVI-met, to simulate pedestrian-level air temperature for three typical residential areas
with different roof heights in Beijing. We conducted the simulations in two different roof
scenarios, conventional roofs versus green roofs. The results showed that green roofs
could provide large cooling exceeding 0.2°C on downwind sides and in the daytime,
although the average cooling intensity was small. The pedestrian-level cooling intensity of
GR decreased significantly under extreme heat conditions compared to typical summer
weather conditions. It varied diurnally following an inverted W-shape for both weather
conditions. Results also showed that the pedestrian-level cooling intensity of GR
decreased with the increase in roof height in a nonlinear way and became 0 when roof
height reached ~50m for both weather conditions. The results of our research can provide
important insights for cooling-oriented urban design in the future, as we are expecting such
extreme weather conditions nowadays may be the new normal in the future.
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1 INTRODUCTION

The accelerating global warming significantly impacts cities where rapid urbanization is underway at
the same time. For example, 68% of the population has been predicted to reside in urban areas by
2050 (UN, 2018). Among the many ecological challenges that cities face, urban heat island (UHI) is
one of the most remarked (Francis and Jensen, 2017; Tian et al., 2021). UHI describes a well-known
phenomenon that urban areas have higher temperature than the surrounding nonurban areas
(Voogt and Oke, 2003; Shafique et al., 2018; Wang J. et al., 2019). Studies have shown that the higher
urban temperature has adverse impacts, such as the alteration in species composition and

Edited by:
Chenghao Wang,

Stanford University, United States

Reviewed by:
Jian Peng,

Peking University, China
Jike Chen,

the Nanjing University of Information
Science and Technology, China

Meiling Gao,
Chang’an University, China

*Correspondence:
Jia Wang

jiawang@rcees.ac.cn
Xiaoying Yu

yuxiaoying@hunau.edu.cn

Specialty section:
This article was submitted to

Atmosphere and Climate,
a section of the journal

Frontiers in Environmental Science

Received: 12 February 2022
Accepted: 09 June 2022
Published: 13 July 2022

Citation:
Feng Y, Wang J, ZhouW, Li X and Yu X

(2022) Evaluating the Cooling
Performance of Green Roofs Under

Extreme Heat Conditions.
Front. Environ. Sci. 10:874614.

doi: 10.3389/fenvs.2022.874614

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 8746141

ORIGINAL RESEARCH
published: 13 July 2022

doi: 10.3389/fenvs.2022.874614

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.874614&domain=pdf&date_stamp=2022-07-13
https://www.frontiersin.org/articles/10.3389/fenvs.2022.874614/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.874614/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.874614/full
http://creativecommons.org/licenses/by/4.0/
mailto:jiawang@rcees.ac.cn
mailto:yuxiaoying@hunau.edu.cn
https://doi.org/10.3389/fenvs.2022.874614
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.874614


distribution (Niemela, 1999; White et al., 2002), the increase in
energy consumption (Castleton et al., 2010; Susca, 2019), and the
increased mortality and heat-stress illness (Sailor and Fan, 2002;
Knowlton et al., 2004). Thus, effective urban heat mitigation and
adaptation strategies are highly desirable for a more comfortable
urban thermal environment (Zhou et al., 2021;Wang et al., 2022).

Urban greening has been recognized as an effective means to
alleviate extreme urban temperature (Zhou et al., 2011; Kong
et al., 2014). However, although many cities have ambitious
intentions to increase their urban vegetation, there are limited
space and resources for urban planting, especially in cities with
high density (Wang et al., 2022). Roofs, commonly accounting for
approximately 20–25% of the total urban areas (Izquierdo et al.,
2008; Besir and Cuce, 2018), can provide extra and optional
surfaces and space for urban greening (Berardi, 2016). Although
roofs are typically not close to pedestrians, green roofs (GR) were
found to provide significant cooling effects (Shafique et al., 2018;
Gao et al., 2019; Gao et al., 2020; Cristiano et al., 2021; Jamei et al.,
2021; Liu H. Q. et al., 2021). Previous studies have shown that
green roofs, especially intensive green roofs (IGR), can reduce air
temperature at the pedestrian levels by 0.05°C in Paris, 0.1°C in
Tokyo (Morakinyo et al., 2017), and 0.04°C in Berlin (Knaus and
Haase, 2020). In addition, the pedestrian-level cooling effect of
GR decreased with the increase in roof height (Ng et al., 2012;
Herath et al., 2018; Jin et al., 2018; Zhang et al., 2019; Knaus and
Haase, 2020), and tended to be zero when roofs were higher than
a certain height, for example, 60 m (Ng et al., 2012).

Against global warming and rapid urbanization, extreme heat
conditions, such as heatwaves, have become more frequent
(IPCC, 2014; Cao et al., 2021). Urban greening can reduce
urban temperature, but its cooling effect has been affected by
weather conditions, such as air temperature (Wang et al., 2022).
For example, the extremely high air temperature may lead to a
decrease in the cooling effect of urban vegetation (Wang C. et al.,
2019; Wang et al., 2020). The cooling effect of green roofs has
been molded and revealed in most previous studies under typical
summer conditions (Morakinyo et al., 2017; Susca, 2019).
However, little is known about whether such cooling effects of
GR can be achieved under extreme heat conditions (Klein and
Coffman, 2015; Sun et al., 2016). Can GR work effectively under
extreme heat conditions and therefore still provide a significant
cooling effect at the pedestrian level? Is the change in cooling
effects at the pedestrian level with roof height under extreme heat
conditions similar to that under typical summer weather
conditions? Addressing such questions can promote the
understanding of the cooling effect of GR, mainly because
such extreme heat conditions nowadays may be a new normal
in the future (Mauree et al., 2019; Qi et al., 2021).

Here, we address these questions by simulating the pedestrian-
level cooling effect of green roofs for three typical residential areas
in Beijing. These three residential areas have different roof
heights, thus representing the typical residential areas in the
city. We employed the ENVI-met model to simulate the
pedestrian-level air temperature for the selected residential
areas in two scenarios: conventional and green roofs. We
conducted the simulations under two weather conditions,
including typical summer and extreme heat conditions. The

objectives of this study were to 1) investigate the pedestrian-
level cooling effect of green roofs under extreme heat conditions
and 2) explore the change of such cooling effect along with roof
height.

2 MATERIALS AND METHODS

2.1 The Study Area
The three residential areas are located within the fifth ring road of
Beijing, the capital of China (39°28′—41°25′N,
115°25′—117°30′E). Beijing has a monsoon-influenced humid
continental climate characterized by hot, humid summers and
cold, dry winters. The average annual temperature is 12.3°C, and
the average annual precipitation, most of which occurs in
summer, is 572 mm (Jiao et al., 2021). Beijing has a built-up
area of 1,458 km2 and a population of 21.54 million people
in 2019.

Three residential areas, namely Guan Yin Jing Yuan (GYJY),
Yu Ze Yuan (YZY), and Jin Chan Nan Li (JCNL), have been
selected for this study. Their building heights were 18, 27, and
42 m, respectively, representing three typical residential areas in
terms of building height in Beijing andmost of the cities in China:
multi-story, mid-rise, and high-rise(Figure 1). More than 80% of
the total number of residential areas in Beijing belong to such
types (Zheng et al., 2017). Except for building height, other
characteristics of the three residential areas are similar,
including the area of residential neighborhoods, the area of
roofs, and the percentage of green space on the ground
(Supplementary Table A1). They also have the same type of
vegetation, including Styphnolobium japonicum (L.) Schott and
Platanus orientalis Linn., two typical trees in Beijing (Jiao et al.,
2021). The landscape of these three residential areas is common
in Beijing.

2.2 ENVI-met Model Validation
ENVI-met, which is a three-dimensional microclimate model
(Huttner and Bruse, 2009; Tsoka et al., 2018), has been adopted in
this study to simulate the cooling effect of green roofs. The model
can simulate the complex interactions between buildings,
vegetation, soil, and atmosphere in the urban environment
based on fundamental laws of fluid mechanics,
thermodynamics, and atmospheric physics (Crank et al.,
2018). It is a grid-based model with a simulation resolution
that can be down to 0.5 m in space and 1s in time (Tsoka
et al., 2018).

We first evaluate the validation of the ENVI-met (version
4.4.6) model in Beijing. The evaluation has been applied to
Research Center for Eco-Environmental Sciences (RCEES)
campus (Figure 1). The domain size of the RCEES campus is
212.5 m × 262.5 m × 96 m. The spatial resolution of the ENVI-
met model was 2.5 m × 2.5 m × 3.0 m (size of x, y, and z grids).
Additional nesting grids were added to reduce the effects of model
bounders. Supplementary Table A2 shows the initial input
conditions (e.g., wind speed, initial air temperature, etc.) of the
ENVI-met model, which used hourly forcing (Salvati and
Kolokotroni, 2019).
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Air temperature and relative humidity of the three sensors
outside the RCEES campus, and wind speed of the auto
meteorological station were input as initial conditions
(Figure 1) (Salvati and Kolokotroni, 2019). Air temperature
and relative humidity were obtained from monitoring sensors,
HOBO MX2301, ONSET, with the measurement accuracy
of ±0.2°C for air temperature and ±2.5% for relative humidity.
The wind speed was collected by CR3000 auto meteorological
station with a measurement accuracy of ±0.5 m/s. The
measurements and ENVI-met evaluations were carried out

starting at 6:00 a.m. on 31 July 2021 and till 11:00 p.m. on
1 August 2021.

The meteorological data (i.e., air temperature and relative
humidity at 1.5 m) measured at five sites inside the RCEES
campus was used to evaluate the ENVI-met model (Figure 1).
The root-mean-square error (RMSE), mean absolute error
(MAE), mean bias error (MBE), the index of agreement d, and
the coefficient of determination R2 were used to evaluate the
accuracy of ENVI-met (Tsoka et al., 2018). The evaluation results
were reported in Table 1, showing the high accuracy of the
microclimate simulation of the ENVI-met model in Beijing. The
simulated and measured results were highly correlated with R2,
and d were larger than 0.87 and 0.88 for all cases, respectively.
Moreover, RMSE, MAE, and MBE were below 1.7°C for all
sensors.

2.3 Scenario Design
We then ran ENVI-met models for the three study residential
areas in two roof scenarios and under two kinds of weather
conditions. This study designed models using two roof scenarios,

FIGURE 1 | Locations and the land cover base map in the true color of these three study residential areas and RCEES where the validation of the ENVI-met model
was applied.

TABLE 1 | Evaluation results of the ENVI-met model performance in RCEES,
Beijing.

Sensors R2 RMSE (°C) MAE (°C) MBE (°C) d

Sensor 1 0.92 1.12 0.88 −0.69 0.94
Sensor 2 0.90 1.13 0.98 −0.85 0.92
Sensor 3 0.87 1.59 1.30 −1.20 0.88
Sensor 4 0.89 1.64 1.27 −1.13 0.88
Sensor 5 0.88 1.43 1.21 −1.09 0.89
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including the Base Model (BM) and the Green Roof Model
(GRM). BM was built using conventional roofs, and GRM was
built based on BM, adding intensive green roofs (IGR). Two
typical trees were selected as the three-dimensional (3D) trees,
and other plants (e.g., shrubs) were simulated as the simple two-
dimensional (2D) plants in ENVI-met models. The parameters of
green roofs: the hedge of leaf area index (LAI), the soil substrate
layer depth, and the plant height were 2, 70 cm, and 1 m,
respectively (Morakinyo et al., 2017). Other parameters, such
as materials of buildings and roads, used values presented in
(Chen et al., 2020), which was conducted in Beijing.

These simulations were conducted under two weather
conditions, including typical summer and extreme heat
conditions. We considered the weather conditions on
4 August 2020 as extreme heat conditions, with the highest air
temperature of 37.2 °C, ranking the highest of the historical
records of the latest 5 years in Beijing. The weather conditions
on 1 August 2021 (i.e., the day of the model validation) were
identified as the typical summer conditions, with the highest and
average air temperatures of 32.7 and 29.3°C, respectively, very
common in Beijing. The hourly wind speed, wind direction, air
temperature, and relative humidity were input to create boundary
conditions for the ENVI-met model, which used the simple
forcing option (Supplementary Figure A1, Table 2). The
model started at 6:00 a.m. on 3 August 2020 and at 6:00 a.m.
on 31 July 2021. Although the models lasted 42 h, only the results
of the last 24 h (i.e., 4 August 2020 and 1 August 2021) were used
for the analysis because ENVI-met usually required a long
initialization period (i.e., spin-up time) to obtain accurate
simulation results (Sinsel et al., 2021).

2.4 Data Analysis
We then compared the two scenario models to derive the
pedestrian-level air temperature difference between BM and
GRM at each grid and every hour in three residential areas.
Such temperature reduction due to green roofs was pedestrian-
level cooling intensity. We used pedestrian-level cooling intensity
to quantify the cooling effect of green roofs. We finally revealed
the variations of the pedestrian-level cooling intensity with roof
heights (i.e., building height). The polynomial function fitted the
relationships between the pedestrian-level cooling intensity and
roof height at multiple hours under two weather conditions.

3 RESULTS

3.1 The Cooling Effect of Green Roofs
The cooling intensity has significant spatiotemporal
heterogeneity, especially showing large values on downwind
sides and in the daytime (e.g., from 10:00 a.m. to 5:00 p.m.),
although its average ones were small. Green roofs can provide
large cooling on downwind sides, while the small ones were
generally found on the upwind sides (Figure 2). For example, the
cooling intensity at 4:00 p.m. on the downwind side can be larger
than 0.1 °C but be zero on the upwind side (Figure 2). The cooling
intensity of green roofs in three residential areas varied
significantly diurnally in a similar inverted W-shaped way
(Figure 3). The cooling intensity started to increase from 6:
00 a.m., when the Sun rose, till it peaked between 10:00 a.m. and
1:00 p.m. It decreased after the first peak to the valley around 2:
00 p.m. and then increased to the second peak values between 3:
00 p.m. and 5:00 p.m. It finally dropped till 8:00 p.m., the sunset
time, and became relatively stable to a small value at night
(Figure 3). For example, although the average cooling
intensity was small (Figure 3), the largest cooling intensity
can exceed 0.2°C at 10:00 a.m. in GYJY (Supplementary
Table A3).

Results showed that the cooling effect of green roofs has
decreased due to extreme heat conditions. The average
pedestrian-level cooling intensity in GYJY, YZY, and JCNL
was 0.02 , 0.01, and 0.00°C, respectively, under extreme heat
conditions, much smaller than those which were 0.04 , 0.03, and
0.01°C, respectively, under the typical summer conditions (p <
0.01). However, the spatial heterogeneity of the pedestrian-level
cooling intensity of green roofs showed similarity under two
weather conditions, and so did the diurnal variations of cooling
intensity (Figure 2, Figure 3).

In addition, the different levels of pedestrian-level cooling
intensity have the same inverted W-shaped diurnal variations.
According to each pixel’s averaged pedestrian-level cooling
intensities, we divided the cooling effect of GR into different
levels. Each level has an interval of 0.02 and 0.01°C of averaged
cooling intensities under typical and extreme heat conditions,
respectively. The high levels of cooling intensity, for example, the
averaged cooling intensity with an interval of 0.12–0.14°C,
suggested the large cooling that GR could provide. The diurnal
variations of different levels were similar to an inverted W-shape
(Supplementary Figure A2). The higher levels of the pedestrian-
level cooling intensities reached the first peak earlier than the
lower ones, but they reached the valleys and the second peaks
almost simultaneously. Thus the higher levels not only reached
the large values of cooling intensities earlier but lasted a longer
time. This result indicated that their cooling lasted long in
locations that achieved high cooling from green roofs. For
example, the higher level of cooling intensity with an interval
of >0.06 °C and the lower level of cooling intensity with an
interval of 0.01–0.02 °C peaked at 10:00 a.m. and 1:00 p.m.,
respectively, in GYJY. Their second peak occurred at 5:00 p.m. It
suggested that such large cooling can keep a long time in locations
that achieve cooling greater than 0.06°C under extreme heat

TABLE 2 | Simulation parameters of the three residential areas in ENVI-met
models.

Input parameter Extreme heat
conditions

Typical summer
conditions

Start date and time (Local) At 6:00 a.m., on
03 August 2020

At 6:00 a.m., on 31 July
2021

Duration (h) 42 42
Wind speed at
10 m (s ·m−1)

1.5 1.5

Wind direction (°) 220 220
Meteorological boundary
conditions

Simple forcing Simple forcing
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conditions (Supplementary Figure A2). Similar results were
found in other residential areas and under two kinds of
weather conditions.

3.2 Relationship Between Cooling Effect
and Roof Height
The pedestrian-level cooling intensity of green roofs decreased
with the roof height under two weather conditions, indicating
that green roofs built on the high buildings would provide a low
cooling effect at the pedestrian levels. For example, the average
daytime pedestrian-level cooling intensities in GYJY, YZY, and
JCNL with the building height of 18, 27, and 42 m were 0.05°C,
0.04°C, and 0.02°C, respectively, under typical summer conditions

(Figure 4). Similarly, the average daytime cooling intensities
under extreme heat conditions in these three residential areas
were 0.03 , 0.03, and 0.01°C, showing a nonlinear decreasing
trend.

There was an approximate threshold of roof height of
46–53 m, at which pedestrian-level cooling intensities of green
roofs have been predicted to be zero (Figure 4), regardless of
weather conditions. Although the cooling effect of green roofs
significantly decreased under extreme conditions, its variations
with roof height remain the same compared to results under
typical summer conditions (Figure 4). For example, under typical
summer conditions, GR built on the roofs of 18, 27, and 42 m can
provide air temperature reduction of 0.05°C, 0.05°C, and 0.02°C at
4:00 p.m., but lost cooling effect when it was built on the roofs of

FIGURE 2 | The spatial distribution of pedestrian-level cooling intensity of green roofs at the time when the maximum air temperature of the day is reached. They
were 4:00 p.m. on 1 August 2021 (Top) and 2:00 p.m. on 4 August 2020 (Bottom).

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 8746145

Feng et al. Cooling Performance of Green Roofs

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


49 m. Similar results were found under extreme heat conditions,
and the maximum roof height was 47 m. Overall, the pedestrian-
level cooling intensity of green roofs on buildings higher than

~50 m was predicted to be zero. It suggested that GR built on
roofs higher than such threshold could not provide cooling at the
pedestrian level under two weather conditions.

FIGURE 3 | Diurnal variation of pedestrian-level cooling intensity of green roofs for three study residential areas under two weather conditions.

FIGURE 4 |Relationship between pedestrian-level cooling intensity and the roof height (or building height). A polynomial function fitted the relationships. Points with
different shapes represent the pedestrian-level cooling intensity at different times, and the color of the lines represents two weather conditions.
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4 DISCUSSION

4.1 The Effects of Weather Conditions on
the Cooling Effect of Green Roofs
Our results underscore the significant reduction of the cooling
effect of green roofs under extreme heat conditions. Similar to the
results from previous studies conducted in Beijing (~0.07°C) (Qiu
et al., 2021), our results revealed the 0.02–0.05°C of the daytime
pedestrian-level air temperature reduction under typical
conditions. Although the average cooling intensity was small,
we highlight the large air temperature reduction on the
downwind sides and in the daytime (e.g., 10:00 a.m. to 5:
00 p.m.). However, such air temperature reduction under
extreme heat conditions would be much smaller. This study is
the first time to reveal that the cooling effect of green roofs at local
scales would be reduced under extreme heat conditions, and
similar results have been found in previous studies which focused
on urban vegetation planted on the ground (Wang et al., 2020).

In addition, the cooling effects of GR varied significantly
diurnally, showing an inverted W-shaped way, similar to
previous results (Liu et al., 2018; Simon et al., 2018). Such
variations were largely related to the response of
evapotranspiration to air temperature (McAdam and Brodribb,
2015; Gillner et al., 2017). Increasing air temperature can induce
the stomata to open and thus enhance evapotranspiration (Meili
et al., 2021). However, the excessive air temperature would lead to
the stomata being closed to protect trees from water loss and thus
a dramatic reduction in evapotranspiration (Zhou et al., 2017).
This water-saving strategy is reflected in the vegetation model in
ENVI-met. Trees try to optimize their carbon gain-water loss
relations, which are less beneficial under the high air temperature
(Liu et al., 2018). Thus vegetation model assumes the high
stomatal resistance to save water after midday (Bruse, 2004).
Therefore a significant reduction in the cooling effect under
extreme heat conditions or at the highest air temperature has
been found.

Increasing urban vegetation, including vegetation planted on
the ground and the roofs, is still an effective nature-based solution
(NBS) to improve the urban thermal environment (Kumar et al.,
2021). However, we must be aware that the cooling effect of the
two types of aforementioned vegetation would be reduced under
extreme heat conditions (Andric et al., 2020; Wang et al., 2020).
Such reduction would be a challenge in the future when the
extreme heat conditions would be the new normal because urban
vegetation cannot provide significant cooling then (Ward et al.,
2016; Pascal et al., 2021). Thus ecological management of urban
vegetation (e.g., green roofs) is highly desired and warrants future
research to achieve significant air temperature reduction under
extreme heat conditions. The ecological management, such as the
selection of species (Jim, 2015; MacIvor et al., 2016; Eksi et al.,
2017), the optimization of the landscape of urban vegetation
(Perini and Magliocco, 2014), and the maintenance (e.g.,
irrigation) of urban vegetation (Costanzo et al., 2016;
Chagolla-Aranda et al., 2017), has been expected to help urban
vegetation to generate the significant cooling, especially under
extreme heat conditions.

4.2 The Effects of Roof Height on the
Cooling Effect of Green Roofs
The cooling effect of green roofs at the pedestrian level depends
on the evapotranspiration of green roofs and the roof height (Liu
Z. et al., 2021). The evapotranspiration of green roofs suggests the
cooling capacity of GR, and it is affected by the weather
conditions (e.g., air temperature) (Section 4.1) (Rayner et al.,
2016; Gilabert et al., 2021). The nonlinear response of
evapotranspiration cooling of GR to air temperature leads to a
nonlinear relationship between the cooling effect and roof height.
Such findings are similar to the results of previous studies (Peng
and Jim, 2013; Zhang et al., 2019; Sinsel et al., 2021).

Meanwhile, the roof height would determine how much of
such cooling can travel vertically to the pedestrian level
(Morakinyo et al., 2017). In this study, especially under typical
summer conditions, 46–53 m of roof height was the farthest
distance that evaporated cooling can travel vertically. In other
words, when the roofs of the building are higher than such
threshold, the evaporated cooling of the green roofs cannot
travel to the pedestrian level. Similarly, under extreme heat
conditions, the evaporated cooling of green roofs was
decreased, and could not travel to the pedestrian level unless
the roof of the building was low. Thus, a lower building height
threshold was found under extreme heat conditions.

However, such a building height threshold, nearly 17-storey of
residential buildings, is similar during urban planning and
management. Our studies suggested that buildings lower than
~50 m (i.e., 17 stories) can be applied to plant on the roofs
because evaporated cooling of green roofs can travel down to
pedestrian levels to improve the urban thermal environment.
This urban greening action can significantly promote the cooling
effect in urban areas with limited urban green space on the
ground (Lin et al., 2021). More than 97% (in number) and
95% (in the area) of the buildings in Beijing were included
considering such a threshold (Zheng et al., 2017). Therefore,
planting on most buildings in Beijing could reduce air
temperature on the pedestrian levels and help improve the
thermal environment in Beijing.

In addition, green roof planning requires the socio-ecological
thinking of urban ecosystems, in which social and ecological
benefits should be integrated (Zhou et al., 2021). Cooling-
oriented urban green roof planning needs to consider both
outdoor and indoor cooling. Outdoor cooling would improve
the urban thermal comfort, especially at the pedestrian level and
indoor cooling can reduce the energy resources (e.g., power
consumption for air conditioners) used and further
anthropogenic heat cities released from the buildings (Besir
and Cuce, 2018). Meanwhile, urban planners should consider
the cost of green roofs and the population achieving the benefits
(Shafique et al., 2018). Although planting green roofs on the low
buildings could deliver much cooling to the pedestrian level, they
can provide indoor cooling for a small proportion of urban
residents who live in low buildings. On the other hand,
although green roofs on high buildings can benefit more
people, they would cost more (Manso et al., 2021). The
optimized roof height at which cooling and social benefits can
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be balanced to create social and ecological win-wins warrants
future research. In addition, the heights of buildings in the urban
areas are staggered, showing spatial heterogeneity (Zheng et al.,
2017). How to layout the green roof at more coarse scales is also
worthy of further research.

This study has some limitations. First, we ran ENVI-met models
without model evaluation in study areas (i.e. three residential areas)
because there were not enough meteorological data. We evaluated
ENVI-met models referencing the observed data on the RCEES
campus. The validation suggested that the ENVI-met model had
successful applications in Beijing, as much of previous research
proved (Wang and Zacharias, 2015; Wu and Chen, 2017; Chen
et al., 2020), but evaluating models in all study areas would be
desirable. Second, we conducted the analysis only focusing on the air
temperature reduction at the pedestrian level. Integrating green roofs’
indoor and outdoor cooling effects would be interesting and warrant
future research.

5 CONCLUSION

This study aimed to reveal whether green roofs can provide a
significant cooling effect at pedestrian levels under extreme
heat conditions and how such cooling effects varied along with
roof height. Using ENVI-met model simulation, we found: 1)
Green roofs can provide large cooling which can exceed 0.2°C
on the downwind sides and at the daytimes, although the
average cooling intensity was small. 2) The pedestrian-level
cooling intensity of GR under extreme heat conditions was
significantly lower than that under typical summer conditions.
3) These temperature reductions varied significantly diurnally
in an inverted W-shaped way under both weather conditions.
4) Results also showed that the pedestrian-level cooling
intensity of GR decreased with the increase in roof height
in a nonlinear way and has been predicted to be 0 when roofs

were higher than ~50 m (i.e. 17 stories) under both two
weather conditions. This study enhances the understanding
of the cooling effect of green roofs under extreme heat
conditions. It can provide important insight for future
cooling-oriented urban green roof planning.
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