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A B S T R A C T

Green roofs and cool roofs are emerging as two potential solutions to combat the negative impacts of urban 
warming in the context of climate change. However, the existing body of research has not clearly established the 
connection between the local built environment and the effectiveness of these solutions. Moreover, a lack of 
standardized methodologies for integrating micro-scale climatic data has impeded the precision of modeling 
endeavors. In light of these knowledge gaps, an extensive study was conducted across 43 megacities to evaluate 
the impact of green and cool roofs on reducing urban temperatures and building energy consumption. A novel 
integrated approach, combining a micro-level computational fluid dynamics (CFD) model and a building energy 
simulation method, was used. The results reveal that both cool and green roofs moderately cool pedestrian areas, 
with green roofs slightly outperforming cool roofs, reducing temperatures by an average of 0.10 ◦C. Delhi re
ported the highest cooling effect from green roofs at 0.80 ◦C, while Beijing recorded the top cooling performance 
from cool roofs at 0.23 ◦C. Cool roofs showed significant cooling energy savings, from 5.4 to 63.8 kWh/m2/year, 
particularly in sun-drenched cities like Bangalore, Dhaka, and Ahmedabad, albeit their inability to save heating 
energy in higher latitudes. Conversely, green roofs provided consistent energy savings, typically from 1.1 to 7.3 
kWh/m2/year, with Dhaka exhibiting the highest energy-saving amount. Additionally, the study also identified 
that urban morphology influences the effectiveness of these strategies. The cooling effect becomes less noticeable 
with increasing building height, and open layouts are more conducive to roof-level strategies. The findings from 
this study will help optimize the implementation of these strategies in different climates and built environments, 
contributing to efforts to mitigate global climate change and enhance urban livability.

1. Introduction

Urbanization has become a worldwide trend, with an expected rise to 
over two-thirds of the global population living in cities by 2050, as 
predicted by the United Nations [1]. Urban and industrial development 
has led to significant environmental and health challenges [2]. Some of 
these challenges include the urban heat island (UHI) effect [3,4], 
decreased air and water quality [5], increased energy demands [6,7], 
declined vegetation production and carbon sequestration [8], and 
detrimental effects on human health [9]. The rapid urban sprawl has 
increased the proportion of roof surfaces in cities, which now account 
for approximately 20 % to 25 % of the total urban surface area [10–12]. 

Roofs significantly contribute to heat gain and loss, since they are 
directly exposed to solar radiation [13]. As urbanization progresses and 
buildings occupy a greater fraction of the urban surface, less land is 
dedicated to green spaces and mitigation infrastructures. In this context, 
roofs offer a promising space to implement mitigation solutions. Roof- 
level strategies for mitigation not only provide a cost-effective 
approach but also significant energy-saving potential for buildings, 
making them a valuable means to enhance urban environmental 
sustainability.

Rooftops present a variety of opportunities to lessen heat absorption 
and reduce energy use, with green roofs and cool roofs being two widely 
adopted strategies [7,14,15]. Cool roofs utilize high-albedo reflective 

* Corresponding author at: JC STEM Lab of Earth Observations, Department of Land Surveying and Geo-Informatics, The Hong Kong Polytechnic University, Hung 
Hom, Hong Kong.

E-mail address: qihao.weng@polyu.edu.hk (Q. Weng). 

Contents lists available at ScienceDirect

Energy & Buildings

journal homepage: www.elsevier.com/locate/enb

https://doi.org/10.1016/j.enbuild.2025.115671
Received 30 October 2024; Received in revised form 17 January 2025; Accepted 26 March 2025  

Energy & Buildings 337 (2025) 115671 

Available online 29 March 2025 
0378-7788/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

mailto:qihao.weng@polyu.edu.hk
www.sciencedirect.com/science/journal/03787788
https://www.elsevier.com/locate/enb
https://doi.org/10.1016/j.enbuild.2025.115671
https://doi.org/10.1016/j.enbuild.2025.115671
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


surfaces to minimize heat absorption, while green roofs use plants to 
provide insulation and reduce heat levels. Numerous research studies 
have demonstrated their effectiveness in reducing roof surface temper
atures [15], leading to a decrease in sensible heat dispersion into the 
atmosphere and a reduction in energy use [16]. A recent review paper 
investigated the typical impact of cool and green roofs on building en
ergy conservation, considering varying designs, materials, and con
structions [10]. The literature survey results revealed that the impact 
varies between 15 % and 35.7 % across different climatic zones, with 
average reductions in roof surface temperature ranging from 1.4 ◦C to 
4.7 ◦C [10,16]. For green roof equipped buildings, nearly 2.2 % to 16.7 
% less energy is consumed compared to buildings with conventional 
roofs. Additionally, the use of green roofs can lead to surface tempera
ture reductions of up to 4 ◦C in winter and 12 ◦C in summer [10]. 
However, a greater concern in the urban environment is the temperature 
at the pedestrian level. For instance, Rosenzweig et al. [17] found that 
average daily temperature reduction by cool roofs ranged from 0.18 K to 
0.36 K in different parts of New York City, with peak air temperature 
reduction of 0.31 K to 0.62 K at 3 PM, depending on the site charac
teristics. A global study on the cooling potential of green roofs found that 
dry climate has the highest median cooling effect, with green roofs 
reducing temperatures by up to 3 K [18]. Specifically, in New York City, 
green roofs resulted in a peak air temperature reduction of 0.37 to 0.86 
K, with daily average temperatures decreasing by approximately 0.3 to 
0.55 K [17]. Research in Taipei, Taiwan, demonstrated that green roofs 
led to an average ambient air temperature decrease of 0.26 K, with a 
maximum temperature decrease of approximately 1.6 K [19]. A study 
conducted in the heatwave scenario of the Greater Beijing Region of 
China demonstrated that the installation of green roofs led to a 
maximum reduction of 2.5 K in near-surface air temperature [20].

Previous research have also suggested a significant correlation be
tween the cooling and energy saving performance of green and cool 
roofs and the structure of urban areas [21]. The idealized bi-dimensional 
experiments carried out by Zonato et al. [22] revealed that during 
summer months, there is a linear relationship between the cooling effect 
of roof materials on air temperature and the building coverage ratio. 
Additionally, they found that this cooling effect was more pronounced 
for shorter buildings, demonstrating a nonlinear reduction in impact as 
building height increased. However, the influence of urban morphology 
on the mitigation effect of roofs can be affected by the geographic set
tings and local climate. For example, research conducted in Chicago 
revealed that the use of cool roofs and green roofs can reduce cooling 
energy consumption by 16.6 % and 14.0 % respectively [23]. Another 
study conducted in Europe found that the energy required for space 
cooling varied between 1 % to 11 % in Tenerife, 0 % to 11 % in Sevilla, 
and 2 % to 8 % in Rome [24]. In Hong Kong, it was found that the po
tential decrease in ambient temperature at street level, brought about by 
roof-level strategies in areas with high-rise, high-density buildings, was 
virtually negligible [25]. Existing studies have discussed the impact of 
urban morphology on the cooling and energy-saving performance of 
roof-level strategies, but there is limited understanding of the specific 
relationships and factors involved. Additionally, there is a lack of effi
cient methods for quantifying these effects at a city-scale. A recent study 
published in Nature Cities addressed this gap by simulating over three 
thousand buildings in the Al Masiaf precinct of Riyadh using the CityBES 
simulation platform [26]. However, applying such detailed methods to 
even larger scales, such as the global level, becomes challenging. 
Therefore, delving deeper into the connection between built environ
ments and the global potential of cool and green roofs to alleviate heat is 
essential. This exploration should emphasize devising methods that are 
both highly efficient and precise.

Meteorological conditions have a substantial impact on the energy 
usage of HVAC (Heating, Ventilation, and Air Conditioning) systems 
[27]. As per various studies, a decrease of 1 ◦C in outdoor air temper
ature could result in a 5 % reduction in energy consumption within 
buildings [28,29]. It is thus crucial to accurately model the dynamic 

interplay between buildings and their surrounding environment to 
enhance energy efficiency and reduce energy consumption. However, 
current weather inputs used in building energy simulations have certain 
shortcomings. Typical Meteorological Year (TMY) weather files, which 
are widely used to represent historical and current weather conditions in 
building energy simulation tools [30], are derived from long-term his
torical data gathered from a single weather station. The utilization of 
TMY fails to capture the weather conditions of other locations and may 
not adequately represent the urban effects on temperature [31]. Hence, 
there is a growing need for more precise techniques that account for the 
meteorological feedback on building energy consumption.

Consequently, in view of the existing research gaps, this study aims 
to develop new techniques to enhance the accuracy of modeling building 
energy use. To address the primary limitation in the model domain scale, 
local climate zone (LCZ) scheme was introduced as a climate-based 
classification scheme for urban temperature studies [32]. The LCZ is 
an urban form and land cover/land use classification system based on 
their spatiotemporal climatic characteristics [33]. Utilizing LCZ allows 
the scale of simulation to be enhanced from micro-level to city-level. 
Additionally, the study introduces a novel approach that couples the 
micro-climatic model with the building energy simulation to correct 
inaccuracies in weather data. By replacing the TMY weather information 
with localized climatic data, the model accuracy can be greatly 
enhanced. The study provides a global overview of the effectiveness of 
common roof-level strategies in cooling and energy saving across a va
riety of climates and built environments. The findings offer potential 
solutions to global climate change and can contribute to enhancing 
urban livability.

2. Material and methods

2.1. Study area

To explore the impact of cool and green roofs on the urban thermal 
environment and energy conservation of buildings, this study conducted 
a global assessment of all megacities, defined as cities with populations 
exceeding 10 million. In 2018, there are 33 megacities in total, and it is 
anticipated that an additional 10 cities will achieve megacity status 
between 2018 and 2030 [1]. The simulations in this study were con
ducted among 43 megacities. Fig. 1 shows the locations of these 
megacities with their projected populations by the year 2030.

As shown in Fig. 1, most of the megacities are located in Asia. China 
alone has eight megacities, while India also has seven megacities. The 
study is expected to yield important insights into the efficacy of cool and 
green roofs in reducing heat and promoting energy savings in various 
urban contexts worldwide. By encompassing a diverse range of mega
cities, the research findings can have a far-reaching impact on urban 
policies, planning strategies, and investments, within and beyond the 
megacities.

2.2. Data collection

The study utilized a global database of LCZ with 100 m-resolution 
developed by Demuzere et al. [34] to characterize the urban environ
ment. Hourly weather data for each of the 43 megacities was obtained 
from TMY datasets, which provide a one-year profile of solar radiation 
and meteorological conditions derived from at least ten years of his
torical observations [35]. The TMY data used in the analysis spanned the 
period from 2007 to 2021, ensuring the representation of current cli
matic conditions in these urban centers [36]. For most cities, TMY files 
were downloaded from the EnergyPlus weather website. For cities 
where TMY files were unavailable from the EnergyPlus weather website, 
this information was derived from hourly weather data through 2023 in 
the ISD (US NOAA’s Integrated Surface Database) using the TMY/ISO 
15927–4:2005 methodologies. More details about the data collection 
and processing can be found at https://climate.onebuilding.org/.
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2.3. Design of scenarios

The study evaluated three roof design scenarios: a baseline case with 
a roof albedo of 0.2, and two optimized scenarios where all buildings 
were assumed to have either cool or green roofs. Supplementary Note 1
provides more additional details on the various roof system parameters 
and designs employed in this research. In the scenario design, the LCZ 
concept has been incorporated. LCZs are defined as areas with consistent 
surface cover, structures, materials, and human activities [32]. LCZs 
have been widely utilized in urban heat-related studies [34,37,38]. 
Urban LCZs were designed according to the LCZ definitions proposed by 
Stewart and Oke [32]. More detailed information about the properties of 
employed urban LCZs can be found in Supplementary Note 2.

2.4. Modeling approach

An integrated modeling approach was developed to assess the cool
ing effects of cool and green roofs at the pedestrian level and their 
impact on reducing building energy. This approach combined a 
Computational Fluid Dynamics (CFD) model at micro-scale − ENVI-met 
(version 5.1.1), with EnergyPlus (version 9.6), a tool used for simulating 
building energy. By incorporating ambient micro-scale climatic 

conditions, this integrated approach enhances the accuracy of the 
modeling. The cooling potentials of green and cool roofs among 43 
megacities were firstly modeled using ENVI-met. The ENVI-met model 
consists of three parts: a one-dimensional boundary sub-model which 
calculates the inflow profiles and top boundary, a three-dimensional 
atmospheric sub-model which is the main model, and a 3D/1D soil 
sub-model [39,40]. ENVI-met applies Reynolds-Averaged Navier-Stokes 
(RANS) equations to address air movement and thermal dynamics in city 
settings [41,42]. It employs the Yamada and Mellor E-ε model for tur
bulence [43]. This model’s capability to model interactions between 
surfaces, vegetation, and the atmosphere in intricate urban layouts has 
led to its widespread use in urban atmospheric simulations. The model 
inputs require the climatic conditions and details of the built environ
ments. The boundary conditions for the ENVI-met model were sourced 
from the EnergyPlus Weather (EPW) files for all the cities under study. 
The partial validation of the ENVI-met model in simulating meteoro
logical parameters can be found in Supplementary Note 3.

The built environment, comprising buildings, vegetation, and sur
faces within the modeled domain, was designed in accordance with the 
specifications of the LCZ system. The details of the simulation can be 
found in Table 1. Upon conducting LCZ-based simulations for every city, 
the overall cooling potential was calculated by multiplying the cooling 

Fig. 1. Study area overview − locations and projected populations of 43 megacities by 2030.
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capacities of each LCZ by their respective coverage percentages, as 
indicated in the global LCZ map [34]. This allowed for an estimation of 
the city-wide cooling potentials that benefiting from implementing cool 
roofs or green roofs.

The EnergyPlus tool [44] was utilized to evaluate the potential en
ergy savings achieved with the use of green and cool roofs. This software 
enables users to model buildings with integrated mechanical and elec
trical systems, thermal controls, and run simulations based on detailed 
building specifications [45]. Major meteorological outputs from the 
ENVI-met (i.e., micro-scale CFD model), such as hourly air temperature 
and relative humidity, were integrated into EnergyPlus. This integration 
fine-tuned the Typical Meteorological Year (TMY) data by incorporating 
micro-scale parameters, yielding more precise estimates of building 
energy use compared to conventional methods that rely on regional EPW 
files. For the categories of building energy end-users, it should be noted 
that in addition to HVAC energy consumption, major end-use categories 
include interior lighting, receptacle equipment, and miscellaneous uses 
[46,47]. In this study, a typical design of 20 W/m2 per zone floor area 
was adopted for interior lighting, while a design of 30 W/m2 per zone 
floor area was used for equipment. Since the energy use of other cate
gories, except for HVAC, will not be affected by microclimate variations 
after implementing roof-level strategies, only HVAC energy reductions 
were compared under different scenarios in this study.

By comparing the simulation results of cool roof and green roof 
scenarios against baseline scenarios, we can assess the effectiveness of 
these roofs in cooling pedestrian environments and lowering building 
energy consumption across various ambient conditions. Through vali
dation, the novel approach outperformed the conventional approrach in 
predicting both the annual and daily patterns of building energy con
sumptions. A detailed validation process and its results are available in 
Supplementary Note 4.

3. Results

3.1. Cooling and energy-saving performance among 43 megacities

The LCZ-based simulation was run for each urban layout. A total of 
ten urban layouts were designed in accordance with the geometric and 
surface cover properties of ten urban LCZs. These designs were created 
using the standard LCZ scheme proposed by Stewart and Oke in 2012 
[32]. Fig. 2 displays the modeling construction of each urban layout.

By evaluating and comparing the cooling and energy-saving perfor
mance by cool roofs and green roofs in 43 megacities, it is possible to 
identify the patterns, trends, and best practices that contribute to sig
nificant cooling and energy-saving outcomes. Fig. 3 presents the com
parison results, according to the locations of megacities in major world 
regions. Supplementary Note 5 provides the full list of the model outputs 
among all 43 megacities.

In terms of pedestrian-level cooling effects, green roofs demonstrate 
superior performance compared to cool roofs (see Fig. 3(a and b)). The 
highest reduction in pedestrian-level temperature by cool roofs was 
observed in Beijing at 0.23 ◦C, followed by a cooling effect of 0.11 ◦C in 
Guangzhou. However, in all other studied cities, the temperature 
reduction values at the pedestrian level by cool roofs were lower than 
0.1 ◦C. Green roofs can provide a cooling effect of up to 0.80 ◦C at the 
city scale. Delhi showed the highest temperature reduction value, fol
lowed closely by Kolkata. Most studied cities worldwide showed sig
nificant cooling performance by green roofs, with 37 out of 43 cities 
experiencing pedestrian-level temperature reductions higher than 
0.1 ◦C. In region E – Sub-Saharan Africa, the average cooling effects by 
green roofs were the highest at 0.56 ◦C, followed by regions D (South 
Asia) and A (East Asia and Pacific) at higher than 0.48 ◦C.

In terms of building energy-saving effects, cool roofs significantly 
contribute to energy savings in buildings, particularly during warm 
seasons, with savings estimated between 5.4 to 63.8 kWh/m2/year 
(Fig. 3(c)). Notably, Bangalore demonstrates the highest energy-saving 
efficiency, with an average of 63.8 kWh/m2/year, followed by Dhaka 
with a mean value of 48.9 kWh/m2/year. Especially, in regions D and E, 
the average energy-saving amounts were both higher than 28 kWh/m2/ 
year, while in regions C (North America), the average value was also 
relatively significant at 26.9 kWh/m2/year. In contrast, green roofs yield 
energy savings ranging from 1.1 to 7.3 kWh/m2/year. Dhaka stands out 
with the highest energy-saving average for green roofs at kWh/m2/year, 
as indicated in Fig. 3(d). Other cities like Moscow, Ahmedabad, Seoul, 
and Manila also demonstrate considerable energy savings, averaging 
over 5 kWh/m2/year. However, the difference between regions is not as 
pronounced as with cool roofs, with average values ranging from 3.3 to 
4.3 kWh/m2/year.

Table 1 
The ENVI-met simulation details.

Domain size and grid resolution

Size of computational domain (dx,dy,dz) 500 m × 500 m × 500 m
Grid resolution (dx,dy,dz) 5 m × 5 m × 5 m

Initial meteorological conditions

Air temperature (◦C) As specified in TMY of each city
Relative humidity (%)
Wind speed (m/s)
Wind direction (◦)
Roughness length at the site (m) 0.1

Fig. 2. Model construction in 10 urban layouts according to the concept of LCZ.
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3.2. Seasonal variations of energy-saving effects by cool roofs and green 
roofs

In this section, the seasonal variations of the energy-saving perfor
mance of cool roofs and green roofs and cool roofs are analyzed, as 
classified by world regions (i.e., A, B, C, D, and E). Fig. 4(a) and (b) 
illustrate the energy-saving performance patterns of cool roofs and green 

roofs across the seasons, respectively.
Fig. 4 illustrates that cool roofs and green roofs exhibit different 

seasonal patterns in building energy reduction. Generally, the energy- 
saving amounts from cool roofs show a consistent seasonal pattern 
across various world regions. Significant energy reductions were 
observed from March to August (spring and summer for the Northern 
Hemisphere) in regions A-D, and from December to February (summer 

Fig. 3. Global patterns of cooling and energy-saving performance: (a) cool roof cooling performance; (b) green roof cooling performance; (c) cool roof energy-saving 
performance; (d) green roof energy-saving performance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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for the Southern Hemisphere) in region E. Notably, the highest average 
energy-saving value of 8.46 kWh/m2 was recorded during the spring in 
region D (South Asia), followed by the warm seasons in region E (Sub- 
Saharan Africa). Conversely, the lowest energy-saving amount, aver
aging 1.85 kWh/m2, was observed during the winter in region B (Europe 
and Central Asia, Middle East and North Africa).

In contrast, the seasonal pattern in energy-saving performance by 

green roofs across different regions is not that consistent. Relatively 
significant energy-saving effects, with averages higher than 1.2 kWh/ 
m2, were observed during the warm seasons in regions D and E, as well 
as during the relatively cold seasons in region B. The results indicate that 
the energy-saving performance of both cool and green roofs varies with 
the seasons: cool roofs are more effective at reflecting sunlight and 
reducing heat absorption during hot seasons, whereas green roofs 

Fig. 4. Seasonal variations of the energy-saving performance of cool and green roofs: (a) cool roof energy saving effect; (b) green roof energy saving effect. Note: in 
the figure, the temperate zones follow the Northern Hemisphere’s seasonal divisions: spring begins on 1 March, summer on 1 June, autumn on 1 September, and winter on 
1 December. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

S. Jia et al.                                                                                                                                                                                                                                       Energy & Buildings 337 (2025) 115671 

6 



provide additional insulation, making them effective in preventing heat 
loss during cold seasons.

3.3. Cooling effects of cool roofs and green roofs at the pedestrian level

In general, green roofs have a greater temperature reduction effect at 
the pedestrian level compared to cool roofs (see Fig. 5). Cool roofs have a 
negligible impact on cooling the pedestrian-level ambient environment 
among the 43 megacities, with an average of 0.02 ◦C across different 
urban morphologies. In contrast, green roofs exhibit a cooling effect 
ranging from 0 to 0.25 ◦C, with an average of 0.10 ◦C. However, their 
performance is heavily influenced by the characteristics of urban 
morphology.

As illustrated in Fig. 5(a), the cooling effectiveness of cool roofs di
minishes as building height increases. Notably, the lightweight low-rise 
layout demonstrates the most effective cooling effect, while the open 
high-rise layout shows the least cooling effect. However, as Fig. 5(b) 
indicated, the cooling performance of green roofs does not follow the 
same pattern with urban morphology as the cool-roof cooling pattern. 
No clear trend was observed with increasing building height due to the 
complex mechanisms involved, where building layout and environ
mental features collectively influence the cooling performance of the 
green-roof system. The open mid-rise layout exhibits the best cooling 
performance, followed by the open low-rise layout. Fig. 5(c and d) il
lustrates the spatial patterns of cooling performance by both cool roofs 
and green roofs. The significant cooling effect by cool roofs primarily 

clusters in South Asia (Fig. 5(c)). Most South and East Asian cities, such 
as Guangzhou, Jakarta, Chennai, Lahore, Mumbai, and Hyderabad, 
exhibited favourable cooling performance with temperature reductions 
exceeding 0.10 ◦C. Relatively high temperature reduction values by cool 
roofs were also observed in Paris and New York. Green roofs showed a 
more diverse spatial pattern of significant cooling effects at the pedes
trian level (Fig. 5(d)). For instance, in East Asian cities with middle 
latitudes, such as Osaka and Beijing, substantial cooling effects by green 
roofs were observed with reductions exceeding 0.70 ◦C. In high latitude 
cities like London, a relatively high temperature reduction value of 
0.61 ◦C was observed. In Dar es Salaam located in Africa, a notable 
reduction of 0.67 ◦C was identified.

3.4. Building energy-reduction effects of cool roofs and green roofs

Both cool and green roofs offer significant energy-saving benefits for 
buildings (see Fig. 6). Cool roofs demonstrate notable cooling energy 
savings, ranging from 1.04 to 10.04 kWh/m2/year, with an average of 
4.66 kWh/m2/year across diverse urban contexts. In contrast, the range 
of building cooling energy savings by green roofs falls between 0.23 and 
1.82 kWh/m2/year, with an average of 0.87 kWh/m2/year. While green 
roofs may have a lower cooling energy-saving potential compared to 
cool roofs, they consistently provide effective energy savings, even 
during colder seasons. Green roofs demonstrate an average heating 
energy-saving value of 0.02 kWh/m2/year. However, cool roofs do not 
contribute to reducing heating energy consumption, and their 

Fig. 5. Pedestrian-level cooling performance by cool and green roofs: (a) cool roof cooling performance in ten urban layouts; (b) green roof cooling performance in 
ten urban layouts; (c) spatial patterns of cooling performance by cool roofs in 43 megacities; (d) spatial patterns of cooling performance by green roofs in 43 
megacities. Note. In (a) and (b), LCZ 1: compact high-rise layout; LCZ 2: compact mid-rise layout; LCZ 3: compact low-rise layout; LCZ 4: open high-rise layout; LCZ 5: open 
mid-rise layout; LCZ 6: open low-rise layout; LCZ 7: lightweight low-rise layout; LCZ8: large low-rise layout; LCZ 9: sparely built layout; LCZ 10: heavy industry layout. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Building energy-reduction effects by cool and green roofs: (a) cool roof cooling energy savings in ten urban layouts; (b) cool roof heating energy savings in ten 
urban layouts; (c) green roof cooling energy savings in ten urban layouts; and (d) green roof heating energy savings in ten urban layouts; (e) spatial patterns of energy 
savings by cool roofs in 43 megacities; (f) spatial patterns of energy savings by green roofs in 43 megacities. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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installation actually leads to an average increase of heating energy 
consumption at 0.01 kWh/m2/year across all urban layouts.

Cool roofs exhibit the most significant cooling energy reduction in 
sparsely built layouts, followed by large low-rise layouts. Relatively high 
cooling energy reduction amounts were also observed in other relatively 
open urban layouts such as heavy industry and open high-rise layouts. 
Similarly, green roofs demonstrate the highest energy-saving potential 
in the heavy industry layout, followed by large low-rise and sparsely 
built layouts. The relationship between building height and cooling 
energy savings by both roof types in different urban layouts is positive, 
as evident in Fig. 6(a) and (c). Regarding the reduction of heating energy 
by roofs (Fig. 6(b) and (d)), no consistent patterns were found between 
urban layouts and energy-saving performance. Fig. 6(e and f) presents 
the spatial patterns of the energy-saving effects by cool roofs and green 
roofs. As shown in Fig. 6(e), regions with high energy-saving efficiency 
by cool roofs are clustered in South Asia, including cities like Bangalore, 
Dhaka, and Ahmedabad, with average energy-saving values exceeding 
40 kWh/m2/year. Notably, cities with low to middle latitudes, such as 
Mexico City, Sao Paulo, and Kinshasa, also demonstrate remarkable 
cool-roof performance in terms of energy savings, with values higher 
than 30 kWh/m2/year. Green roofs, while generally less effective in 
terms of building energy savings compared to cool roofs, still have 
notable energy-saving effects, particularly in regions with higher lati
tudes. Areas with high efficiency by green roofs were identified in East 
and South Asia, North Europe, and North America (Fig. 6(f)). In cities 
with mid to high latitudes, significant energy-saving effects by green 
roofs were observed. For example, Moscow, Seoul, and Tehran showed 
energy-saving values of 5.7, 5.5, and 4.8 kWh/m2/year, respectively.

3.5. Relationship between urban layout and cooling intensity of cool and 
green roofs

A sensitivity analysis was conducted to identify the relationship be
tween urban layout and the cooling effect of cool and green roofs. In this 
analysis, building coverage/density and building height were consid
ered as representations of urban layout. The findings are depicted in 
Fig. 7, where Fig. 7(a–d) demonstrates the interaction between building 
height and cooling intensity in both open and compact layouts. Fig. 7
(e–h) shows the relationship between building coverage and cooling 

intensity in layouts with low to moderate and high building heights.
In the open layout scenario (Fig. 7(a) and (b)), building coverage was 

set to 30 %, while in the compact layout scenario (Fig. 7(c) and (d)), 
building coverage was increased to 60 %. Each of these scenarios in 
Fig. 7(a–d) incorporated 12 data points. A series of scenarios were 
constructed for each urban density layout, with varying building heights 
ranging from 9 m to 70 m, covering low, mid, and high buildings. A fixed 
gap of 3 m was used for building heights under 30 m (i.e., 9 m, 12 m, 15 
m, 18 m, 21 m, 24 m, 27 m, and 30 m) and a fixed gap of 10 m for 
building heights over 30 m (i.e., 40 m, 50 m, 60 m, and 70 m).

In the low height layout (Fig. 7(e) and (f)), buildings ranged from 3 m 
to 9 m in height. In the mid-high layout (Fig. 7(g) and (h)), building 
height ranged from 9 m to 18 m. In each of analyzed scenarios in Fig. 7
(e–h), eight data values were included. To evaluate the impacts of 
building coverage on cooling intensity, scenarios with varying building 
coverage ratios between 10 % and 72 % were simulated for each 
building height layout: a fixed gap of 10 % was applied for ratios below 
60 % (i.e., 10 %, 20 %, 30 %, 40 %, 50 %, and 60 %) and a fixed gap of 6 
% for ratios above 60 % (i.e., 66 % and 72 %). Please note that all 
simulations included in Fig. 7 were performed under the same weather 
conditions, i.e., moderate weather conditions with an air temperature 
ranging from 17 ◦C to 28 ◦C and relative humidity ranging from 45 % to 
75 %.

As previously also discussed, the cooling effect at the pedestrian level 
becomes less pronounced as building height increases (Fig. 7(a) and (c)). 
This pattern aligns with existing research [48,49]. Cooling intensity 
tends to decrease with increasing building height primarily due to the 
larger volume of air below the roof level that needs to be cooled. 
However, the cooling extent varies slightly in open and compact layouts. 
In Fig. 7(a), almost no discernible cooling effect can be observed at the 
pedestrian level when cool roofs are applied to buildings in an open 
layout with building height exceeding 63.6 m. Conversely, in compact 
layouts (as shown in Fig. 7(b)), the cooling effect of cool roofs di
minishes when being applied to buildings with height exceeding 58.1 m.

Recent studies have found a negative correlation between building 
height and the cooling effect of green roofs at the pedestrian level 
[45,50,51]. However, our results demonstrate significant variations in 
the cooling performance of green roofs with building heights with 
different urban densities. In open layouts (Fig. 7(b)), we observed a 

Fig. 6. (continued).
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polynomial relationship between building height and temperature 
reduction by green roofs. The relationship is initially positive for heights 
lower than 23.1 m, but it subsequently decreases until it reaches 76.8 m. 
This finding indicates that, in open layouts, green roofs provide a greater 
cooling effect at the pedestrian level than cool roofs. In areas with low to 
mid-rise buildings, the cooling impact of green roofs can become more 
pronounced as building height increases, likely due to diminished 
shading from nearby structures. In addition, compact layouts demon
strate a similar trend in cooling effect with both green roofs and cool 
roofs. In Fig. 7(d), the cooling effect of green roofs becomes almost 
negligible when buildings exceed 62.0 m in height. Overall, both cool 
roofs and green roofs perform better in open layouts, which can be 
attributed to their increased solar reflectance and enhanced natural 
ventilation [51]. Fewer obstructions in open layouts allow these roofs to 
effectively reflect sunlight and facilitate airflow, enhancing the cooling 
effect.

The relationship between building coverage and cooling intensity by 
cool and green roofs is minimally influenced by variations in building 
height. Similar trends were observed in the relationship between 
building coverage and cooling intensity at the pedestrian level in layouts 
with varying building heights. In all scenarios, there is a positive cor
relation between cooling potentials and building coverage in relatively 
open layouts. However, as building coverage increases, the correlation 
shifts to a negative relationship. This finding contrasts with previous 
studies, which found the cooling effect of roof-level strategies to increase 
with higher building coverages [45,52,53]. Our results reveal an 
intriguing insight: when building coverage exceeds a certain threshold, 
typically around 30 % to 50 % of the total area, the further increase in 
building coverage results in a decrease in the cooling potentials of roof- 
level strategies at the pedestrian level. As the building coverage goes 
beyond this threshold, a significant portion of the ground area becomes 
shaded, resulting in reduced sunlight reaching the surface. This reduc
tion in solar exposure affects the air mixing between the urban street 
canyon and the air above the buildings, ultimately impacting the 
effectiveness of roof-level strategies in providing pedestrian-level 

cooling benefits.
In the low building height layout (Fig. 7(e)), the maximal tempera

ture reduction by cool roofs was observed at the building coverage ratio 
of 46.6 %. In the mid-high building height layout (Fig. 7(g)), the highest 
temperature reduction occurred at the building coverage ratio of 53.8 %. 
These findings suggest that for cool roofs, approximately half of the 
building coverage ratio is the most effective in cooling the pedestrian- 
level environment. In the case of green roofs, as depicted in Fig. 7(f) 
and (h), the optimal cooling effect was observed at building coverage 
ratio of 31.4 % and 36.5 % in the low and mid-high building height 
layout, respectively. Therefore, about 1/3 of the building coverage is 
deemed most suitable for green roofs to effectively cool down the 
environment. These findings emphasize the importance of achieving a 
balance between the enhanced cooling effect through increasing roof 
coverage and the potential reduction in cooling by the shading effect 
caused by expanding buildings.

4. Discussion

This study conducted a worldwide investigation into the perfor
mance of cool roofs and green roofs for pedestrian-level cooling and 
building energy savings and examined the relationship between the 
ambient environment and the mitigation potential of these roof-level 
strategies. A hybrid approach, which combines a micro-level CFD and 
a building energy simulation tool, was developed to precisely account 
for the surrounding meteorological and built environment. We then 
applied this integrated approach to a total of 43 megacities around the 
world to understand the cooling and energy-saving patterns of typical 
roof-level strategies in diverse urban settings and climates.

The findings indicate that the cooling and energy-saving benefits of 
cool roofs are particularly notable in megacities where solar radiation is 
abundant and the urban heat island effect is pronounced. As shown in 
Fig. 3, in regions D (South Asia) and E (Sub-Saharan Africa), the average 
building energy reductions by cool roofs reached 28 kWh/m2/year. 
Cities such as Bangalore, Dhaka, and Ahmedabad, which are typically 

Fig. 7. The relationship between urban layout and cooling intensity of cool and green roofs, with (a–d) reflecting the effect of building height on the cooling in
tensity, and (e–h) reflecting the effect of building coverage on the cooling intensity: (a) cool roof cooling intensity in open layouts; (b) green roof cooling intensity in 
open layouts; (c) cool roof cooling intensity in compact layouts; (d) green roof cooling intensity in compact layouts; (e) cool roof cooling intensity in low building 
height layouts; (f) green roof cooling intensity in low building height layouts; (g) cool roof cooling intensity in mid-high building height layouts; (h) green roof 
cooling intensity in mid-high building height layouts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 7. (continued).
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characterized by hot climates and extensive concrete and asphalt sur
faces, can effectively lower pedestrian-level temperatures and conserve 
energy by implementing cool roofs. This can be attributed to the heat 
mitigation mechanism of cool roofs, primarily through increased albedo 
to minimize the transfer of heat from the roof to the interior spaces 
[54,55]. However, in higher latitudes during winter, increased roof al
bedo is less effective for heat mitigation due to reduced solar radiation. 
This decrease in solar heating can lead to higher space heating demands 
to compensate for the lower solar input [56]. Consequently, cool roofs 
may not be an ideal choice in cold climatic zones. However, it should 
also be noted that rooftop snow cover can reduce the impact of roof 
albedo during winter, thereby mitigating the negative effects of cool 
roofs on building energy use for space heating [55]. In this study, all 
simulations were conducted under snow-free conditions. Therefore, the 
potential effects of snow-covered roofs (SCR) on energy use may require 
further investigation to fully understand their impact. This information 
can be used to inspire and guide megacities to create better urban en
vironments within respective locales. Urban planners should prioritize 
the implementation of cool roofs in hot, sunny megacities with signifi
cant urban heat island effects. Additionally, for cities in temperate zones 
that experience both hot summers and cold winters, it is suggested to 
implement switchable roof reflectance technology [10]. This involves 
designing switchable coatings on roofs that can alternate between low 
and high reflectance according to the heating and cooling seasons, 
thereby achieving higher effectiveness in HVAC energy savings. Some 
scholars have also proposed using the metal–insulator transition phe
nomenon for certain metal oxides on roofs [57]. These materials can 
change their solar reflectance depending on temperature: when the 
temperature is below a certain threshold, the material is in an insulator 
state with low solar reflectance, while in summer, the material transi
tions to a metallic state with high solar reflectance.

On the other hand, green roofs have the potential to provide addi
tional cooling effects through the shading provided by the plants on the 
rooftop [58,59]. This is why a more significant cooling effect has been 
observed for green roofs worldwide. At the city scale, green roofs can 
achieve a cooling effect of up to 0.80 ◦C. Green roofs can also provide 
evapotranspiration-induced atmospheric moisture. However, existing 
studies have shown that these humidifying effects did not diminish the 
overall improvement in thermal comfort [60]. Additionally, the critical 
importance of irrigation to the cooling performance of green roofs has 
been identified in many studies [61], finding that irrigated green roofs 
were more effective in mitigating urban heat and reducing building 
energy use compared to non-irrigated systems. In terms of building 
energy-saving performance, green roofs make a modest but still effective 
contribution in most regions, especially in high latitude areas. This 
effectiveness is attributed to their ability to enhance thermal insulation 
for buildings, thereby reducing heating energy consumption during cold 
months [62]. As illustrated in Fig. 6, notable energy-saving effects of 
green roofs were observed in mid-to-high latitude regions; for instance, 
Moscow and Seoul recorded energy savings of 5.7 and 5.5 kWh/m2/ 
year, respectively. Nevertheless, it is important to note that as a form of 
greenspace, green roofs offer additional benefits, such as storm water 
retention, air quality improvement, and enhancement of urban biodi
versity, along with various aesthetic and economic values [63]. Espe
cially, green roofs serve as valid alternatives to replace lost greenspaces 
and habitats in modern cities, and foster natural life behaviors [64,65]. 
Therefore, a comprehensive decision-making process is essential during 
the implementation of roof-level strategies in the real world. The trade- 
offs between different mitigation strategies in various regions is 
important rather than relying on one-size-fits-all approaches.

5. Conclusion

To summarize, this research delivers an in-depth comprehension of 
the efficacy of two popular roof strategies − green and cool roofs − for 
temperature regulation and energy conservation of buildings across 43 

megacities. The main findings are summarized as below: 

(1) In terms of global cooling effect comparison, green roofs 
outperform cool roofs. Among the 43 megacities studied, the 
maximum pedestrian-level temperature decrease for cool roofs 
was recorded in Beijing at 0.23 ◦C. In contrast, green roofs can 
provide a cooling effect of up to 0.80 ◦C in Delhi.

(2) For cooling effect comparison in various urban layouts, both cool 
roofs and green roofs perform better in open layouts. The effec
tiveness of cool roofs declines as building height increases, while 
green roofs show a polynomial relationship between building 
height and temperature reduction.

(3) In terms of global energy-saving effect comparison, cool roofs 
significantly decrease building energy use during warm seasons, 
with savings ranging from 5.4 to 63.8 kWh/m2/year, whereas 
energy savings from green roofs range from 1.1 to 7.3 kWh/m2/ 
year. The highest energy-saving efficiency for cool roofs was 
observed in Bangalore, while Dhaka showed the highest energy- 
saving amount using green roofs.

(4) Regarding seasonal variations in energy-saving effects, the 
highest average energy-saving value by cool roofs, 8.46 kWh/m2, 
was recorded during the spring in region D (South Asia). Rela
tively significant energy-saving effects from green roofs were 
observed during the warm seasons in regions D and E (Sub- 
Saharan Africa), and during the relatively cold seasons in Europe 
and Central Asia.

(5) For energy-saving effect comparison in different urban layouts, 
there is a positive relationship between building height and 
cooling energy reductions for both roof types. However, no 
consistent patterns were found between urban layouts and heat
ing energy-saving performance.

The research findings can guide policymakers and urban planners in 
formulating strategies tailored to their specific context to combat the 
urban heat island phenomenon and lessen global energy use. Further
more, the study offers insights into the functionality of green and cool 
roofs, promoting the creation of sustainable, comfortable, and energy- 
efficient urban environments.

6. Future work

This study has several limitations. Firstly, there are some constraints 
in the microscale model (i.e., ENVI-met) used in the research. It does not 
consider local-scale advection and vertical mixing within the boundary 
layer. Moreover, the model may face additional challenges accurately 
representing vertical mixing within the urban canopy layer [66]. 
Existing studies also acknowledged that the ENVI-met model has 
shortcomings in accurately modeling meteorological parameters, espe
cially during the simulation of heat mitigation strategies applied at the 
roof level [67]. Therefore, some modeling errors are likely to persist. 
Future research could involve assessing multiple points within a domain 
and examining additional atmospheric variables to verify the accuracy 
of ENVI-met simulations, a method also recommended by Crank et al. 
[67]. Furthermore, it is also helpful to improve the grid resolution in the 
model domain for realizing a more detailed microscale study.

Secondly, some details in the simulations were simplified given the 
broad scope of the current study. These primarily include the fixed and 
idealized designs of the cool and green roofs, and the use of local climate 
zones (LCZs) for scaling up. In this study, we assumed all buildings in the 
study areas have cool and green roofs with fixed designs in the optimized 
scenarios. However, the individual designs of cool and green roofs can 
vary greatly, while the implementation of roof-level strategies is often 
constrained by building conditions such as materials and age. Addi
tionally, the study assumes consistent building construction conditions 
across all LCZs. Since the LCZ system is classified mainly based on 
properties of surface structure, the differences in the building 
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construction cannot be reflected by LCZs.
Therefore, localized information about building sectors and the 

urban environment can enhance modeling accuracy in building energy 
use, as past studies have also suggested [68]. For smaller-scale studies, 
such as neighborhoods or individual buildings, the granularity or grid 
size of the model can be adjusted to capture microclimatic variations. 
Future research should aim to further refine modeling approaches to 
better capture the complex realities of urban environments and building 
characteristics, utilizing detailed information and advanced simulation 
tools. A promising approach may involve developing an updated clas
sification system for urban built environments that considers variations 
in the thermal environment, urban climate, and building categories. 
Another possible direction is to conduct localized case studies, incor
porating realistic building and environmental parameters to enhance the 
accuracy and applicability of the model. Additionally, future studies 
could further expand the application of the model to evaluate the 
meteorological feedback on building energy use, considering not only 
roof-level strategies or other mitigation solutions but also human ac
tivities that may influence the microclimate, and subsequently affect 
building energy use. In summary, by improving and applying this novel 
approach, future research can provide more comprehensive and accu
rate insights into the interplay between urban environments, building 
characteristics, and energy consumption, ultimately leading to more 
effective strategies for energy savings and climate mitigation in diverse 
urban settings.
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