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Abstract: Green roofs and walls can mitigate the environmental and climate change of a city. They can
decrease the urban heat island (UHI), reduce greenhouse gas emissions, fix environmental pollutants,
manage urban stormwater runoff, attenuate noise, and enhance biodiversity. This paper aims to
analyse green roofs and walls in the possible mitigation of urban climate change and compare it by
continent. Green roofs and walls might decrease the air temperature in a city up to 11.3 ◦C and lower
the thermal transmittance into buildings up to 0.27 W/m2 K. Urban greening might sequester up to
375 g C·m−2 per two growing seasons and increase stormwater retention up to 100%. Urban greening
might attenuate city noise up to 9.5 dB. The results found green roofs and walls of varied effectiveness
in ameliorating climate extremes present in host continents. Results show urban planners might
focus on green roofs and walls exposure to attenuate temperatures in hotter Asian cities and advise
greening in cities in Africa and Asia. European and American designers might optimise runoff water
capacity of green roofs and walls systems and use greening in old buildings to improve insulation.
Recommendations are made based on the study to concentrate certain designs to have greater impact
on priority climate challenges, whether UHI or stormwater related. This study provides information
for decision and policymakers regarding design and exposure of green roofs and walls to mitigate
urban environmental and climate change.

Keywords: green roofs and walls benefits; intercontinental comparison; exposure and design deci-
sions; significance analysis

1. Introduction

Green roofs and walls (GRWs) are highly recommended to improve the environment
in cities and mitigate climate change. GRWs can modify the city ecosystem. It has been
proved that GRWs mitigate the urban heat island (UHI) effect [1], reduce the greenhouse
gas emissions [2], attenuate the environmental pollutants [3,4], manage urban stormwater
runoff [5], reduce noise [6], and enhance biodiversity [7]. Urban surfaces which are not
used, such as building walls, roofs, and open spaces, could be covered with vegetation to
mitigate the urban environmental and climate change of the city.

However, the environmental performance of GRWs largely varies with their design [8],
for example, slope, vegetation intensity, coverage, etc., and with exposure [9], for example,
location, owner, year of construction, etc. Exposure and design studies are necessary
to implement environmentally efficient GRWs [8–10]. The previous findings encourage
researchers to concentrate on the assessment of environmental benefits due to exposure and
design of GRWs [8,10]. Information on design and exposure can help urban planners and
politicians to implement policies on the local level that will help provide GRW solutions to
mitigate urban environmental and climate change.

The research question is: What are the best practices implemented and how effective
are they in mitigating local climate extremes in continents across the world?
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This paper aim is two-fold, to revise the potential mitigation of urban climate change
according to GRW exposure and design and to provide planning perspectives for GRW
development by continent.

The paper is structured as follows: in the second part, the exposure and design of
GRWs to mitigate urban environment and climate change are revised; in the third part,
mitigation values are estimated for design and exposure of 1727 GRWs worldwide; and
fourth, mitigation values are compared between continents in order to provide recommen-
dations based on certain designs and exposure to have greater impact on priority climate
challenges. Finally, conclusions, practical implications, limitations, and recommendations
are presented.

2. Green Roofs and Walls Effects
2.1. GRW in Urban Heat Island (UHI) Decrease

Solar radiation, temperature, and winds slow down as they pass through vegetation
covering GRW surfaces [1,11]. Therefore, the heat exchange between vegetation and air are
lower in greening systems than those between constructions and air. Vegetation reduces,
in proportion to its density, the wind intensity that is the main factor of UHI [12,13].
Vegetation height is important in reducing temperature [11], as well as the type of substrate,
composition, depth, and moisture [14,15]. The authors demonstrated that 16 cm of depth
of the substrate can reduce the temperature by 7 ◦C. Moreover, the type of vegetation is
crucial [16]. Additionally, the vegetation retains moisture, increasing the relative humidity
of city air due to the return of rainwater to its natural cycle [12,17,18]. Köhler and Kaiser [19]
demonstrated that an extensive green roof has a stabilisation effect of UHI of 1.5 K in
20 years.

On the one hand, it has been demonstrated that when both walls and roofs are
covered with vegetation, the air temperature decreases the most. When only walls are
covered with vegetation, air masses enter heated by plain roofs, especially with the summer
isolation, and temperature decreases the least. Along this line, for instance, Alexandri and
Jones [20] demonstrated the highest decrease in the air temperature for a walls and roof
green system case in Riyadh (11.3 ◦C maximum and 9.1 ◦C daytime average) compared
with a green wall case (5.1 ◦C maximum and 3.4 ◦C daytime average). In Hong Kong,
authors demonstrated a maximum temperature decrease of 8.4 ◦C with vertical greenery
systems. In Mumbai, which is much more humid, smaller decreases were observed, 6.6 ◦C
daytime average and 8.0 ◦C maximum for the all-green case and 2.7 and 4.4 ◦C, respectively,
for the green wall case. In Moscow, temperature decreased 3.6 ◦C maximum and 3.0 ◦C
daytime average for the all-green case, and 2.6 and 1.7 ◦C, respectively, for the green wall
case. In Singapore, Wong et al. [15] demonstrated a reduction of up to 3.3 ◦C using vertical
greenery, while Qin et al. [5] showed green roof air temperature decrease of 0.5 ◦C. In
Africa, a temperature reduction of 2.6 ◦C was observed using greened panels of vines [21].
Varvara et al. [22] proved temperature decreased 4.5 ◦C in summer in Neubrandenburg
(Germany). Alonso et al. [23] proved an urban temperature amelioration of 5.0–7.0 ◦C in a
green roof in Spain. Bass et al. [24] found a temperature reduction up to 10.0 ◦C in Toronto
using ENVI-met, a high-resolution meteorological simulation model for urban areas that
simulates air flow around buildings, surface–atmosphere interactions and turbulence, while
Susca et al. [25] demonstrated an average of 2.0 ◦C difference in temperatures between the
most and least vegetated areas in New York using climatological models. The hotter and
drier the climate, the more important the effect of green walls and green roofs on mitigating
urban temperatures is. In sum, vegetation can mitigate increased temperatures and bring
temperatures down especially for hot climates [26].

On the other hand, Alexandri and Jones [20] pointed out that the vegetation exten-
sion, leaf area index [14], and geometry are more important than the orientation of the
surface [15] in urban city temperature reduction. For instance, a 70% coverage ratio and
2.25 mm total leaf depth could lead to an 80% temperature reduction [27]. The wider
the canyon, the least the temperature decreases with urban greening, although in dense
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cities, overshadow can compromise vegetation development, especially during winter
and spring, and multistorey buildings and narrow streets reduce the wind circulation and
inhibit temperature reduction [25].

Furthermore, air conditioners discharge heat to the outside. This process raises the
surrounding temperature, increasing the UHI [28]. In this sense, GRW improves the
building insulation and can decrease the use of air-cooling systems and reduce UHI [29].
Each 4 cm of GRW vegetation and substrate is comparable to 1 cm of conventional thermal
insulation [30]. Therefore, the insulation materials are crucial in the reduction of the use of
air conditioners [31] and city UHI control. Castleton et al. [7] showed that in the UK, no
insulation regulation existed before 1965, while from 1965 to 1976, the building regulations
defined a maximum roof insulation U-value of 1.42 W/m2 K. Moreover, the EU 2010
directive [32] established nearly zero-energy public buildings forcing some buildings and
owners to better insulate and reduce the use of air conditioners [28] since 2010.

2.2. Greenhouse Effect Reduction

Buildings account for half of the primary energy consumption and, hence, CO2
emissions in developed countries [11,33]. GRWs absorb carbon dioxide and can reduce
the greenhouse effect [25,34] by providing oxygen in the urban cores [23]. Along this line,
Getter et al. [35] showed that sequestered aboveground carbon varies by type of vegetation
and species, ranging from 64 g C·m−2 (Sedum acre) to 239 g C·m−2 (Sedum album) per
two growing seasons, with an average of 168 g C·m−2. The total extensive GRW system
sequestered 375 g C·m−2, mainly by the vegetation and substrate. They demonstrated that
greenhouse effect reduction depends on the type of vegetation and the extension greened.

Moreover, GRWs intercept ultraviolet radiation and prevent its direct impact in the city
surfaces. The vegetation absorbs solar radiation through several natural processes [23,36].
Castleton et al. [7] demonstrated that, from the solar radiation that impacts a vegetated
surface, 27% is reflected, 60% is absorbed by the plants and the substrate, and 13% is
transmitted into the substrate. Solar radiation impact in the surfaces depends on their
orientation, inclination and shading pattern [37].

Moreover, the surface albedo influences the impact of solar radiation, especially
during the warm season, and affects air quality and greenhouse gas concentration [3,25].
The increase in surface albedo by one square meter of GRW eliminates approximately
38.0 kg of CO2 eq [25]. The influence of greening is enhanced by 3% in summer with the
increase of the substrate depth, soil relative density [38], and lighter colours [15,39,40].
Moreover, the moisture increases the amount of CO2 eq avoided [11] through additional
evapotranspiration [38,41,42].

2.3. Pollutant Fixation

GRWs decrease environmental pollution through the fixation of pollutants by the
vegetation and substrate [43,44]. It is demonstrated how GRW leachate losses can contribute
to nitrogen, carbon and phosphorous in urban areas due to runoff. Vijayaraghavan et al. [44]
showed that some of the important components present in runoff include Na, K, Ca, Mg,
Li, Fe, Al, Cu, NO3PO4

3−, and SO4
2− and that the concentrations of most of the chemical

components in runoff were highest during the beginning of rain events. However, the
concentration of these chemical components in runoff strongly depends on the nature of
the substrates and the volume of rain. Alsup et al. [43] demonstrated that the presence of
a Sedum hybridum plant decreased the leaching of Pb over time, and that the leaching of
Cd was generally enhanced by vegetation for most substrates over time. An analysis of
the runoff quality of an intensive green roof from Japan and an extensive from Sweden
showed that both are a sink for nitrate nitrogen and ammonium nitrogen with similar
performance [45]. An intensive green roof is also a sink for total nitrogen in contrast to the
extensive roof. Phosphorus release was observed from an extensive green roof, but not
from the intensive green roof.
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2.4. Stormwater Runoff Management

Urban areas generate considerably more stormwater runoff than natural areas of the
same size due to the city impervious structures that impede water infiltration [46,47]. In this
sense, GRWs are effective in holding water and slowing water release [47]. Nevertheless,
researchers have pointed out the need to consider the urban climate exposure in the
management of urban stormwater runoff by GRW systems [45]. In this sense, the mean of
the stormwater retention of tropical regions is 65.9%, and in arid climates 71.3%, which are
relatively higher than those of warm temperate climates 60.2% and continental climates
56.0% [9]. Mentens et al. [48] pointed out a 54.0% runoff reduction in an extensive green
roof in Belgium. Moreover, a longer antecedent dry weather period allows the substrate to
dry out through evapotranspiration [49] and, thus, to have more capacity to accept and
retain rainwater during the next rainfall event in proportion to rainfall characteristics and
intensity [45,50].

Both the hydrologic behaviour and water quality performance of green structures are
also dependent on their design [9]. The GRW substrate allows absorption of rainfall, often
resulting in an improvement in water runoff management [10]. Several studies argued that
substrate depth is a dominant factor in the stormwater retention of greening [8,47,48,51].
Green roofs could lead to 60% runoff mitigation for extensive green roofs and up to 100%
for intensive green roofs [52]. Vanwoert et al. [47] demonstrated stormwater retention
of 82.8% for a semi-intensive green roof. Mickovski et al. [53] compared the effects of
green roofs with respect to surface runoff for three types of vegetation, long grass, short
grass, and sedum and determined that sedum had the lowest impact on surface runoff
volume. The surface slope is related with the level of potential runoff retention [54], as the
percolation process is dominant [9]. Additionally, substrate composition determines the
water storage capacity and the hydraulic conductivity of the greening systems [49].

2.5. Noise Attenuation

GRW effectively contribute to noise reduction. According to Rudolf [55], a 3.0 dB
decrease in noise is equivalent to a 50% reduction in the discomfort caused by traffic.
Additionally, the European Commission [56] demonstrated the potential of green tops
for attenuating noise, with the ability to reduce noise by up to 7.5 dB. Van Renterghem
et al. [57], concerned with traffic noise propagation towards the traffic free sides of inner
city buildings, showed that GRWs have the highest potential to enhance quietness in the
inner city buildings [6]. Proper combinations of roof shape and greening structure have
been identified. Green façades are most efficient when applied to narrow city canyons with
otherwise acoustically hard façade materials. Yang [58] demonstrated that underground
garages reduces car noise by up to 4.0 dB(A) and low-growing vegetation can be an effective
measure for scattering sound energy, especially at high frequencies. Speech levels and
reverberation time at 500 Hz can decrease by 9.3 dB and 81%, respectively. The extra sound
pressure level attenuation caused by green roof systems could be up to 9.5 dB at certain
frequencies. In outdoor spaces, reverberation time is generally rather long, over 4 s at
500 Hz, and is influenced by openness, source–receiver distance, and building height. It
was also demonstrated that vegetation can be effective in reducing reverberation time by
0.95 s with a 46% decrease [58].

2.6. Biodiversity Increase

GRWs increase biodiversity using native flora and fauna species depending on the
intensity of the greening structures [2,59] (Table 1). Moreover, GRWs are used for pro-
vision of nesting areas for species, food production, terrariums, etc. [2]. The spaces for
urban greening are retrieved, which positively influences the citizens; additionally, they
strengthen food and nutritional security, and help to create greener cities [55]. In this sense,
Food and Agriculture Organization [60] promotes “green cities” designed for resilience,
self-reliance, and social, economic, and environmental sustainability. For its part, EU
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policy [61] encourages incorporation of urban greening designed and managed to deliver a
wide range of ecosystem services.

Table 1. Factors involved in green roofs and walls in climate change mitigation classified by exposure
and design and ordered alphabetically, with the most relevant publication to this topic in the brackets.

Exposure Design

Urban heat island decrease Urban heat island decrease

Building owner [32] Abundance of vegetation [12,13,25,39]
Canyon geometries [20] Geometry of vegetation [15]

City density [15,20,25,27] Leaf area index [14,15]
Cooling/heating needs [29] Plant height [25,39]

Longitude of city [1,25] Thickness of the layers of the planted part [11,15,25]
Relative humidity [20,26] Type of substrate, composition, and moisture content [14,15]

Solar radiation [11,12] Type of vegetation [8,15,16,35]
Temperature [60] Wall/roof covered [20]

Wind speed [11,25]

Greenhouse effect reduction Greenhouse effect reduction

Building insulation [7,11,33] Albedo [25,39]
Insulation regulations [7] Light colour [15,39]

Inclination [20] Extension greened [35]
Orientation [20] Evapotranspiration [41]

Shading patterns [20] Soil moisture [41,42]
Solar/ultraviolet radiation [41] Soil relative density [38]

Year of construction [7] Growing media depth [7,30,40]
Type of vegetation [35,40]

Pollutants fixation Pollutants fixation

Rain events patterns [44] Intensive/extensive of greening system [45]
Volume of rain [45] Nature of substrates [44]

Type of vegetation [43]

Runoff water management Runoff water management

Antecedent dry weather period [9] Growing media composition [49]
Climatic exposure [9,45] Intensive/extensive of greening system [8,17,47,52]
Evapotranspiration [9] Media depth [10,48]

Rainfall characteristics [9] Slope [45]
Rainfall intensity [45,50] Type of vegetation [5,16,53]

Noise attenuation Noise attenuation

Building height [58] Roof shape [56,57]
Canyon geometries [57] Type of vegetation [58]

Materials adjacent street [56] Biodiversity enhancement
Noise frequencies [58] Intensive/extensive of greening system [2]

Openness [58] Native flora and fauna species [2]
Source–receiver distance [58]

3. Mitigation Values

GRW exposure and design were evaluated in 1727 GRW interventions from Green-
roofs.com. Greenroofs.com is a collaborative platform for the GRW industry that shows
cases of greening infrastructures. The Table 2 presents the characteristics of the GRW
interventions of the sample.

Table 2. Green roofs and walls of the sample characteristics. Relative frequencies in percentage of the qualitative variables
and minimum, maximum, and mean ± standard deviation (SD) of the quantitative variables.

Variable Cases Frequency (%) Variable Cases Freq. (%)

Continent America 82.32 Intensity Extensive 65.08
Europe 12.42 Intensive 22.83

Asia 4.11 Living walls 6.04
Oceania 0.98 Semi-intensive 5.22
Africa 0.17 Inter. living wall 0.83

Year greening 2000–2009 62.90 Location Street 50.23
2010–2018 32.57 Avenue 24.24
1914–1999 4.53 Park 14.99
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Table 2. Cont.

Variable Cases Frequency (%) Variable Cases Freq. (%)

Building owner Private 69.70 Boulevard 7.09
Public 30.30 Campus 3.45

Variable [Min; Max] Mean ± SD Köppen–Geiger Climate group C (Cfa; Cfb) 67.17
(44.82; 11.35)

Slope (%) [0.00; 100.00] 10.85 ± 25.95 classification Climate group D 25.65
Population [299; 24,150,000] 1,474,597 ± 2,764,572.42 Climate group A 3.82

Extension (m2) [2.00; 115,000] 2095.58 ± 7337.29 Climate group B 3.36

To compare the mitigation, scales were created using data gathered from the sampling
or from the revision. A scale change was performed in order to obtain the same variation
range of ten points for each indicator.

3.1. Exposure Mitigation Values

The location of the GRW system in a rooftop, facade, boulevard, narrow street, etc. [20]
was considered to evaluate its orientation, inclination, and shading pattern within its
openness and distance determining the potential UHI decrease [25], greenhouse effect
reduction [20], and noise attenuation [58]. Google Maps and photographs of the 1727
GRWs were used to measure location. Points were given according to location. The highest
mitigation was proved in all-green interventions and, therefore, an additional point given
if both wall and roof were greened.

City population, longitude and density shape the height of buildings and noise
frequencies of the city and determine potential UHI decrease [1,15,27] and noise attenua-
tion [58]. Cities in the sample were ranked according to their population. Ten marks were
given to the cities in the first decile of the sample, nine points to cities in the second decile,
and successively up to the ten-decile cities with 1 point.

The climatic exposure informs about wind speed, temperature, relative humidity,
solar radiation, rainfall intensity, and characteristics determining the potential UHI de-
crease, greenhouse effect reduction, pollutants fixation, and runoff water management.
Therefore, the Köppen–Geiger climate groups were used to classify the climatic location
of the greening interventions [62]. It categorises climates based on annual and monthly
averages of temperature and precipitation, and it classifies the world into five primary
climatic groups: A (tropical), B (dry arid and semi-arid), C (temperate with the subgroups
Cfa humid subtropical and Cfb oceanic), D (continental), and E (polar).

The GRW temperature attenuation demonstrated by Kottek et al. [61] for the different
Köppen–Geiger climate groups was used to assign each intervention a temperature reduc-
tion. In the climate group A, the temperature attenuated by GRW has been demonstrated
varied from 8.4 ◦C in Hong Kong to 0.3 ◦C in Singapore with a measure of 3.3 ◦C found in a
green wall in Singapore. Therefore, the temperature attenuation by GRW in Köppen–Geiger
climate group A varies from 0.3 ◦C to an average of 5.8 ◦C. Then, the average temperature
attenuation considered was 3.1 ◦C.

It has been proven that the city temperature attenuation in Köppen–Geiger climate
group B cities varied from an average of 9.6 ◦C (average of 11.3 ◦C for a wall and roof
project in Riyadh and 8.0 ◦C in Mumbai) to an average of 4.7 ◦C, from 5.1 ◦C of a greened
wall in Riyadh to 4.4 ◦C of a greened wall project in Mumbai. The average temperature
attenuation considered for Köppen–Geiger climate group B was 7.2 ◦C.

The city temperature attenuation found in the Köppen–Geiger climate group C cities
varied from 5.0 to 7.0 ◦C in Spain. An average temperature attenuation of 6.0 ◦C was
considered in Köppen–Geiger climate group C cities.

The city temperature attenuation in the Köppen–Geiger climate group D cities varied
from 2.0 ◦C in New York City from a vegetated to non-vegetated area up to 10.0 ◦C
observed in Toronto, passing through 4.5 ◦C in Germany and 2.6 ◦C in Moscow. Therefore,
an average temperature attenuation of 4.8 ◦C was considered in Köppen–Geiger climate
group D cities.
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Next, the stormwater retention rate in the Köppen–Geiger climate groups by Akther
et al. [9] was used to estimate the stormwater retention of the sample. The medians of
the stormwater retention rate of Köppen–Geiger climate group A (73.0%) and group B
(78.1%) were relatively higher than those of group C (63.0%) and group D (57.1%). Cfa
group (95.0%) was significantly higher than that of Cfb group (60.2%).

Insulation materials and regulations, cooling and heating needs, year of construction,
and the building owner determine the possible UHI decrease, greenhouse effect reduction,
and noise attenuation. Along this line, proper insulation was estimated in EU public
buildings after 2010 with 10 points and 8 points for private buildings, fair insulation for
buildings from 2000 to 2010 with 6 points in public constructions and 4 points in private
buildings. Finally, failed insulation was found for buildings before 1999 with 2 points in
both public and private buildings.

3.2. Design Mitigation Values

Wong et al. [40] calculated the thermal resistance of each vegetation species and
compared the thermal transmittance for intensive and extensive GRW systems. They
pointed out a U-value of 0.42 W/m2 K for a roof covered by turf. The turf scenario best
represents an extensive roof system. A roof covered by shrubs, which represents a semi-
intensive system, presented a U-value of 0.27 W/m2 K, and a roof covered by trees, which
represents an intensive roof, obtained a U-value of 0.34 W/m2 K. Semi-intensive GRW
projects were given 10 points; interpolating an intensive greening score of 7.1 points and
extensive ones of 3.8 points.

The proven stormwater retention of green roofs [47,51] according to the intensity of
the greening system was used for scale. It was considered that an extensive green roof
could lead to 60% runoff mitigation (6.0 points on the scale) and an intensive green roof
up to 100% (10 points) [52]. The stormwater retention for a semi-intensive green roof was
considered 82.8% (8.3 points).

The greater the coverage of walls and roofs by greening, the larger the UHI decrease,
greenhouse effect reduction, runoff water management, noise attenuation, and biodiversity
enhancement [56,57]. In this sense, the GRWs in the sample were ranked according to the
extension covered by vegetation. Ten marks were given to the greening in the first decile of
the sample, nine points to the second-decile extension and successively up to the ten-decile
greenings with 1 point.

The slope of greening determines the urban stormwater runoff management [9,45].
In this sense, a slope of 0% was considered 100% stormwater runoff retention capacity
(10 points for stormwater runoff retention) and a 100% slope means 0% retention (0 points
for stormwater runoff retention) (Table 3).

Table 3. Exposure and design factors values, in the brackets the source from which the values were gathered. A scale change
was performed in order to obtain the same variation range for each indicator (see the text for further details).

Exposure Design

Indicators Marks and Cases Indicators Marks and Cases

Location [Sampling]

10.0: Green roof in a boulevard
9.0: Green wall in a boulevard
8.0: Green roof in an avenue
7.0: Green wall in an avenue

6.0: Green roof in a park
5.0: Green wall in a park

4.0: Green roof in a campus
3.0: Green wall in a campus

2.0: Green roof in a street
1.0: Green wall in a street

Intensive/extensive thermal
transmittance [40]

10: Semi-intensive/living wall
7.1: Intensive
3.8: Extensive

0.0: Living wall interior
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Table 3. Cont.

Exposure Design

Indicators Marks and Cases Indicators Marks and Cases

Population
[Sampling]

10.0: 21.8–24.2 million inhabitants
9.0: 19.4–21.7 million inhabitants
8.0: 17.0–19.3 million inhabitants
7.0: 14.5–16.9 million inhabitants
6.0: 12.1–14.4 million inhabitants
5.0: 9.7–12.0 million inhabitants
4.0: 7.3–9.6 million inhabitants
3.0: 4.9–7.2 million inhabitants
2.0: 2.5–4.8 million inhabitants

1.0: Up to 2.4 million inhabitants

Intensive/extensive runoff
water

Management [52]

10: Intensive
8.3: Semi-intensive

6.0: Extensive
3.0: Living wall

0.0: Living wall interior

Climatic exposure UHI [6]

3.1: Köppen–Geiger climate group A
7.2: Köppen–Geiger climate group B
6.0: Köppen–Geiger climate group C
4.8: Köppen–Geiger climate group D

Greened
extension

[Sampling]

10.0: 103,501–115,003 square metres
9.0: 92,001–103,500 square metres
8.0: 80,501–92,000 square metres
7.0: 69,001–80,500 square metres
6.0: 57,501–69,000 square metres
5.0: 46,001–57,500 square metres
4.0: 34,501–46,000 square metres
3.0: 23,001–34,500 square metres
2.0: 11,501–23,000 square metre s
1.0: Up to 11,500 square metres

Climatic exposure
stormwater runoff
management [9]

7.3: Köppen–Geiger climate group A
7.8: Köppen–Geiger climate group B
6.3: Köppen–Geiger climate group C

9.5: Köppen–Geiger climate group Cfa
6.3: Köppen–Geiger climate group Cfb
5.7: Köppen–Geiger climate group D

Slope runoff water
management [Sampling]

10.0: 0.1–1% slope
9.0: 1–10% slope

8.0: 11–20% slope
7.0: 21–30% slope
6.0: 31–40% slope
5.0: 41–50% slope
4.0: 51–60% slope
3.0: 61–70% slope
2.0: 71–80% slope
1.0: 81–90% slope
0.0: 91–100% slope

Year and owner [Sampling]

10.0: After 2010 public building
8.0: After 2010 private building
6.0: 2009–2000 public buildings
4.0: 2009–2000 private buildings

2.0: Before 2000

3.3. Data Analysis

Analysis of variance (ANOVA) was used to compare the variation of the total scores of
the GRW interventions between continents against the variation within groups. Statistically
significant differences between means were determined (F and p-value). The significance
(p < 0.05) was obtained using Levene’s test. Following that, Fisher’s least significant
difference post hoc test was used to explore all possible pairwise means of the continent
comparisons to identify which pair of continents was statistically different.

4. Results and Discussion
4.1. Comparison of Greening Exposure by Continent

Findings show a good practice when both walls and roofs are designed covered of
vegetation where air temperature can decrease up to 11.3 ◦C [20]. Extensive, intensive, and
GRWs with low slope reduce the greenhouse effect, with up to 375 g C·m−2 sequestered [35]
and retained stormwater up to 100% [52]. GRWs located in tropical regions and arid
climates retain greater stormwater, up to 71.3% [9]. GRWs situated in semi-open areas,
because narrow streets and multistorey buildings reduce the wind circulation and inhibit
city temperature reduction and UHI [25]. GRW in old, private buildings decrease the use
of air-cooling systems and reduce UHI because each 4 cm of vegetation and substrate
is comparable to 1 cm of conventional thermal insulation [30]. GRW located in highly
populated cities attenuate city noise the most, up to 9.5 dB [58].
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A large number of GRWs located in open spaces and academic campuses were found
far from dense city cores with a limited mitigation of UHI and urban noise. This result
aims to plan GRW in the interconnected spaces within cities in order to more efficiently
attenuate UHI [25] and/or in narrow streets to better reduce urban noise [58]. Greening
locations in Oceania had the lowest attenuation of city temperatures and differed from
those in America, Europe, and Asia. GRWs in America and Asia are more likely located
in semi-open areas, increasing the wind circulation and reducing the city temperature
and UHI [25]. Designers should focus on temperature attenuation and noise reduction
possibilities of GRW in cities in favour of wind circulation and reducing UHI.

GRW structures were mostly found in small cities with an average of 2.1 million
inhabitants in comparison with the most populated cities of the world [62]. Therefore,
decision makers should focus on greening extended, highly populated cities with high
buildings and more noise that need to reduce temperature and UHI the most [1,15,27]
and attenuate noise [58]. Most of the greenings were found in America and Europe. Asia
differed significantly from the other continents with the greening of the largest cities. The
fastest growing cities are located in low-income countries of Asia and Africa while the
main GRWs are located in America and Europe. During the next 10 years, the inhabitants
in sub-Saharan Africa are expected to grow by 45%, from 320 million to 460 million. By
2025, the urban population of the least developed countries in Asia is expected will grow
from 90 million to 150 million [62]. This result encourages the development of GRW in
expected growing cities located in the African and Asian continents.

According to this line, GRW was mainly located in two climatic groups, group C
temperate and group D continental, while only a few interventions were found in group A
tropical and group B arid. This result is in consonance with the level of development of the
countries in group C and group D [9]. This result has sense because the cost of the GRW
might inhibit its installation in poor countries. Moreover, developed countries, for example,
Germany, the United States of America, and Canada, are strongly promoting GRW [9]. A
report shows [63] that 721.8 hectares of flat roofs of Germany are covered by vegetation.
Living Roofs [64] pointed out that in the Greater London area exists 17.5 hectares of
green roofs.

This result advises policymakers in group A tropical and group B arid regions to
install GRW which might control and improve stormwater retention, with a better retention
to up to the 15.3% [9] than in temperate and continental climates. European greening
presented the least stormwater retention, similar to Oceania, but significantly different
from the other continents. African interventions presented higher stormwater retention
explained by lower rainfall intensity and larger retention [50]. These results challenge
urban planners to locate greening in climate group areas of Europe and Oceania in order to
better manage stormwater runoff.

The concentration of GRWs in temperate and continental climates encourages planners
and policymakers to green new areas in Asian cities, which represent the lowest UHI
decrease and significantly differ from the rest of the continents. These results agree with
Alexandri and Jones [20] that the hotter and drier a climate, the more important the effect of
GRW on mitigating urban temperatures. Vegetation can mitigate temperatures especially
for hot climates [26].

The oldest, least insulated private buildings greened were in Europe and significantly
differed from the rest of the continents [64]. This result encourages planners to considerate
of greening in Europe for building insulation, decrease the use of air-cooling systems, and
reduce UHI [29].

4.2. Greening Design Comparison

The lowest thermal transmittance and best insulation due to the intensity of the
GRW systems were found in Asia. Conversely, America and Europe showed less energy
consumption reduction due to greening intensity. This result is in line with that reported
in Germany [63], where 83.5% of greening projects are extensive systems that offer a
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more cost-effective solution over intensive systems. Extensive green roofs are relatively
maintenance-free and will readily survive European climates.

This result encourages planners to consider increasing the greening intensity and,
with it, lowering thermal transmittance to 0.15 W/m2 K, changing from an extensive roof
(0.42 W/m2 K) to a semi-intensive (0.27 W/m2 K) [40].

Moreover, noise will be attenuated. Speech levels and reverberation time at 500 Hz
might decrease by 9.3 dB and 81%, respectively [58].

Additionally, depending on the vegetation the sequestered aboveground carbon can
increase to up to 175 g C·m−2 per two growing seasons, from 64 g C·m−2 (Sedum acre)
to 239 g C·m−2 (Sedum album) [35]. Asia and Oceania had the highest and similar runoff
water management, due to the intensity. The lowest and most similar stormwater retention
was found in Africa, Europe, and America, where stormwater runoff management can be
improved by increasing the media depth of greening [47,48,51] while leached pollutants
could be also improved [9].

The increase of the media depth, from extensive (60% runoff mitigation) to intensive
(100%), might lead to an increase of the runoff mitigation of 40% [52] along with an
improvement in reduction of the air temperature by 7 ◦C for each 16 cm of depth of the
substrate added.

The best slope to manage runoff water was found in Africa. The lowest stormwater
retention was found in Oceania, where Williams et al. [65] pointed out a poor development
of green roof technology.

The largest greening interventions were found in Asia, which were significantly
similar to Oceania and Africa and significantly different to Europe and America (Table 4).
America showed greening of small and single-family homes. Policymakers can decide to
undertake large, strategically located GRW in cities or promote a large number of single-
family or individual greenings. Further research involving cost–benefit analyses could help
managers optimise decisions. Roof and walls vegetated can decrease the air temperature
6.2 ◦C higher than only walls vegetated (in Riyadh, 11.3 and 5.1 ◦C, respectively [20]).
Moreover, it is probed that coverage ratio of 70% and 2.25 mm total leaf depth could lead
to an 80% temperature reduction [27].

Table 4. Mean ± SD of climate changes mitigation indicators ANOVA, DMS post hoc test of difference among continents.
Different letters across the same variable denote a statistical difference between continents (p-value < 0.05).

Greening Africa America Asia Europe Oceania F p-Value

Exposure indicators

Location 5.00 ± 1.41 abc 5.69 ± 2.06 a 5.69 ± 2.03 a 5.36 ± 2.00 b 4.44 ± 1.62 c 2.703 0.029
Population 1.00 ± 0.00 a 1.32 ± 0.81 a 3.14 ± 2.40 b 1.39 ± 0.94 a 1.44 ± 0.78 a 62.601 0.000

Climatic exposure
UHI 6.00 ± 0.00 ac 5.63 ± 0.72 a 4.52 ± 1.58 b 5.91 ± 0.36 c 5.68 ± 0.94 ac 47.675 0.000

Climatic exposure
stormwater runoff

management
9.50 ± 0.00 a 7.84 ± 1.76 a 7.70 ± 1.45 a 6.49 ± 0.86 b 7.30 ± 1.44 b 31.383 0.000

Year-owner 7.00 ± 1.41 abcd 5.85 ± 2.23 a 6.76 ± 2.54 b 4.85 ± 2.32 c 8.00 ± 1.94 d 17.174 0.000

Design indicators

Intensive/extensive
thermal

transmittance
6.00 ± 0.00 abc 6.71 ± 1.95 a 7.33 ± 3.02 b 6.70 ± 2.90 a 4.42 ± 2.64 c 6.641 0.000

Intensive/extensive
runoff water
management

3.80 ± 0.00 a 5.10 ± 2.17 a 6.99 ± 2.32 b 5.32 ± 2.58 a 7.24 ± 3.17 b 16.014 0.000

Greened extension 1.00 ± 0.00 abc 1.04 ± 0.32 a 1.65 ± 1.75 b 1.17 ± 0.83 c 1.09 ± 0.61 b 23.587 0.000
Slope runoff water

management 9.00 ± 0.00 abc 8.42 ± 2.29 a 7.08 ± 4.07 b 7.93 ± 2.87 c 4.67 ± 4.39 d 15.699 0.000

This study provides useful information for planners for decisions and policy makers
about the design and exposure of GRWs and mitigation strategies. The findings can enhance
the process of creating labels, such as LEED or BREEAM, by incorporating GRW measures
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of exposure and design in order to mitigate urban environmental and climate change. GRW
planning requires collaborative efforts of architects, engineers, horticulturists, contractors,
and urban planners [66] in order to efficiently mitigate urban environmental and climate
change. In this sense, the European Union recommends these ecosystem-based approaches
that harness the adaptive forces of nature and are among the most widely applicable,
economically viable, and effective tools to combat the impacts of climate change [61].

Our study approach has given rise to several limitations that restrict the scope of
generalisations. First, a convenience sampling method was used. Second, we considered
similar climatic conditions in the city when climate conditions can change in the city. For
this reason, it is concluded that further location specific studies are necessary to efficiently
develop GRWs to better mitigate urban environmental and climate change along with more
long time measurements [19]. Additionally, protocols of measurement are needed to make
comparisons. Specific and separate analysis of green roof and wall designs are required
in future research. Third, more studies are needed into costs and benefits and citizen
preferences [65] in order to the best design and exposure to mitigate urban environmental
and climate change. Moreover, mitigation effects can be potentiated or reduced by other
environmental, climatic, social, and economic means that need to be detected [48]. Despite
the above considerations, this paper represents a first approach to design and exposure of
GRW projects in order to mitigate environmental and urban climate change.

5. Conclusions

This study found green roofs and walls of varied effectiveness in ameliorating climate
extremes present in host continents.

Results show that the green roofs and walls type of design can ameliorate climate
change mitigation. In the UHI reduction, the design of a walls and roof greening com-
pared with a green wall design can decrease the air temperature additionally in 6.2 ◦C. A
semi-intensive roof design can additionally lower the thermal resistance of the building
0.15 W/m2 K with respect to extensive greening. In the greenhouse effect reduction, the
sequestered aboveground carbon per two growing seasons in a roof with Sedum acre is
175 g C·m−2 greater than in a roof with Sedum album. A green roof and wall with one square
meter more of albedo surface can eliminate 38.0 kg more of CO2 eq. In stormwater runoff
management, the green roofs designed in arid climates retain 15.3% more stormwater than
green roofs in continental climates. An intensive green roof mitigates 40% more runoff
than an extensive one. A low-growing vegetation roof attenuates the speech levels and
reverberation time at 500 Hz by 9.3 dB and 81%, respectively.

Designers and urban planners should focus on temperature attenuation and noise
reduction possibilities for the location of greening in cities via green roof and wall inter-
ventions. In this sense, results encourage urban planners to consider locations in order to
better mitigate UHI and reduce noise in narrow streets. Moreover, the exposure analysis
challenges city planners to incorporate greening projects as cities grow.

The design of intensive, all-green projects is recommended for better mitigation of
UHI, while intensive designs with proper slope can improve runoff water management.

With respect to continents, Asian planners should focus on the exposure of green
roofs and walls to attenuate temperatures of hotter, dryer cities bringing temperatures
down to more human-friendly levels. Results encourage greening in most populated cities
located in Africa and Asia due to the expectations of population growth. In Europe and
America, green roof and wall designers should focus on better runoff water management
by increasing the media depth of greening and better insulating older buildings. America
and Europe showed less energy consumption reduction due to greening with the highest
thermal transmittance. Recommendations are made based on the study to concentrate
certain designs to have greater impact on priority climate challenges, whether UHI or
stormwater related.
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