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Advanced urban heat mitigation technologies that involve the use of super-
cool materials combined with properly designed green infrastructure
lower urban ambient and land surface temperatures and reduce cooling
consumption at the city scale. Here we present the results of a large-scale
heat mitigation projectin Riyadh, Saudi Arabia. Daytime radiative coolers,
aswell as cool materials combined withirrigated or non-irrigated greenery,
were used to design eight holistic heat mitigation scenarios. We assess the
climaticimpact of the scenarios as well as the corresponding energy benefits
of 3,323 urban buildings. An impressive decrease of the peak ambient
temperature of up to 4.5 °Cis calculated, the highest reported urban
ambient temperature reduction, and the annual sum of the differencesin
the ambient temperature against a standard temperature base (cooling
degree hours) inthe city decreases by up to 26%. We find that innovative
urban heat mitigation strategies contribute to the remarkable cooling
energy conservation by up to16%, and the combined implementation of
heat mitigation and energy adaptation technologies decreases the cooling
demand by up to 35%.

Cities are one of the largest consumers of energy and emitters of
greenhouse gases in the world', so urban areas offer great potential
forimprovementsin energy efficiency and the reduction of greenhouse
gases”. Cities exhibit higher temperatures than the surrounding areas
because of their positive thermal balance’. Global climate change is
synergistically affecting urban temperatures, increasing the magni-
tude of overheating*®. About 13,000 cities are exhibiting overheating
problems, measured asup to10.0 °C, and more than 1.7 billion people
are living under severe overheating conditions®’.

Urban overheating has a serious impact on humans®. It increases
both the cooling energy consumption of buildings and the peak

electricity demand (obliging utilities to build additional power plants),
decreases human productivity, increases the concentration of ground
ozone,and leads to surgesin heat-related mortality and morbidity while
also intensifying human aggressivity and mental health problems®
(Supplementary Information section1).

Projections about future urban climatic conditions have shown
that minimum and maximum temperatures may increase substan-
tially’. The projected increase in the minimum night-time temperature
could be as high as 4.0 °C (refs. 10,11), and this will be combined with
anincrease in exposure to heat waves and ground-level ozone'>. As
aresult, buildings’ energy consumption for cooling may increase by
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Table 1| Description of the mitigation scenarios

No. Mitigation scenario Description

1 Reference Reference Riyadh: climatic evaluation of the whole Riyadh area for three summer months and one winter
month under the existing conditions without application of mitigation measures (albedo of roofs and
pavements, 0.20).

2 Use of high-albedo material Reflective Riyadh: modified high albedo in the whole city of Riyadh using reflective materials. Roofs
and pavements with higher albedo than the base case is considered for the whole urban area of Riyadh
(albedo of roofs, 0.75; albedo of pavements, 0.40).

3 Use of super-cool material Very Reflective Riyadh: modified very high albedo in the whole city of Riyadh. City-wide implementation
of super-cool materials (photonic daytime radiative coolers), in roofs with an albedo of 0.95 and
emissivity in the atmospheric window of 0.95. No modification of the albedo of pavements, as under the
current conditions.

4 30% low-level non-irrigated vegetation Green and Dry Riyadh: increase of the green infrastructure of Riyadh of up to 30% of its surface using

cover non-irrigated low-level vegetation (shrubs and grass). Albedo as under the current conditions.

5 60% low-level non-irrigated vegetation Very Green and Dry Riyadh: increase of the green infrastructure of Riyadh up to 60% of its surface, using

cover non-irrigated low-level vegetation (shrubs and grass). Albedo as under the current conditions.

6 30% low-level irrigated vegetation cover Green and Irrigated Riyadh: increase of the green infrastructure of Riyadh up to 30% of its surface, using
irrigated low-level vegetation (shrubs and grass). Albedo as under the current conditions.

7 60% high-level irrigated vegetation cover Very Green and Irrigated Riyadh: increase of the green infrastructure of Riyadh up to 60% of its surface,
using irrigated high-level vegetation (broadleaf trees). Aloedo as under the current conditions.

8 Combination of 60% low-level non-irrigated ~ Very Green-Very Reflective and Dry Riyadh: combined case—increase of the green infrastructure of

vegetation cover and super-cool material

Riyadh up to 60% of its surface, using non-irrigated low-level vegetation (shrubs and grass) combined
with city-wide implementation of super-cool materials in roofs with an albedo of 0.95 and emissivity of
0.95. No modification of the albedo of pavements, as under the current conditions.

9 Combination of 60% high-level irrigated
vegetation cover and super-cool material

Very Green-Very Reflective and Irrigated Riyadh: combined case—increase of the green infrastructure
of Riyadh up to 60% of its surface, using irrigated high-level vegetation (broadleaf trees) combined with
city-wide implementation of super-cool materials in roofs with an albedo of 0.95 and emissivity of 0.95.

No modification of the albedo of pavements, as under the current conditions.

250-1,000%, with the range depending on global economic and tech-
nological developments*.

To counterbalance theimpact of urban overheating, efficient heat
mitigation technologies must be implemented at the city scale. Heat
mitigation research has led to innovative technologies that substan-
tially decrease urban temperatures®. It is reasonably expected that
the development of photonic daytime radiative cooling materials for
buildings and urban structures, combined with optimized greenery
solutions, will greatly mitigate urban heat'* s,

Asbuildings are responsible for about one-third of global energy
consumption, improving building energy efficiency offers a great
opportunity to make cities more sustainable environments'. It is thus
important to investigate strategies to reduce energy use and the cor-
responding environmental impacts.

Very little is known about the contribution of innovative heat
mitigation technologies to the climate of cities and to the related
energy-saving potential. Studies assessing the cooling potential of
conventional reflecting materials show that it is rational to achieve
adrop in peak ambient temperature of up to 1.5 °C and a decrease
in the cooling energy demand of 15-35%, depending on the climatic
characteristics and quality of the building stock?>?. Given the lim-
ited number of existing large-scale heat mitigation projects and the
absence of detailed assessment studies, there remains a serious lack of
knowledge about the exact climatic contributions and energy impact
of innovative heat mitigation technologies and the potential of their
combined implementation.

This Article presents the methodology, characteristics and results
ofthelargest (to our knowledge) world urban heat mitigation project,
designed for the city of Riyadh in Saudi Arabia. We provide innovative
information on (1) the assessed climatic capacity of the developed
innovative heat mitigation technologies and the combination thereof
and (2) their energy potential at the city scale, evaluated for a very high
number (3,323) of urban buildings.

Wealso delveinto the compelling relationship between urban heat
mitigation and energy conservation, exploring the various strategies

used to counter the rising temperaturesin cities and their substantial
contributions to promoting energy efficiency, sustainability and urban
resilience. Through a comprehensive analysis of the multifaceted
impacts of mitigating urban heat, this study sheds light on the pivotal
role such measures play in creating more liveable, energy-efficient
urban environments. We believe that the Article contributes substan-
tially to the proper design of urban heat mitigation and assesses its
energy potential while contributing to the improvement of living
conditions, sustainable urban development and urban resilience.

Results

The distribution of the urban heat risk in the city was assessed using
the methodology described in the Methods. Detailed analysis of the
current climatic and heat risk conditions in Riyadh, described in the
Methods, reveals that the main axes of the potential interventions to
mitigate urban heat in Riyadh should aim to (1) decrease the surface,
land surface (LST) and ambient temperatures and reduce heat advec-
tionfromthe surrounding desert, (2) reduce the strength of the sensible
heatin the city, (3) surge the magnitude of latent heat and (4) improve
solar control in the city™.

We designed and evaluated eight mitigation scenarios (Table 1)
focusingonthe above objectives. To decrease the surface temperature
inthe city and reduce the release of sensible heat, reflective materials
and passive daytime radiative cooling coatings were considered. Reflec-
tive materials that have a high solar reflectance and a high broadband
emittance are commercially available, and can contribute toreducing
the LST by up t0 10.0 °C (ref. 23). Super-cool materials (SCMs)—or
photonic daytime radiative cooling coatings—have been developed
recently. Super-cool coatings exhibit sub-ambient surface tempera-
tures and, depending on the local climatic conditions, can reduce the
surface temperature of cities by up to15.0 °C (ref. 16). By lowering the
urbansurface temperature, the height of the planetary boundary layer
may decrease, resulting in reduced heat advection from the desert*.

Anincrease in the green infrastructure in cities provides solar
control and decreases the release of sensible heat, while enhancing
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Table 2 | Simulated performance of the eight mitigation scenarios during the summer period, as compared to the reference

scenario

Green and
Dry Riyadh

Reflective
Riyadh

Scenario Very
Reflective

Riyadh Riyadh

Greenand
Irrigated

Very Green
Non-Irrigated
Riyadh

Very Green
and Irrigated
Riyadh

Very Green-Very
Reflective and
Dry Riyadh

Very Green-Very
Reflective and
Irrigated Riyadh

Decrease maximum 2.2 2.3 13 1.3

summer ambient
temperature at 14:00

0.8 21 1.6 3.0

Decrease of the mean 0.3
summer ambient

temperature at 14:00

0.6 0.5 1.4

Decrease of the 0.2 0.3 -07
minimum summer
ambient temperature

at14:00

-0.6 0.0

Decrease of the 3.4
maximum summer
ambient temperature at

06:00

37 3.3 37

5.1 70 74 8.6

Decrease of the mean 0.3 11
summer ambient

temperature at 06:00

0.9 21 21 3

Decrease of the 11
minimum summer

ambient temperature at
06:00

Decrease of the 2.0 40 26

maximum 24-h summer
ambient temperature

8.0 72 8.5 75

Decrease of the mean 0.9 0.9 0.7

24-h summer ambient
Temperature

23 3.5 2.9 4.2

Decrease of the 24-h
minimum summer
ambient temperature at
06:00

0.2

04 1.3

Decrease of the 6.2
maximum summer
surface temperature at

14:00

6.6 1.6 4.6

17 4.6 5.0 7.3

Decrease of the mean 4.8 5.2 2.0

summer surface
temperature at 14:00

2.3 26 4

Decrease of the 37 01
minimum summer
surface temperature at

14:00

01 0.2 3.5

latent heat through evapotranspiration’, The cooling efficacy of urban
greenery under high ambient temperatures, as in Riyadh, depends
highly onthe proper provision of irrigation”. Above a threshold ambi-
ent temperature and under low watering conditions, the magnitude
of evapotranspiration is reduced significantly, while the released
biogenic volatilecompounds (BVOCs), may surge, resulting in serious
air-quality problems®.

Combined scenarios considering the implementation of reflec-
tive or super-cool materials with additionalirrigated or non-irrigated
greenery were designed and evaluated through mesoscale climatic
modeling. Table 2 provides the calculated cooling performance and
the corresponding mitigation potential for the ambient and surface
temperatures for the eight scenarios. Supplementary Table 4 provides
the calculated mean, maximum and minimum average values of the
main climatic parameters for the reference and eight mitigation sce-
narios, and Supplementary Table 5 presents the number of hours that
the average temperature in Riyadh is above a threshold as well as the
corresponding value of the cooling degree hours (CDHs) during the
whole summer period.

Analysis of the performance of the eight mitigation scenarios leads
to the following main findings:

« Analmost linear association between the reference tempera-
ture (no mitigation) and the potential temperature decrease is
observed for both day and night periods. This is because mitiga-
tion technologies decrease the released sensible heat, which is
almost a linear function of the ambient temperature. In general,
and for all the mitigation scenarios, the higher the background
temperature, the higher the potential temperature decrease. Sup-
plementary Fig. 21 demonstrates the relation of the background
temperature with the temperature drop for both day and night
and for the scenario Very Reflective Riyadh.

« Theimplementation of the super-cool materials on the roofs of
buildings, combined with well-irrigated additional greenery, pro-
vides exceptional mitigation potential and contributestoareduc-
tion of the average 24-h ambient urban temperature of 1.3-7.5°C,
with anaverage close to 4.2 °C. The corresponding decrease in the
ambient temperature at 14:00 varies between 0.0 and 3.0 °C, with
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an average close to 1.4 °C, while at 06:00, the change in ambient
temperature varies between anincrease of 2.8 °Cand a decrease of
8.6 °C, with an average close to 3 °C. The reductionin the surface
temperaturein the city at14:00 varies between 3.5and 7.3 °C, with
an average close to 4 °C. During the whole summer period, the
decrease in the overheating hours above 35 °C and 40 °Cis 23.1%
and 29.4%, respectively, and the decrease in CDHs with bases of
35°Cand 40 °Cis28.4%and 47.6%, respectively.

« Amoderateincrease of low-level non-irrigated greenery at the city
scale has a limited cooling capacity during daytime, and it may
evenslightly increase the temperature. This is because the mois-
tureinthetop layer of soil decreases due to alack of precipitation.
By increasing the vegetation cover, the moisture level continues
to decrease because of the larger surface of evapotranspiration.
Under such soil moisture conditions, low-level vegetation with
shallow roots can no longer evaporate effectively and plants can-
notrelease latent heat, resultinginavery limited decrease oreven
increase of the daytime ambient temperature. Similar results were
reportedinref.27 for Los Angeles, where it was demonstrated that
replacing existing plants with drought-tolerant plants without irri-
gation prevents plants fromrelieving urban heat island (UHI) and
heatwave conditions. During the night, the cooling contribution
of low-level non-irrigated greenery is more significant, as plants
reduce the upward heat flux from the ground, resultingina cooler
soil surface. The average night-time temperature decrease may
reach 3.0 °C, infullagreement with many similar studies reporting
the cooling potential of greenery in cities®.

« Asignificant increase in the cooling potential of urban green-
ery is observed when high-level irrigated trees are considered.
The average ambient 24-h temperature is found to decrease by
between 0.4 °C and 7.2 °C with an average close to 3.5 °C. The
average decreases in ambient temperature at 14:00 and 06:00
are 0.6 °C and 2.1 °C, respectively. The overheating hours above
35.0 °Cand 40.0 °Cdecrease by upto19.1% and 14.1%, respectively,
and the decreasesin CDHs are17.1% and 21.5%, respectively.

 Althoughnon-irrigated vegetation shows a cooling effect at night,
itis not effective in reducing CDHs during the daytime. Non-irri-
gated vegetation leads to slightly higher CDHs at a base of 38 °C
compared to the reference scenario, and irrigated vegetation
reduces CDHs during the day. Shading and evapotranspiration
contribute most to the cooling effect of vegetation. The denser
the plant canopy, the higher the cooling potential, as long as the
plants are sufficiently supplied with water. The cooling potential
oftrees and other vegetationis severely reduced under dry condi-
tions when soil water is limited, which results indrought stress to
the plants and lower evapotranspiration. The variation in CDHs
duringthe day and night for different base temperatures isshown
inSupplementary Fig. 22.

« Anincreaseinthe urbanalbedo decreasesthe peak daytime ambi-
enttemperature by between 0.2and 2.2 °C, withan average close
to 1.2 °C, while the corresponding decrease of the LST is 4.8 °C.
Reflecting materials decrease the CDHs for base temperatures
of35.0 °Cand 40.0 °C by 19.5% and 47.6%, respectively, while the
corresponding decreases in overheating hours are 7.0% and 24.1%.

- Implementation of passive daytime radiative cooling materials on
the roofs of buildings presents a very significant heat mitigation
potential, because the high reflectance and high emissivity inthe
atmospheric window decrease the peak ambient temperature at
14:00 by between 0.3 °C and 2.3 °C with an average of 1.3 °C, and
the LST by 6.6 °C. Super-cool materials contribute to the decrease
in CDHs for base temperatures of 35.0 °C and 40.0 °Cby 21.9% and
50.8%, respectively, with corresponding decreasesin overheating
hours of 8% and 28.1%. Given the very high reflectance of super-
cool materials, their use should be limited on roofs to avoid optical
annoyance issues.

Using the CityBES simulation platform, the cooling energy con-
sumption of 3,323 buildings located in the AlMasiaf precinct of Riyadh
was evaluated for the entire summer period, using weather files corre-
spondingto current climatic conditions as well as to the eight designed
mitigation scenarios (Fig. 1).

The average summertime coolingload of all the buildings, COP =1,
is 104.6 kWh m, and the total summertime cooling load of all the
buildingsis 222.3 GWh. As expected, the taller the building, the lower
the cooling load. The average loads for one-, two-, three- and four-
storey buildings are 122.1kWh m2,103.3 kWh m~,103 kWh m~2and
88.2 kWh m?, respectively (Fig. 2).

The calculated average summertime cooling loads corresponding
to the eight mitigation scenarios are given in Table 3. Calculations for
all cases were performed using the same building characteristics con-
sideredinthereferencescenario (Supplementary Table1). The albedo
of the buildings was not modified, so as to assess the cooling contribu-
tion caused by the temperature reduction induced by the mitigation
technologies and not because of the reduced solar absorption by the
structure of the building.

As shown, the mitigation scenarios investigated here resultin a
decrease in the average summertime cooling that ranges from 3.6%
to 16%. The use of high-albedo and super-cool materials reduces the
coolingload by 4.4%and 5.2%, respectively, compared to the reference
scenario. The Green and Dry and Very Greenand Dry scenarios lead to
decreases 0f 3.9% and 10.6% of the average cooling loads compared to
the reference, but this reduction is slightly higher when considering
irrigated vegetation (5.4% and 13.4%, respectively). The combination of
Very Reflective and Very Green with a non-irrigated vegetation scenario
shows a 14.8% reduction in the average cooling loads. The maximum
reduction (16.0%) in the average cooling load is achieved by the combi-
nation of Very Reflective and Very Green with the irrigated vegetation
scenario. Residential buildings present a slightly higher decrease in
their cooling load than commercial buildings because of the lower
internal gains. The implementation of heat mitigation technologies
in the considered urban area can provide a reduction of the cooling
load of up to 35.5 GWh during the summer period. Extended Data Fig.
1demonstratesthedistribution of the annual coolingload in the study
areafor the eightinvestigated mitigation scenarios.

The energy conservation potential of building envelope-related
mitigation technologies increases substantially when a reduction in
absorbedsolarradiationis considered. Supplementary Table 5 presents
the cooling load reductions in buildings of one to four storeys under
reflective and very reflective mitigation scenarios, considering both
directandindirectbenefits arising from the implementation of reflec-
tive and super-cool materials on roofs. Under the reflective scenario,
when considering the decrease in absorbed solar radiation, the cool-
ing load conservation increases on average from 4.4% to 5.6%. Under
the very reflective scenario, the cooling load conservation increases
from 5.2% to0 6.9%. In absolute values, the total cooling load reduction
in the urban area under the reflective scenario will rise from 9.8 GWh
to 12.4 GWh, and for the very reflective scenario the corresponding
reductions are 11.6 GWh and 15.3 GWh. The calculated reductions
indicate that, in both scenarios, almost 75-78% of the potential con-
servation of the coolingloadinthe 3,323 buildings s attributed to the
decrease in ambient temperature induced by implementation of the
mitigation technologies underlying the energy conservation impact
and the considerable decarbonization potential of urban heat mitiga-
tion technologies.

Energy retrofitting of buildings is the most efficient way to
decrease their energy demand. To evaluate the combined impact of
energy retrofitting and heat mitigation technologies implemented
atthe building and city scales, we designed and simulated the energy
impactofretrofitting measures for all 3,323 buildings, combined with
heat mitigation technologiesimplemented at the urban scale. Energy
retrofitting included measures to improve the thermal quality of the

Nature Cities | Volume 1| January 2024 | 62-72

65


http://www.nature.com/natcities

Article https://doi.org/10.1038/s44284-023-00005-5

Data Source Procedure Approach
A === —— ~\
.’ .
. . . 1 1. Analysis of the weather data 1 = e
Weather data (Air quality stations - 2. Validation of weather data: range, step, 1 23
X X . 1 X . o &
ArRiyadh Air Quality) | persistence, and relational tests 1 8o
] Y

(simulation of the
reference and eight mitigation scenarios)

1

1

1

1

1

1

1
Reference |
Use of high albedo material 1
Use of supercool material 1
30% low-level non-irrigated vegetation cover
60% low-level non-irrigated vegetation cover |
30% low-level irrigated vegetation cover 1
60% high-level irrigated vegetation cover 1
Combination of 60% low-level non-irrigated 1
vegetation cover and super-cool material 1
Combination of 60% high-level irrigated I
vegetation cover and super-cool material :

1

1

(449M) suonenwis ajeasosain

\
Creating new weather files for the mitigation |
strategies 1

7

ejep
maN

Simulations of mitigation scenarios

Using the new weather files for the reference 1
and eight mitigation strategies to run precinct-
scale energy simulations to investigate the 1
impacts of outdoor climate on the baseline
buildings

Simulations of mitigation and adaptation
strategies

Simulations of the mitigated super-cool
material and high albedo scenarios and
retrofitted buildings with higher roof
reflectivity

N ————

s3gAn) ul suonejnwis ASi1au3

Simulations of mitigation and adaptation
strategies

Mitigation strategies: reference and eight
mitigation strategies

Adaptation strategies: baseline buildings and
building retrofit strategies (combination of
retrofitted roof, external wall, infiltration and
windows)

-
N e e e e e e e e e e = e = e e e e e e e e e = = =

. I 1 \
Calculation of building energy needs | Precinct-scale cooling energy savings 1
and energy savings using CityBES | 1

\

sishjeuy

Fig.1| The methodology followed. The main methodological approaches and framework used in this study are presented.
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Fig.2| Coolingload of the buildings. Distribution of the calculated annual cooling load of the buildings under reference conditions.

Table 3 | Average summer cooling load of all the buildings, as well as the cooling energy conservation percentage under the
reference and eight considered mitigation scenarios

Scenario Reference Reflective Very Green Greenand Very Green Very Green  Very Green- Very Green-
Riyadh Riyadh Reflective = andDry lIrrigated Non-Irrigated and Irrigated Very Reflective Very Reflective
Riyadh Riyadh Riyadh Riyadh Riyadh and Dry Riyadh and Irrigated
Riyadh
Average summer 104.6 100.0 99.2 100.5 98.9 93.5 90.6 89.1 879
cooling load, (kWhm™)
Reduction of the - 4.4 5.2 3.9 5.4 10.6 134 14.8 16.0

cooling load against
the reference (%)

envelope, namely better windows, better insulation, improved solar
control, cool roofs and improved air permeability. Measures related
to heating, ventilation and air-conditioning (HVAC) systems were
not considered. A list of the selected energy retrofitting measures is
provided in Supplementary Table 6.

The calculated reductionsinthe summer coolingloadinthe urban
area, considering a combined implementation of heat mitigation
and energy retrofitting measures (Q.,m,) and also the corresponding
cooling benefits (Q,,;) when only mitigation measures are considered,
areprovided in Extended Data Table 1. Because of the important ther-
mal interaction between the energy retrofitting and heat mitigation
measures during building operations, the difference Q g, — Qmi: does
notrepresent the exact contribution of the retrofitting measures and
is lower than when retrofitting measures are applied individually.
Simulation of the energy impact of the retrofitting measures under
non-mitigated climatic conditions was also performed for all the
buildings, and the corresponding reductionin the cooling load of the
reference building was calculated (Q,.,). However, under combined
implementation of the mitigation and retrofitting measures, the real
contributions of the heat mitigation and energy retrofitting measures

are lower than Q,,,, and Q,,, respectively, because of the important
thermalinteractionbetween the considered measures. Nevertheless, a
comparison between Q. versus Q.om, and Q,, Versus Q.,mp can provide
an approximate but quite realistic contribution of the mitigation and
retrofitting technologies. Asshownin Extended Data Table 1, combined
heat mitigation technologies can contribute up to 46% of the total
cooling load conservation of urban buildings under the combined
implementation of heat mitigation and energy retrofitting measures.

To assess the heat risk for Riyadh, several climatic, demographic
and socioeconomic parameters were combined into acomposite heat
riskindicator, as described in the Methods. It was found that the north-
east and southeast districts of the city (in red) have higher heat risk
than those to the west of the city. Several districts in the center of the
city also exhibit high thermal risk (Fig. 3).

Discussion

The temperature of cities is steadily increasing, and is expected to
increase further as a result of of intensive urbanization, overpopula-
tion and global climate change™. To lower urban air and surface tem-
peratures and counterbalance theimpact of high temperatures on the
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Fig. 3| Distribution of heat indicator. Spatial distribution of the value of the composite heat indicator in Riyadh.

energy demand for cooling, heat mitigation technologies have been
developed and implemented. Although the impact of conventional
mitigation technologies has been assessed for several cities, there
are important knowledge gaps regarding the mitigation potential of
innovative technologies such as daytime radiative cooling materi-
als, the specificimpact of irrigated or non-irrigated greenery, and the
combined effects of materials and greenery on the energy impact of
heat mitigation at the urban scale.

This Article presents a study investigating the large-scale energy
benefits of advanced and conventional single and combined heat miti-
gation technologies implemented at the city scale. The results shown
here provide the data necessary to mitigate urban heat and reduce
energy usein urban settlements based oninteractions betweenurban
building energy demand and the urban climate.

Increasing the urban green infrastructure is the most commonly
considered mitigation technology. We show that the main driver for
coolingis toimprove the transpiration efficiency of plants so that they
canreduce the released sensible heat and increase the flux of latent
heat flow. Transpiration can normally evaporate water at a rate of
0.28-121 m™ per day”, generating a cooling power ranging between
24.5and 29.5 M) m2per day inarid environments with sufficient water
supply. However, thisisless than10 M) m2in atemperate climate®. The
results fromtheirrigated scenarios show thatirrigationis akey factorin
achieving an appreciable mitigation effect for vegetation-based mitiga-
tionstrategiesin Riyadh and other hot arid cities. The daytime transpi-
ration of both low-rise vegetation and high-rise vegetationis strongly
enhanced by introducing irrigation’. In the absence of irrigation,
evapotranspiration cannot be effectively stimulated. Furthermore, the
dry soil conditions prevent plants from effective evapotranspiration
during the day, and most of the contribution to the latent heat flux
during the day comes from direct soil evapotranspiration.

Irrigated greenery presents a considerable mitigation potential,
especially during the night. On average, irrigated greenery in the city

may decrease the peak day-time temperature by up to 0.7 °C and the
night temperature by up to 2.1 °C. This agrees with similar studies
reportedinrefs.28,29,31.

High urban temperatures affect the physiological processes of
greenery and their transpiration capacity, resulting in a much lower
cooling potential and inappropriate environmental quality* (Sup-
plementary Information section 2). Experiments have shown that
well-irrigated plants maintain their sap flow during heat waves, but
innon-irrigated plants the sap flow is reduced by 50% (ref. 33). Future
research should aimto develop more heat-tolerant species, as genetic
engineering of plants has progressed to the point where genes with the
proper traits can be introduced and expressed efficiently**.

Although numerous publications have investigated the impact
of urban greenery on representative buildings, very few studies have
assessed the benefits at the city or neighborhood levels® %, Inaddition,
althoughexisting articles reflect high non-homogeneity regarding the
considered urban climate, thelevels of urban overheating, the type of
greenery, quality of buildings and assessment methodology, important
conclusions can be drawn:

« The24-h average temperature decrease induced by additional
urbangreenery varies between 0.2and 2.5 °C. Most articles report
an average 24-h temperature drop of between 0.7 °C and 2.2 °C,
without specifying theirrigation status. In this study, amoderate
riseinurbangreenery (30%) decreases the 24-h ambient tempera-
ture by between 0.7 °C (non-irrigated) and 1.2 °C (irrigated), and
ahighincreaseingreeninfrastructure (60%) resultsinatempera-
ture decrease of between 2.3 °Cand 3.5 °C.

Previous studies agree that most of the cooling benefits from
urban greenery occur during the night, and the temperature
decrease during the peak daytime period is between 0.0 °C and
1.0 °C, with an average close to 0.4 °C. Almost all studies have
been performed for temperate climates and non-arid urban zones,
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except ref. 27, which reported a relative increase in the ambient
temperature when non-irrigated plants were considered. Similar
results were obtainedin the present study for non-irrigated plants,
and the peak temperature decrease varied between 0.3 °C and
0.6 °Cwhenirrigation was considered.

« The potential decrease in cooling load induced by urban green-
ery is reported by very few publications. A direct comparison is
almostimpossible given the different climatic conditions, building
stock and characteristics of the greenery. Annual cooling energy
conservations varying between 2 and 14 kWh m~ are reported,
closetotheresults of the present study for non-irrigated greenery
(4 kWhm™2and 11 kWh m™?), and 5.7 kWh m2 to 14 kWh m for
irrigated greenery.

Increasing urban albedo contributes to a decrease in absorbed
solar radiation and reduces the urban surface temperature and the
release of sensible heat. Previous studies evaluating theimpact of modi-
fiedurbanalbedoreportedadecreaseinthe24-h ambient temperature
ranging between 0.1°Cand 0.8 °C, and a peak daily temperature reduc-
tion of between 0.5 °C and 3.5 °C, depending on the characteristics of
the cities and the implemented albedo scenario®. It was found that
anincrease in the albedo by 0.1 results in a decrease in the ambient
temperature close to 0.18 °C (at17:00)*. The present study found that
the average 24-h and peak daily temperature decreases are 0.9 °C and
1.2 °C, respectively, in full agreement with previous findings.

Therecently developed daytime radiative cooling materials have
not yet been implemented to mitigate urban overheating. Mesoscale
simulations for the city of Kolkata in India have shown that they may
decrease the peak urban temperature by up to 4.5 °C, imposing, how-
ever, aheating penalty during the winter*’. Modulation of their optical
properties, reflectance and emittance could minimize the problem**,
Simulations have shown that optically modulated super-cool materi-
als can maintain their summer cooling capacity while contributing to
increasing the winter ambient temperature by up to1.5 °C (ref. 43). The
presentstudy has found that the average 24-h and peak daily tempera-
turedecreasesare closeto 0.9 °Cand1.3 °C, respectively. The specific
values are lower than those reported in ref. 43 as the implementation
of the super-cool materials is considered only for roofs. The develop-
ment of new-generation, colored super-cool materials presenting a
lower solar reflectance, but a similar cooling potential, based on the
use of fluorescent nanostructures seems to be amajor future priority**.

Althoughimportant recent advances have been achieved in heat
mitigationresearch, significant challenges remain, and future studies
need to be developed focusing on a warming climate, mitigation and
adaptation technologies, and building energy consumption. The mul-
tifaceted strategies employed to mitigate the adverse impacts of UHIs
cannotonlyalleviate the discomfort caused by excessive heat, but can
also contribute substantially to the broader goals of sustainable urban
development and reduced energy consumption.

The findings emphasize the effectiveness of various urban heat
mitigation techniques in curbing energy usage, and can be used to
design and implement heat mitigation techniques in other cities. The
proposed methodology as well as the obtained results and generated
knowledge can be implemented elsewhere to improve the perfor-
mance of the considered heat mitigation techniques, lower electricity
consumption and reduce carbon emissions, thus contributing to the
overall sustainability of cities.

Methods

We have designed a research methodology that includes three main
tasks. First, a detailed mesoscale simulation of the climatic condi-
tionsin the city is performed and validated against extensive existing
climatic data. Model results validation s a critical step thatunderpins
the credibility and utility of modeling efforts. It transforms models
from theoretical constructs to practical tools that can inform, guide

and drive meaningful real-world outcomes. Further to its validation,
the mesoscale model was used to populate the climate data of Riyadh at
improved spatial resolution to obtain amore complete view of spatial
and temporal trends and differentiations. In the second stage, based
on analysis of the climatic conditions, eight heat mitigation strategies
and corresponding scenarios were designed and evaluated in terms of
their performance using mesoscale climatic modeling. Finally, detailed
precinct-scale cooling energy simulations were performed for the Al

Masiaf central area, including 3,323 urban buildings.

Climatic simulations were performed using the Weather Research
and Forecasting (WRF) model, version 4.2.1*. The simulation domain
was centered on the city of Riyadh, and three one-way nested domains
with horizontal resolutions of 4.5 km, 1.5 kmand 0.5 km were used, where
the innermost domain was Riyadh city. The outer two domains were
used to provide boundary conditions for the innermost domain (Sup-
plementary Figs.1and 2). Supplementary Information section1provides
detailed informationabout the implementation of the WRF model. The
developed mesoscale model was used to calculate the hourly distribu-
tion of the main climatic parameters for the entire summer in the city of
Riyadh, under existing conditions and the eight mitigation scenarios.
The hourly outputs from the nearest grid close to Al Masiaf precinct
were used to create nine weather files for the purpose of energy simula-
tions representing the reference climate conditions and all mitigation
scenarios. The results obtained from the reference scenario mesoscale
simulation were validated against the observations from three existing
weather stations to ensure the performance of the model. Validation
was performed for both the summer and winter periods and for the
mostimportant climatic parameters: ambient temperature, wind speed
and relative humidity. We obtained a satisfactory agreement between
the simulated and experimental data. The simulation results slightly
overestimated the wind speed, which could result froman underestima-
tion of building heights. Details of the validation exercise are provided
in Supplementary Information section 1. Supplementary Figs. 3 and
4 present the simulated and experimental data for the three stations.

Riyadh, the capital of Saudi Arabia, hasahot desert climate, ‘Bwh’,
based onthe Koppen-Geiger climate classification system*¢. The mag-
nitude of the UHIin Riyadhis persistent and well-captured by the net-
work of stations. The temperature distribution is rather regular, with
almost no outliers, and high daily average temperatures exceeding
40.0 °C. The differences between urban and reference contexts are
systematic and stable, with frequent peaks exceeding 4.0 °C and dif-
ferencesnearing 1.8 °C for 75% of the examined period (third quartile)
andamedianof1.2 °C (Supplementary Fig. 6b). Negative values, namely
when thecity is cooler than the surroundings because of the advection
of cool air from the surroundings, are rarely computed (Supplementary
Fig. 6a). Additionalinformation onthe climatic analysisis providedin
Supplementary Information section 1.

The cooling degree days (CDDs) in Riyadh are quite consistent
over the observed period, with very high values exceeding 2,000 at
all locations (Supplementary Fig. 7), excluding stations 1 and 4 (Sup-
plementary Table 2). The CDDs at urban locations are ~280 higher
than those at reference locations. The five-year average of the CDDs
at reference (background non-urban) locations is equal to 1,960, and
is 2,236 at urban locations. Within the city, there is a difference of 160
CDDs between the hottest and coolest urban areas. These important
intra-urban and urban-reference differences point out the influence
of local factors such as land cover and wind patterns*’

Theanalysis performed on the integrated dataset (measured and
simulated data) provides the following results/conclusions.

« During the hottest conditions and considering all data points,
more than 50% of the air temperature data exceed 40.0 °C, and
10% of the urban area has an air temperature higher than 45.0 °C.
In contrast, on an average summer day, only 23% of the urban
data points have air temperatures exceeding 40.0 °C, and the air
temperature does not exceed 45.0 °C. This result shows thatin
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the hottest climatic conditions, hot spots are not limited, and a
considerable number of urban areas experience high ambient
temperatures.

« Theaverage simulated UHI intensity of the entire urban area
during the summer period is 1.5 °C (Supplementary Fig.12). The
southern and eastern parts have the highest UHI, with an aver-
age intensity of more than 2.0 °C and a highest average value of
2.5°C. The mean UHI intensity increases with increasing urban
density. The mean UHI intensity corresponding to low-density
urban cells exceeds 2.0 °C for 6% of the time. In medium-density
and high-density areas, the corresponding percentages of time
are 24.6% and 36.6%, respectively.

« The maximum calculated daytime UHI intensity in the whole
city was close to 8.5 °C and appeared at 14:00 (Supplementary
Fig.13). The southeastern part of the city experienced a high UHI
intensity of above 8.0 °C. The maximum UHI intensity occurs
during northern winds, and the minimum intensity corresponds
to southern and southwest winds.

« LSTvaluesin the Riyadh urban zone presents substantial vari-
ability. Up to 5.0 °C higher average surface temperatures are
observed in the southern and southeastern parts of the city
(Supplementary Fig. 10). The LSTs in Riyadh have values higher
than 50.0 °C during the summer months in all districts, but
districts in the northeast and southeast exhibit LSTs even higher
than 58.0 °C. This is an important finding, as the LST drives the
transfer of heat from the ground to the overlying air and thus
contributes to higher air temperatures and reduces soil humid-
ity. The LST at 14:00 ranges between 46.1°C and 53.3 °C. Addi-
tional data about the distribution of LSTs in the city obtained
from Landsat 8 satellite observations at 10:30 local time per
district were used to reveal, using QGIS software, the most ther-
mally stressed districts of the city. Supplementary Fig. 14 shows
the distribution of the mean daily LST by district during a hot
day, as calculated by Landsat 8.

Hightemperaturesinurban areas have adirectimpact on human
health and are associated with heat-related stress and excess summer
deaths*®, We assessed the distribution of the urban heat risk in the city
based ondaytime LST (Supplementary Fig.15), Thom discomfortindex
(Supplementary Fig.16), air temperature (Supplementary Fig.17), the
percentage of residents under 14 years old (Supplementary Fig. 18), the
percentage of residents over 65 years old (Supplementary Fig.19) and
building density (Supplementary Fig. 20), computed for each district
of the city. Districts exhibiting high temperature values and inhabited
by ahigh percentage of elderly people are more vulnerable to extreme
heat than districts characterized by lower temperature values and a
population consisting of younger people.

Toassess the heatrisk of Riyadh, the parameters presented above
were combined into a composite heat risk indicator. To achieve this,
each parameter was reclassified into three categories using quantile
classification, adata classification method that distributes aset of val-
uesinto groups containing an equal number of values. Supplementary
Table 3 provides the ranges of values for the three risk categories by
parameter*>*°. The resulting three categories were defined: (1) low heat
risk, (2) moderate heat risk and (3) high heat risk. Because the relative
importance of each parameter is unknown, all parameters contributed
equally to the composite heat risk index. The considered parameters
were reclassified into three categories using the quantile classification
method, resulting in the composite heat risk index

The 3,323 buildings selected for cooling energy simulations are
located in the Al Masiaf precinct, which covers anarea of ~2 km x 2 km
(Supplementary Fig. 5), with the 3,323 buildings including residential
buildings (2,962 multi-family and 98 single-family houses) and office
buildings (1 large, 241 small and 21 medium offices). The simulated
buildings consist of residential and commercial buildings of one to

four storeys. The total area of the selected buildings simulated is
2,125,820 m.

The simulation platform CityBES®"*? was used to run the energy
simulations for Al Masiaf precinct. CityBES is a web-based data and
computing platform developed by Lawrence Berkeley National Labo-
ratory (LBNL) to evaluate the energy performance of city buildings.
CityBESis organized into three layers: (1) the datalayer, (2) the simula-
tion engine (algorithm) and software tools layer, and (3) the use-cases
layer. CityBES*** offers a detailed energy performance analysis built
on the EnergyPlus engine for dynamic energy simulation of urban
buildings, which offers the highest resolution due toits physics-based
modeling approaches capturing the full dynamics of the building per-
formance. Specificinformation and details about the specific simula-
tion procedure are provided in Supplementary Information section 1.
The most common construction and operational characteristics of
the residential and commercial buildings in Al Masiaf precinct were
identified and then used to perform the building energy simulations.
Supplementary Table1lists the main inputs used to simulate the resi-
dential and commercial buildings.

Toanalyzethecurrentclimaticconditionsinthecity, datafromanet-
work of 16 meteorological stations were used (Supplementary Table 2).
The dataset analyzed comprises five recent complete years of hourly
averages of data from January 2016 to December 2020, representing
the current conditionsin the city. A detailed statistical methodology,
asdescribed inthe Supplementary Information, was used to filter the
data and control the quality.

We calculated the magnitude of the UHIin the city by considering
the difference between a reference (non-urban) station and an urban
station, where the reference data were obtained from the average of
four meteorological stations located at all four sides of the city. In this
way, a reliable appraisal of the differences between the city and its
non-urban surroundings was achieved. The difference was calculated
by considering a simple moving average over 7 h (3 h backwards, 3 h
forwards, and centered on the hour). This approach eliminated short-
term differences due to atmospheric circulation conditions and better
captures the general trends over the day, as performed inref. 8.

The climatic information provided by the ground stations was
enriched with additional data regarding the spatial distribution of the
main climatic parameters, the hottest spotsin the city, and the distribu-
tion of the latent and sensible heat fluxes as calculated by mesoscale
simulations under the current climatic conditions. The calculated
spatial distributions of the ambient and surface temperatures, wind
speed, UHI intensity and sensible and latent fluxes are provided in
Supplementary Figs. 8-13.

Main limitations of the research

Theinputdataused for the energy simulation of the 3,323 buildings are
drawn fromthe building codes and regulations of the country, although
there are potential differences arising from the actual construction
characteristics of the buildings. The statistical data utilized for the
development of the comfortindex represent the latest available infor-
mation, althoughitis acknowledged that changes may have occurred.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this Article.

Data availability

Allavailable datahave been uploadedto https://datadryad.org/stash/
share/vap6510fE3EEwelUskC2XC7cNOy7qL55MaUjeEZeZcs and
https://zenodo.org/records/10090715.
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e distribution of the annual cooling load of the buildings for the eight mitigation scenarios. a) Reflective Riyadh, b) Very Reflective and

Dry Riyadh, ¢) Very Reflective Riyadh, d) Green and Irrigated Riyadh, e) Green and Dry Riyadh, f) Very Green and Irrigated Riyadh, g) Very Green and Dry Riyadh, h) Very
Reflective and Irrigated Riyadh.
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Extended Data Table 1| Total Reduction of the total summer Cooling Load of the 3323 buildings

Scenario Reflective Very Greenand Dry  Green and Vlery Green Very Green \Very Green—  Very Green —
Riyadh Reflective  Riyadh Irrigated Non- and Irrigated  Very Reflective  Very Reflective
Riyadh Riyadh Irrigated Riyadh and Dry Riyadh  and Irrigated
Riyadh Riyadh

Combined Cooling Load Reduction, 60.0 57.8 55.6 57.8 68.9 2 73.4 778

(GWh)

Cooling Load Reduction caused by the 9.8 11.5 8.7 12.1 23.6 29.8 33.0 355

Heat Mitigation Measures, (GWh)-

Non-Combined Simulation

Additional Cooling Load Reduction 50.3 46.3 46.9 457 453 414 40.4 42.3

when retrofitting measures are

considered, combined simulation,

(GWh)

Potential Percentage Contribution of 16 20 16 21 34 42 45 46

the Heat Mitigation Measures (%)

Calculated under the combined energy retrofitting and heat mitigation simulation and the single heat mitigation simulation settings for the eight mitigation scenarios.

Nature Cities


http://www.nature.com/natcities

nature portfolio

Corresponding author(s):  Santamouris M

Last updated by author(s): 11-11-2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

O OX 0000

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X OO
XX [

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Weather Research Forecasting, Version 4.2.1.

Data analysis No tool is used

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All available data are uploaded in :
a) https://datadryad.org/stash/share/vap65I0fE3EEwelUskC2XC7cNOy7qL55MaUjeEZeZcs
b) https://doi.org/10.5061/dryad.jsxksnOhb

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The research did not involved reserach on human

Population characteristics The study did not involve reserach on population characteristics
Recruitment We have not recruited any participants
Ethics oversight Royal Commission of Riyadh

Note that full information on the approval of the study protocol must also be provided in the manuscript.

>
Q
=)
e
(D
O
@)
=4
o
=
—
(D
O
@)
=
)
(@]
wv
C
=
=
)
<

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Advanced urban heat mitigation technologies that involve the use of super cool materials combined with properly designed green
infrastructure, lower the urban ambient and land surface temperatures and reduce the cooling consumption at the city scale. We
present the results of the world’s largest heat mitigation project in Riyadh, KSA. Daytime radiative coolers as well as cool materials
combined with irrigated or non-irrigated greenery, have been used to design eight holistic heat mitigation scenarios. We assessed
the climatic impact of the scenarios as well as the corresponding energy benefits of 3323 urban buildings. An impressive decrease of
the peak ambient temperature, up to 4.5°C, is calculated, consisting of the highest reported urban ambient temperature reduction,
while the annual sum of the differences of the ambient temperature against a standard temperature base, (cooling degree hours), in
the city decrease by up to 26%. We found that innovative urban heat mitigation strategies contribute to remarkable cooling energy
conservation by up to 16%, while the combined implementation of heat mitigation and energy adaptation technologies decrease the
cooling demand by up to 35%. It is the first article investigating the large-scale energy benefits of modern heat mitigation
technologies when are implemented in cities

Research sample The whole city of Riyadh, Saudi Arabia
Sampling strategy The study do not include a samplecollection
Data collection WE collected data from all existing meteo stations in Riyadh. We filtered all data ccording to the methodology described in the article

Timing and spatial scale the study is performed for both the summer and winter period

Data exclusions We have excluded meteo data that failed to pass the statistical control
Reproducibility The study did not involved experiments.

Randomization The study did not included any randomization .

Blinding no blinding processes are used

Did the study involve field work? [] Yes X No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods

XX NXXNXNX s

Involved in the study

|:| Antibodies

|:| Eukaryotic cell lines

|:| Palaeontology and archaeology
|:| Animals and other organisms

|:| Clinical data

[ ] pual use research of concern

n/a | Involved in the study

|Z |:| ChIP-seq
|Z |:| Flow cytometry

|Z |:| MRI-based neuroimaging

>
QO
L
c
)
e,
o)
=
o
=
—
@
S,
o)
=
>
Q
wv
C
3
3
QO
<

1202 Y210\




	Quantifying the energy impact of heat mitigation technologies at the urban scale

	Results

	Discussion

	Methods

	Main limitations of the research

	Reporting summary


	Acknowledgements

	Fig. 1 The methodology followed.
	Fig. 2 Cooling load of the buildings.
	Fig. 3 Distribution of heat indicator.
	Extended Data Fig. 1 The distribution of the annual cooling load of the buildings for the eight mitigation scenarios.
	Table 1 Description of the mitigation scenarios.
	Table 2 Simulated performance of the eight mitigation scenarios during the summer period, as compared to the reference scenario.
	Table 3 Average summer cooling load of all the buildings, as well as the cooling energy conservation percentage under the reference and eight considered mitigation scenarios.
	Extended Data Table 1 Total Reduction of the total summer Cooling Load of the 3323 buildings.




