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The global energy demand has greatly impacted greenhouse gas emissions and climate change.
Since buildings are responsible for a large portion of global energy consumption, this study
investigates the energy-saving potential of green roofs and cool roofs in reducing building energy
consumption. Using an integrated approach that combines climate change modeling and building
energy simulation, the study evaluates these strategies in six global cities (Cairo, Hong Kong, Seoul,
London, Los Angeles, and Sao Paulo) under current and future climate change scenarios. The results
show that in future climates, the implementation of green and cool roofs at the city level can lead to
substantial annual energy reductions, with up to 65.51% and 71.72% reduction in HVAC
consumption, respectively, by 2100. These findings can guide the implementation of these strategies
in different climatic zones worldwide, informing the selection and design of suitable roof mitigation

strategies for specific urban contexts.

The process of urbanization has gained momentum since the start of the
21st century, with expansive urban growth being a major contributor to
higher per capita greenhouse gas emissions in urban areas'”. These emis-
sions have been accumulating at an accelerated pace and are causing sig-
nificant changes to global temperature and climate patterns*’. In urban
areas, this issue may be further exacerbated by the Urban Heat Island (UHI)
effect™. A higher urban temperature has a serious impact on building energy
consumption by increasing the energy and electricity necessary for cooling”.
Over the past four decades, there has been a steady increase in building
energy demand by an annual rate of 1.8%, resulting in a staggering 72%
increment”"’. Given the significant contribution of the built environment to
higher energy demands, GHG and air pollutant emissions, human health
risks and discomfort, etc., it has become increasingly crucial to develop
feasible methods for reducing building energy use®'""”.

Regarding roofs, two popular strategies for reducing building energy
consumption are cool roofs and green roofs"*'“. Cool roofs use reflective
surfaces to reduce heat absorption, while green roofs use vegetation to
provide insulation and reduce heat absorption. Numerous studies have
shown that both green roofs and cool roofs are effective in reducing energy
consumption'*™"*, while their efficiency is significantly influenced by local
climate conditions and building characteristics. However, most of those
studies have only considered a few selected buildings in case studies or have
focused primarily on the summer season'*", leading to a lack of research on

how variations in ambient climate and built environment influence the
energy-saving potential of these technologies. Furthermore, while many
studies have explored the effectiveness of green roofs and cool roofs under
current climate conditions, there is a critical need for research that assesses
their performance under future climate scenarios. Therefore, a compre-
hensive study that compares these two technologies in different climate
settings under both current and future conditions is called for.

Building energy consumption is greatly susceptible to meteorological
feedback, which refers to the dynamic interactions between the building and
the surrounding environment, particularly local weather conditions™. The
heating, cooling, and ventilation requirements of a building are influenced
by meteorological feedback, which can have a significant impact on energy
consumption. Studies have shown that reducing outdoor air temperature by
1°C can result in a 5% reduction in building energy consumption*"*.
Accurate prediction and modeling of meteorological feedback is crucial for
optimizing building energy performance and reducing energy consump-
tion. Building energy simulation models commonly use Typical Meteor-
ological Year (TMY) weather files to represent historical and current
weather conditions™. A TMY for a given location is formed by selecting,
through statistical methods, one typical meteorological month for each of
the 12 calendar months from a period of years and concatenating the
12 months to form a TMY***. However, it is important to note that TMY
data is typically based on long-term historical weather data from a single
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weather station, which may not accurately represent the weather conditions
for other locations that are far from the observed station’’. Therefore,
additional modeling techniques are needed to incorporate ambient micro-
scale climatic conditions and ensure accurate results in energy simulations.

In summary, there are three research gaps in the existing literature that
have been identified. These gaps include (1) limited research on comparing
the energy-saving potential of green and cool roofs by accounting for var-
iations in ambient climate and built environment; (2) lack of studies that
fully assess the impact of future climate change on green-roof and cool-roof
energy-saving performance under different climate scenarios; (3) model
constraints that limit detailed simulation of the effect of micro-climate on
building energy use. To address these gaps, this study proposes an integrated
approach to study the potential of building energy reductions by green roofs
and cool roofs in different climate scenarios. This approach combines

climate change modeling and building energy simulation to quantify the
effect of climate change on building energy demand. Figure 1 illustrates the
development of this modeling approach.

The specific research objectives include: (1) developing the integrated
modeling approach for detailed building energy simulation; (2) identifying
the impacts of local ambient climate on the energy-saving performance of
green roofs and cool roofs; (3) identifying the impacts of urban built
environment on the performance of two roof types; and (4) predicting the
energy-saving performance of two roof types under different Shared
Socioeconomic Pathways (SSPs). This research has the potential to inform
policy decisions on building design and energy consumption reduction
strategies. The findings may also provide insights into the most effective
roof-level strategies for reducing building energy consumption in different
regions worldwide in the future.
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Fig. 1 | Development of the integrated modeling approach.
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Fig. 2 | Locations and background climates of six selected cities. The Koppen-Geiger

climate classification maps were obtained from ref. 27 The climatological data for each

city is based on monthly averages from the 30-year period of 1981-2010. The data was sourced from the World Meteorological Organization (WMO).

Case studies were conducted in six selected cities from different cli-
matic zones, as classified by the Képpen climate classification system”,
including: Cairo (Arid or desert climate; hot-dry summer and mild winter);
Hong Kong (Subtropical climate; hot-humid summer and mild winter);
Seoul (Temperate zone; hot-humid summer and cold-dry winter); London
(Temperate oceanic climate; cool, humid and rainy weather all year round);
Los Angeles (Mediterranean climate; dry summer and rainy winter, but
relatively modest transitions in temperature); and Sao Paulo (Subtropical
climate; rainy summer and dry winter, but relatively modest transitions in
temperature). Figure 2 displays locations and current background climates
(i.e., monthly average temperature and precipitation) of the six cities.

Results

Effect of local ambient climate on building energy savings of cool
and green roofs

The proposed integrated modeling framework was used to simulate the
energy use of buildings in six cities with varying local climates over a 1-year
period. We compared the energy consumption of buildings installing cool
roofs and green roofs to a reference building using concrete roofs without
any energy-saving strategies. The comparison results are shown in Fig. 3,
which displays the annual reduction of both cooling and heating energy by
cool roofs and green roofs in each city.

It is found that the energy-saving performance of cool roofs and green
roofs varied across different climates. Observed from Fig. 3a, the mean
cooling energy reduction of cool roofs ranged from 67.18% to 86.70%
among the six cities, while the mean reduction of green roofs ranged from
63.38% to 83.21%. In most study regions, the cooling energy reduction effect
of cool roofs was slightly better than that of green roofs. The best cooling

energy reduction effects for cool roofs and green roofs were observed in
London and Sao Paulo, respectively, with mean reduction rates of 86.7% and
87.9% across different built environments.

However, as indicated by the negative heating energy reduction rates of
cool roofs in Fig. 3b, cool roofs increase building heating energy loads
among all cities. Our results are in agreement with previous studies'** that
the high reflectance of cool roof materials decreased heat absorption. The
average increments of heating energy use for building with cool roofs can
reach up to 22.5% in Sao Paulo. In contrast, the energy-saving benefits of
green roofs remain steady regardless of the season. This is due to the extra
insulation soil layer, which tends to keep heat stored in the buildings™.
Figure 3b shows that the heating energy reduction effect of green roofs was
relatively significant in Sao Paulo, Cairo, and Los Angeles. Overall, the
results suggest that both cool roofs and green roofs are effective for reducing
cooling energy consumption in buildings across different climates world-
wide, while the heating energy increments for buildings using cool roofs
should be carefully considered, particularly in cities with colder climates.

Effect of urban built environment on building energy savings of
cool and green roofs

In this study, the effect of the urban built environment, characterized by
local climate zones (LCZs), on building energy savings by cool roofs and
green roofs was analyzed. A LCZ is defined as a region of uniform surface
cover, structure, material, and human activity”. These zones, which are
localized, climatically-driven, and representative of specific areas, are
designed to describe landscapes with distinct thermal climates based on
their surface properties’’. LCZs are being used in numerous studies focusing

on temperature, ecological, and other environmental variables”™".
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Fig. 3 | Effect of local ambient climate on building energy savings of cool and
green roofs. Annual building energy reduction by cool and green roofs in different
climates among cities: (a) annual cooling energy reduction by two roofs in each of six
selected cities; and (b) annual heating energy reduction by two roofs in each of six
selected cities.

The simulation was conducted for each LCZ among all the cities. The
annual energy reduction ranges for both cooling and heating energy by two
roof types in different built environments were identified. Figure 4 shows the
comparison results of the annual energy reduction effects by cool roofs and
green roofs in each LCZ.

The results indicate that the urban built environment plays a crucial
role in determining the energy-saving effects of both cool roofs and green
roofs. Figure 4a shows significant variations in cooling energy reductions by
both types of roofs in different LCZs, with mean reduction rate ranging from
39.30% to 100% for cool roofs and 38.38% to 100% for green roofs. Notably,
LCZs 3 and 6, characterized by low-rise buildings, can achieve nearly zero
annual energy demands for cooling by installing either cool roofs or green
roofs. In addition, the cooling energy reduction effect of both types of roofs
decreased with increasing building height. The least cooling energy reduc-
tion effect was observed in LCZ 4 (i.e., open high-rise built environment),
with mean cooling energy reduction rate of 39.3% and 38.4% for buildings
using cool roofs and green roofs, respectively. Figure 4b shows that the
building heating energy-saving performance of green roofs ranged from
47.4% to 100% across LCZs and decreased with increasing building height.
However, the relationship between the built environment and the heating
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Fig. 4 | Effect of urban built environment on building energy savings of cool and
green roofs. Annual building energy reduction by cool roofs and green roofs among
different LCZs: (a) annual cooling energy reduction by two roofs in LCZs; and (b)
annual heating energy reduction by two roofs in LCZs.

energy reduction effect of cool roofs is not straightforward. In LCZ 3, the
heating energy increment caused by cool roofs was the highest at 13.7%.

Sensitivity analysis of the impacts of climate and built
environment

A sensitivity analysis was performed to investigate the effect of both ambient
climate and urban built environment on building energy savings of the two
roof systems. The sensitivity analysis of the influence of the local climate
simulated the energy-saving performance of cool roofs and green roofs
under local climatic conditions characterized by different ambient tem-
peratures and relative humidity, while for the analysis of the influences of the
urban built environment, building density and height are two key para-
meters that affect building energy use.

In each city, a total of ten scenarios were simulated for the sensitivity
analysis of each selected parameter: two baseline conditions (typical sum-
mer and winter conditions), —50%, —25%, 25%, and 50% from each
baseline condition. The baseline condition for the urban layout was fixed
among different cities, with building density of 50% and a building height of
40 m. The baseline summer and winter conditions in each city were derived
from TMY files, with the days with the maximum and minimum daily
ambient temperatures selected as the summer and winter conditions for
each city, respectively. The results of simulations are shown in Fig. 5.
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Fig. 5 | Sensitivity analysis of the impacts of cli-
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The sensitivity analysis demonstrated that green roofs exhibit higher
sensitivity to variations in both ambient climate and built environment
compared to cool roofs. Notably, the energy-saving performance of both
roof systems was found to be most influenced by changes in ambient
temperature during the summer (Fig. 5a). Conversely, variations in relative
humidity had the least impact on the energy-saving performance of both
roof systems (Fig. 5¢).

In the summer condition of London, the cool-roof curve has a slope of
—0.447, while the green-roof curve has a slope of —0.459. This indicates a
high sensitivity of building energy reduction to temperature variations.
However, in winter, the energy savings provided by both roof systems
become less sensitive to variations in ambient temperature. In Los Angeles, a
moderate improvement in energy savings by green roofs was observed with
rising air temperature (slope = 0.144; Fig. 5b), which can be attributed to its
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Fig. 6 | Building energy savings by cool and green roofs under different future

scenarios. Future building energy-saving performance of cool roofs and green roofs
under three SSP scenarios across six cities: (a) future building energy savings by two
roofs in Cairo; b future building energy savings by two roofs in Hong Kong; ¢ future

building energy savings by two roofs in Seoul; d future building energy savings by
two roofs in London; e future building energy savings by two roofs in Los Angeles;
and (f) future building energy savings by two roofs in Sao Paulo.

Mediterranean climate. In such climates, the low plant evaporation and
transpiration rates reduce heat loss through vegetation, allowing more heat
to be stored inside buildings through the insulation soil layer. Compared to
the remarkable effect of ambient temperature on building energy reduction
by the two roof systems, humidity has minimal influence on the energy-
saving capabilities of cool roofs (Fig. 5¢, d). Similarly, the sensitivity of
energy savings by green roofs to variations in relative humidity is generally
limited.

Regarding the effect of building arrangement (Fig. 5e-h), consistent
patterns of decreasing and increasing energy savings were observed for both
cool roofs and green roofs with increasing building heights and building
densities, respectively. In summer, the sensitivity of energy reduction effects
by both roof systems to variations in the built environment is similar. The
slope of the line ranges from —0.217 to —0.062 for cool roofs and from
—0.221 to —0.087 for green roofs, corresponding to varying building height
ranges. The slope of the line for both roof systems in relation to varying
building densities ranges from 0.174 to 0.206 and 0.170 to 0.214, respec-
tively. In winter, the difference in the sensitivity of energy-saving effects
between the two roof systems can be more significant. The energy reduction

provided by green roofs was found to be more sensitive to variations in the
built environment compared to cool roofs. The most substantial impact of
the built environment on energy savings by both roof systems was observed
in Los Angeles.

Energy savings in buildings by green roofs and cool roofs under
current and future climate scenarios

Given the limited influence of humidity on the energy-saving effect of the
two strategies, only temperature variations were considered in the sensitivity
analysis for three SSP scenarios (SSP 1-2.6, SSP 2-4.5, and SSP 5-8.5) from
2021 to 2100. Hourly temperatures were estimated using Egs. (1-3), which
utilized the current TMY weather files of each city and the future projected
values averaged from six selected Global Climate Models, namely Had-
GEM3 GC31-LL, MIROC6, MRI-ESM2-0, CMCC-ESM2, ACCESS-CM2,
and BCC-CSM2-MR. The future energy-saving potentials of cool roofs and
green roofs were then explored under these three SSPs. Based on the rela-
tionship between the energy-saving of the two roof systems and climate
projections until 2100, future trends of energy-saving performance were
projected until 2200. Figure 6 shows the performance of the two roof
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systems in building energy reduction across six cities under future climate
scenarios.

The results demonstrate that the effectiveness of cool roofs and green
roofs in reducing building energy use varies with climatic zones and future
climate change scenarios. With the anticipated global temperature increase
in the future, the global energy demand for air conditioning is expected to
rise. Simultaneously, the energy savings provided by both cool roofs and
green roofs are also projected to increase. The energy-saving effect of both
roofs is generally more pronounced in scenarios characterized by a sig-
nificant warming trend (i.e., SSP 5-8.5). Under most future conditions, cool
roofs tend to have a more substantial energy reduction effect compared to
green roofs. Figure 6f shows that cool roofs can achieve the highest building
energy savings in Sao Paulo, ranging from 1.09 kWh/m’ to 1.91 kWh/m’
under three SSPs by 2100, which correspond to 37.22% to 65.52% of the total
HVAC energy consumption. This can be explained by the significant global
warming trend expected in the next few decades.

On average, Global Climate Models project global mean temperature
increases of around 1 °C, 2 °C, and 4 °C from 2021 to 2100 under SSPs 1-2.6,
2-4.5, and 5-8.5, respectively. However, certain cities may experience even
higher temperature increases than the global average. For example, Sao
Paulo is projected to witness average temperature increases of up to 1.12 °C,
2.54°C, and 5.50 °C by 2100 under these three SSPs.

In cities situated in warm climatic zones like Cairo, Hong Kong, Los
Angeles, and Sao Paulo, cool roofs generally outperform green roofs in
terms of cooling energy reduction under the same SSP scenarios, except for
Los Angeles where green roofs show better energy-saving performance in
future climates (Fig. 6e). Notably, the energy savings by green roofs in Sao
Paulo can reach 71.72% of the total HVAC consumption by 2100 under SSP
5-8.5. In colder cities, such as Seoul and London, where the energy demand
for heating is high, green roofs may offer greater energy savings than cool
roofs due to their insulation effect, which helps to keep the indoor envir-
onment warm. Consequently, it is advisable to prioritize the implementa-
tion of green roofs in these cities in the future. This contrast in energy-saving
performance between the two roof systems is also evident in Fig. 6¢, d. In the
future climates in Seoul, green roofs can save the most energy at over 2 kWh/
m’ (around 30% of the total HVAC energy use) under both current and
future climate scenarios. However, with the increasing global warming, the
demand for heating is expected to decrease. As a result, a significant upward
trend in energy reduction by cool roofs can be observed in the future
climates of London and Seoul, particularly from 2100 to 2200.

Discussion

Cool roofs and green roofs are two energy-efficient strategies that have the
significant potential to reduce building energy consumption and contribute
to climate change mitigation efforts. However, their effectiveness can vary
depending on the specific built environment and climate conditions.
Therefore, it is important to carefully assess their performance in different
scenarios. This research evaluates the potential of cool roofs and green roofs
for building energy reductions in different LCZs across six global cities
under current and future climate scenarios. The discussion section mainly
focuses on the projection of the energy-saving effectiveness of cool roofs and
green roofs and their potential applications in the future.

The findings indicate that green roofs are more sensitive to variations
in outdoor environmental conditions compared to cool roofs, as shown in
Fig. 5. This is because the performance of green roofs depends on the growth
and health of plants on the rooftops, which can be influenced by environ-
mental factors such as temperature, precipitation, and sunlight. In contrast,
the energy-saving effectiveness of cool roofs is less affected by environ-
mental variations as they primarily rely on the reflective properties of the
roof surfaces. Therefore, in regions with warm climates and cloudy or rainy
conditions, where the cooling effect of greenery is limited due to reduced
evaporation and transpiration rates, the use of cool roofs may be more
suitable for reducing cooling energy consumption in buildings. Meanwhile,
in hot and sunny regions, both cool roofs and green roofs reliably reduce
energy demands throughout the year. However, in relatively cold regions,

only green roofs are effective for reducing heating energy use for buildings.
These findings align with existing literature'>*”*”.

In addition, it is important to consider the urban built environment as
it can significantly impact the performance of both cool roofs and green
roofs. The potential overshadowing effects of adjacent buildings should be
carefully evaluated and modeled. Some studies also recommend conducting
solar simulation before implementing these mitigation strategies to ensure
their effectiveness™.

The study projects that green roofs have significant potential for
application in cities with rapidly increasing temperatures and consistently
low precipitation, such as Los Angeles (Fig. 6e). These cities are character-
ized by a humid subtropical climate with hot and humid summers and mild
winters. Similarly, relatively colder cities with moderate cooling and heating
demands, like Seoul with its temperate climate and distinct hot and cold
seasons, can also benefit from green roofs. In tropical regions and some
subtropical regions characterized by high temperature and intense solar
radiation (e.g., Cairo, Hong Kong, and Sao Paulo, see Fig. 6a, b, f), cool roofs
are found to be more effective in reducing future building energy use.
However, it is important to consider water scarcity in urban regions, as
irrigation may be necessary for green roofs in such areas”. A study identified
that green roofs were almost dry in desert climates like Cairo, thus most of
the peculiarities of green roofs did not work™. In addition, as shown in
Fig. 6¢, d, there is a dramatic rise in the building energy reduction perfor-
mance of cool roofs in future climates of London and Seoul from 2100 to
2200, indicating the broader potential application of cool roofs as global
warming trends continue.

This study provides valuable guidance for implementing cool roofs and
green roofs worldwide to achieve building energy savings in the future,
considering the incorporation of climate change. Previous studies often
focused on the current applications of these solutions and did not consider
their future implications in relation to climate change'*”. Figure 7 presents
the global suitability for the implementation of cool roofs and green roofs for
building energy savings.

When considering the implementation of cool roofs and green roofs in
building development, it is important to consider not only their energy-
saving effectiveness but also their economic and environmental benefits.
Cool roofs are a cost-effective option for installation and maintenance, while
green roofs offer additional benefits such as reducing UHI effects, improving
air quality, managing stormwater, and enhancing the durability of
roofs’***!. In highly urbanized areas, green roofs can bring even more
benefits, including the enhancement of urban landscape and the well-being
of residents. Therefore, the decision between cool roofs and green roofs also
should be based on a comprehensive assessment of project goals, local
conditions, and priorities.

In summary, this study evaluated the energy-saving performance of
green roofs and cool roofs in diverse ambient climates and urban built
environments. It considered both current and future climate change sce-
narios in six global cities: Cairo, Hong Kong, Seoul, London, Los Angeles,
and Sao Paulo. To improve modeling accuracy, an integrated approach was
developed, combining climate change modeling and building energy
simulation.

The key findings of this research are as follows:

¢ Theintegrated modeling framework provides more precise estimations
of both hourly and monthly building energy use compared to tradi-
tional modeling methods.

* The energy-saving effects of cool roofs and green roofs largely depend
on the climate zones in which they are implemented. Both roof systems
demonstrate significant potential in reducing cooling energy demand
across various climates, while the increase in heating energy demand
associated with cool roofs should be considered in cities with colder
climates.

* The energy-saving effects of cool roofs and green roofs are influenced
by the urban built environment. The best energy-saving performance is
observed in low-rise buildings, and as building height increases, there is
a decreasing trend in energy-saving performance.
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REGION Characterized by a humid
continental climate with long, cold, snowy
winters and short, warm summers.

REGION Characterized by a cold steppe
climate with low precipitation and distinct

REGION Characterized by a humid
continental climate with warm to hot
summers and cold winters.

hot and cold seasons.

REGION Strong solar radiation and high
temperatures through the year, as well as
heavy rainfall during the wet season.

7'S| REGION Characterized by a humid
subtropical climate with hot and humid
summers and mild winters.

and distinct wet and dry seasons.

REGION Characterized by a tropical
savanna climate with high temperatures

Regions suitable for
cool roofs

Regions suitable for
cool and green roofs
Regions suitable for
green roofs

n ten inche:
year fall in desert subregions. A few well-
adapted plants survive here.

3“7”77] Not suitable

Fig. 7 | Global suitability for the implementation of cool roofs and green roofs for building energy savings.

* In future scenarios with high greenhouse gas emissions (SSP 5-8.5),
cool roofs and green roofs are expected to save more cooling energy for
buildings. The effects of global warming on reducing building heating
energy demand should be considered in future climate projections.

This study provides valuable insights into how the energy-saving
effectiveness of cool roofs and green roofs can be influenced by the specific
characteristics of the local ambient climate and urban context. This infor-
mation can be used to inform the selection and design of appropriate roof
mitigation strategies in different urban areas, helping them adapt to and
mitigate the impact of future climate change.

Methods

Current and future weather data collection

The current weather data for each city was generated using TMY weather
files, which provide a reliable estimate of the typical weather patternsina
given area. TMYs contain hourly values of solar radiation and meteor-
ological elements for a 1-year period derived from multiple years (at least
10 years)*. For this study, TMY datasets covering the period from 2007
to 2021 were utilized to represent the current weather information from
six cities”’. Table 1 displays the specific locations for the TMY data in
each city.

To forecast future weather conditions, one typically relies on a Global
Climate Model to generate data™. This model simulates Earth’s climate for
future decades, typically until 2100, considering different carbon emission
scenarios based on socioeconomic assumptions outlined by the IPCC.
Various groups of Global Climate Models with different grid resolutions
and periods are available***’. Some examples include BCCR: BCM2 (Nor-
way), MIROC3.2 (Japan), CSIRO:MK3 (Australia), INM: CM3 and INM:
CM4 (Russia), NASA: GISSAOM (USA), and BCC-CM1 (China). In this
study, we adopted a total of six high-resolution Global Climate Models,
namely HadGEM3 GC31-LL*, MIROC6”, MRI-ESM2-0*, CMCC-
ESM2*, ACCESS-CM2”, and BCC-CSM2-MR’". All employed models
have been used widely in climate research®***. The horizontal resolutions of
the employed models range from 0.9° latitude by 1.25° longitude to 1.25°

Table 1 | Detailed information for the TMY data in each city

City Weather station No. for  Detailed Location
the TMY data

Cairo 623,660 Heliopolis district (residential and
commercial mixed-use area)

Hong Kong 450,070 Mongkok district (residential and
commercial mixed-use area)

Seoul 471,080 Seodaemun-gu District (downtown)

London 037,700 St James'’s district (downtown)

Los Angeles 722,874 University Park district (Downtown)

Sao Paulo 869,100 Santana district (residential and com-

mercial mixed-use area)

latitude by 1.875° longitude. With relatively high resolutions, it allows for
more detailed simulations of climate processes.

As defined in the IPCC Sixth Assessment Report on climate change™,
three Shared Socioeconomic Pathways (SSPs) scenarios were utilized in this
study. SSPs represent climate change scenarios that consider projected
global socioeconomic changes™*. These three SSPs are SSP 1-2.6 (low
carbon scenario), SSP 2-4.5 (intermediate carbon scenario), and SSP 5-8.5
(very high carbon scenario). These scenarios provide insights into potential
future climate conditions under different levels of carbon emissions.

Designs of green roof and cool roof

Three roof designs were included. In the optimized scenarios where green or
cool roofs are implemented, it is assumed that all buildings within the LCZ
are installed with green roofs or cool roofs. The control simulation was run
using a roof albedo of 0.2 as the baseline case, with no green roofs or
cool roofs.

The green roof design used in this study was chosen based on specific
parameters that are known to significantly impact roof performance in
terms of heat absorption and energy savings. A sensitivity analysis con-
ducted by ref. 56 identified four parameters with a strong influence: (1) the
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height of plants (h); (2) the leaf area index (LAI), which is defined as the ratio
of the projected leaf area to the overall ground area; (3) the minimum
stomatal resistance (m,); and (4) the dry soil conductivity (k). According to
the literature'**, typical values for these parameters were used: h = 0.50 m;
LAI=2; m,,=180s/m; k=0.33 W/mK™, with a growing medium depth of
0.20 m. It is important to clarify that this research does not incorporate
variations of these parameters with time, as it focuses solely on simulating
their performance in cooling and energy savings under specific conditions,
rather than modeling their long-term time-series performance. The soil
layer is comprised of sandy loam and Styrofoam, with respective depths of
1.333 m (2/3 of the total depth) and 0.067 m (1/3 of the total depth).

The primary technical factors influencing the performance of a cool
roof are the solar reflectance and thermal emissivity"’. In the present study, a
typical design of cool roof was employed"’, which featured a light-colored
coating with a solar reflectance (r) of 0.80 and a thermal emissivity (¢) of
0.90. Other parameters and designs of different roof systems used in this
study can be found in Supplementary Note 1.

Building energy data for validation

The Building Data Genome 2 Dataset is an open dataset that consists of 3053
energy meters from 1636 buildings”. The dataset includes time-series data
spanning two continuous years (2016-2017) at an hourly frequency. These
meters were collected from 19 sites located in the North America and
Europe. A random selection of 10 buildings was made from the database for
validation. These buildings were situated in 9 cities across North America
and Europe, representing 6 diverse ASHRAE Climate Zones. The selected
buildings encompassed various primary use categories such as residential,
education, industrial, office, and healthcare. More detailed information
about the validation dataset can be found in Supplementary Note 2.

Downscaling of global climate models

Global Climate Models are numerical computer-driven models that simu-
late the physical processes in the Earth’s atmosphere and oceans. They
predict future climate conditions at a coarse spatial resolution, which makes
them unsuitable for direct use in building energy simulation®. To address
this limitation, a process known as downscaling is required to convert the
model output to suitable temporal and spatial resolutions*. In this study, a
downscaling method proposed by ref. 59 is adopted. This method involves
adjusting present-day design weather data based on the projected changes in
climate forecasted by Global Climate Models and regional climate models.
The downscaling process utilizes time series analysis techniques to derive
future hourly weather data at a finer resolution for the six study cities. By
employing this downscaling methodology, the future climate data for the
study cities can be obtained at hourly resolution, enabling more accurate
building energy simulations.

The method used in this study, referred to as “morphing””, involves
shifting and stretching the climatic variables in the present-day weather time
series to generate weather time series that encapsulate the average climate
change. This process aims to maintain the realistic weather patterns of the
original data while incorporating the projected climate changes. To be more
specific, the method consists of three steps: (i) shifting (Eq. (1)); (ii) linear
stretch (Eq. (2)); and (iii) the combination of the previous two steps (Eq. (3)).
The equations for these steps are as follows:

X =x,+ Ax,, (1)
X = a,X, )
x =% + Ax,, + &, (xg — (x%),,) 3)

where x, is an existing hourly climatic variable, derived from current TMY
weather files, Ax,, is the absolute change in the monthly-mean climatic
variable for month m, a,, is the fractional change in the monthly-mean
climatic variable for month m and (x,),, is the climatic variable x, averaged
over month m. By using this method, the future TMY weather data can be

constructed using existing TMY weather data files and predicted climate
change.

Future climate projections

After applying the morphing method to the current TMY data, the pro-
jection results of future climate data in the year 2100 are calculated. Table 2
shows the annual average value of key climatic variables (i.e., dry-bulb
temperature (°C) and precipitation (mm)) for the six cities under these three
SSPs: SSP 1-2.6, SSP 2-4.5, and SSP 5-8.5 in 2100. A common approach to
select global models to use in the regional studies is to average over all
employed models™. In this study, the future climate averaged from the six
selected Global Climate Models in different SPPs was used.

Development of the integrated modeling approach
This research proposes an integrated modeling approach that combines a
micro-level Computational Fluid Dynamics (CFD) model (i.e., ENVI-met
5.1.1) and a building energy simulation program (i.e., EnergyPlus 9.6).
EnergyPlus is an open-source simulation program used for estimating
building energy use, including heating, cooling, ventilation, and lighting®. It
allows users to model buildings with integrated thermal controls and
mechanical and electrical systems, facilitating simulations based on actual
building descriptions®'. Traditionally, EnergyPlus simulates building energy
usage by incorporating regional weather information (EnergyPlus Weather
files) and building information. However, in this integrated approach, we
have coupled ENVI-met with EnergyPlus for building energy simulation.
ENVI-met is a CFD model renowned for accurately simulating atmospheric
flow and heat transfer in complex urban geometries. As a widely utilized tool
for studying urban atmospheric processes**, its detailed representation of
atmospheric processes makes it effective for simulating climate change
impacts and evaluating urban adaptation strategies*’. The forcing weather
data required for the ENVI-met simulations was obtained from EnergyPlus
Weather (EPW) files for each of six evaluated cities, while the model domain
was described by the LCZ classification system™. By incorporating localized
meteorological outputs from ENVI-met to modify the TMY weather inputs,
we anticipate achieving higher accuracy in estimating building energy usage.
The integrated modeling framework described in this research pro-
vides a robust tool for conducting comprehensive observations and simu-
lations of local physical environments and meteorological conditions.
Following a validation process, this approach, which incorporates micro-
scale meteorological parameters, has shown to provide more precise esti-
mations of building energy usage compared to traditional modeling
methods that rely on regional weather files as model inputs. A thorough
validation process and the corresponding results can be found in Supple-
mentary Note 3.

Scenario development
To accurately model the local climatic effects of implementing cool roofs
and green roofs at the city level, the concept of local climate zone (LCZ) was
utilized. The global LCZ map of 100 m-resolution, generated by ref. 65, was
used in this study. Six urban layouts were constructed according to the
specifications of the built-up LCZs™*, including: (1) LCZ 1: compact high-
rise environment; (2) LCZ 2: compact mid-rise environment; (3) LCZ 3:
compact low-rise environment; (4) LCZ 4: open high-rise environment; (5)
LCZ 5: open mid-rise environment; and (6) LCZ 6, open low-rise envir-
onment. The computational domain for each LCZ in ENVI-met was set as
X x Y'=200m x 225 m, with grid cells of 5 m. Initial methodological con-
ditions are specified in TMY of each city. The internal load settings for
buildings were based on the prototype building models developed by the
U.S. Department of Energy (DOE). After running LCZ-based simulations
for each city, we multiplied the energy-saving potentials for individual LCZs
by the percentage of each LCZ’s coverage in the cities, as obtained from the
global LCZ map®.

The designs of each urban LCZ were based on the LCZ definitions
proposed by ref. 30. For compact urban layouts (LCZs 1-3), buildings
occupy 60% of the total area in the modeled domain, while in open layouts
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Table 2 | Annual average values of key climatic variables among the six cities in 2100

(a) SSP 1-2.6

HadGEM3 GC31-LL MIROC6 MRI-ESM2-0 CMCC-ESM2 ACCESS-CM2 BCC-CSM2-MR
(a) Cairo
Temperature (°C) 14.84 13.81 13.45 15.06 14.68 13.63
Precipitation (mm) 5.70 5.70 5.70 5.70 5.70 5.97
(b) Hong Kong
Temperature (°C) 18.05 15.75 16.00 16.97 17.38 16.20
Precipitation (mm) 31.38 31.66 33.63 35.05 36.54 39.27
(c) Seoul
Temperature (°C) -0.20 -1.78 —-1.52 0.15 —0.64 -1.15
Precipitation (mm) 23.38 21.53 24.84 23.29 22.82 27.00
(d) London
Temperature (°C) 6.05 4.32 3.86 6.58 6.47 5.62
Precipitation (mm) 70.16 64.46 7212 72.61 68.18 88.13
(e) Los Angeles
Temperature (°C) 11.98 11.05 10.72 11.71 11.69 11.23
Precipitation (mm) 133.70 78.01 83.95 82.93 79.66 117.68
(f) Sao Paulo
Temperature (°C) 26.24 24.86 24.81 25.08 25.91 24.97
Precipitation (mm) 223.07 218.61 226.47 266.95 230.74 346.11
(b) SSP 2-4.5

HadGEM3 GC31-LL MIROC6 MRI-ESM2-0 CMCC-ESM2 ACCESS-CM2 BCC-CSM2-MR
(a) Cairo
Temperature (°C) 15.56 14.69 14.60 15.99 15.80 15.48
Precipitation (mm) 5.81 5.80 5.78 5.63 5.88 5.74
(b) Hong Kong
Temperature (°C) 18.82 16.40 16.26 17.48 18.14 17.12
Precipitation (mm) 39.95 31.48 29.55 31.63 35.04 33.48
(c) Seoul
Temperature (°C) 1.28 —0.36 —0.82 1.40 0.53 0.72
Precipitation (mm) 25.12 22.78 22.29 24.46 24.83 24.35
(d) London
Temperature (°C) 7.48 4.89 4.48 6.70 7.15 6.03
Precipitation (mm) 70.29 62.80 80.82 70.32 68.00 94.69
(e) Los Angeles
Temperature (°C) 13.26 11.99 11.50 12.66 12.32 12.19
Precipitation (mm) 98.15 82.26 84.55 79.67 86.80 117.93
(f) Sao Paulo
Temperature (°C) 27.29 25.62 25.53 25.77 26.96 25.65
Precipitation (mm) 257.84 222.68 229.97 268.68 237.10 352.61
(c) SSP 5-8.5

HadGEM3 GC31-LL MIROC6 MRI-ESM2-0 CMCC-ESM2 ACCESS-CM2 BCC-CSM2-MR
(a) Cairo
Temperature (°C) 18.33 16.73 16.35 17.53 18.03 16.60
Precipitation (mm) 6.52 5.84 5.78 6.28 6.43 6.49
(b) Hong Kong
Temperature (°C) 21.54 18.08 18.00 18.95 20.73 18.02
Precipitation (mm) 28.71 30.04 28.55 24.95 32.59 37.61
(c) Seoul
Temperature (°C) 3.90 2.73 2.12 3.02 3.30 1.62
Precipitation (mm) 27.09 23.50 26.87 24.68 27.93 24.97
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Table 2 (continued) | Annual average values of key climatic variables among the six cities in 2100

(c) SSP 5-8.5

HadGEM3 GC31-LL MIROC6 MRI-ESM2-0 CMCC-ESM2 ACCESS-CM2 BCC-CSM2-MR
(d) London
Temperature (°C) 9.16 6.35 6.06 7.80 8.84 6.95
Precipitation (mm) 79.70 64.87 80.44 82.68 74.44 106.63
(e) Los Angeles
Temperature (°C) 15.40 13.78 13.37 13.84 14.51 13.70
Precipitation (mm) 140.38 84.89 87.94 117.45 92.22 143.14
(f) Séo Paulo
Temperature (°C) 30.15 27.21 27.02 27.35 29.65 27.77
Precipitation (mm) 276.20 221.14 223.38 280.67 267.42 393.04

Table 3 | Geometric and surface cover properties for each LCZ

LCZ Description Sky view Aspect ratio Building surface Impervious surface frac- Pervious surface Height (m) of roughness
factor fraction (%) tion (%) fraction (%) elements

LCZ1 Compact high-rise 0.2-0.4 >2 40-60 40-60 <10 >35

LCZ2 Compact mid-rise 0.3-0.6 0.75-2 40-70 30-50 <20 10-25

LCZ3 Compactlow-rise 0.2-0.6 0.75-1.5 40-70 20-50 <30 3-10

LCZ4 Open 0.5-0.7 0.75-1.25 20-40 30-40 30-40 >25
high-rise

LCZ5 Open 0.5-0.8 0.3-0.75 20-40 30-50 20-40 10-25
mid-rise

LCZ6 Open 0.6-0.9 0.3-0.75 20-40 20-50 30-60 3-10
low-rise

(LCZs 4-6), buildings occupy 30%. The building heights in high-rise, mid-
rise, and low-rise configurations are 30-60 m (around 10-20 story height),
15-24 m (around 5-8 story height), and 3-9 m (around 1-3 story height),
respectively. For LCZs 1-3, the surfaces consist of concrete and asphalt
pavement with default albedos of 0.5 and 0.2, respectively. In LCZs 4-6,
except concrete and asphalt pavement, aloamy soil surface with an albedo of
0 and emissivity of 0.9 is utilized. Different types of vegetation are distributed
on the soil surface uniformly, including grass (height: 0.25-0.5 m, leaf area
density: 0.3) and trees (height: 2-10 m, leaf area density: 1.5-2.5). Table 3
presents geometric and surface cover properties for each LCZ.

Limitations

Some limitations of this study should be discussed. First, the integrated
modeling approach does not consider local-scale advection or vertical
mixing at the boundary-layer scale, and it is acknowledged that ENVI-met
may have additional limitations in accurately simulating vertical mixing
within the urban canopy layer®. Second, this study assumed that the
building construction is the same across all cities, using the standard LCZ
scheme. It is warranted to take a more precise modeling approach of realistic
urban environments and buildings in future studies. Future works should
incorporate the large-scale and long-term experimental data to gain a better
understanding of the holistic potential of green and cool roofs under dif-
ferent ambient environments. Future studies are also warranted to compare
the energy-saving effects of green roofs and cool roofs with detailed divi-
sions, such as extensive/intensive green roofs, and cool roofs composed of
different materials. Simulations should be carried out with increased flex-
ibility in model settings and empirical parameters. By incorporating a
broader range of geographic locations, building conditions, and climate
variations, more specific knowledge can be offered to global users.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary information files. Sup-
plementary Note 4 includes the simulated data for scenario analysis, while
Supplementary Note 5 includes the simulated data for future energy-saving
projections.
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