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Abstract: With growing urbanization and increasing climate change-related concerns, green infras-
tructures (Gls) are recognized as promising solutions for mitigating various challenges and promoting
sustainable development. Despite the important role of GIs, a comprehensive synthesis of the quan-
tification of their full range of benefits and challenges is lacking in the current literature. To address
this gap, a systematic literature review was conducted on the quantifiable environmental, economic,
and social benefits and challenges of Gls. This paper followed the Preferred Reporting Items for
Systematic Review (PRISMA) methodology, where 75 relevant articles were reviewed to present the
various models and methods that could be used to quantify and assess the impacts of different GI
types. The study further investigated existing knowledge trends and patterns, identified research
gaps, and suggested future research directions. The results revealed that while existing research
studies offer great insights into the impacts of Gls, a more holistic approach is necessary to balance
the benefits and challenges of GIs. The findings also offered a comprehensive understanding of a
wide range of environmental, economic, and social considerations of both natural and engineered
GIs. Ultimately, the performed literature review serves as a comprehensive guide for researchers and
practitioners and could be used in estimating and evaluating the benefits and challenges of GI plans
and programs as well as in making informed decisions about GI projects.

Keywords: green infrastructure; quantification methods; environmental; social; and economic;
benefits; challenges

1. Introduction

Urbanization is the growth of the population density in cities and urban areas. Accord-
ing to the United Nations [1], about 55% of the global population currently lives in urban
areas, and this number is expected to increase to 60% by 2030. In the United States, 83%
of the population currently resides in urban areas, and this is expected to grow to 89% by
2050 [2]. This trend is influenced by several factors, including the availability of economic
opportunities, access to services and amenities, and the appeal of urban social lifestyles [3].
As urbanization continues to accelerate, cities are becoming home to a larger population.
This phenomenon brings cities new opportunities and challenges such as the need for
an appropriate infrastructure system and services to support the associated population
growth [4,5].

Moreover, urban environments are characterized by the absence of vegetation, the
proliferation of paved surfaces, and the disruption of drainage connectivity; all of which
increase stormwater runoff [6]. Increased stormwater runoff, inadequate management of
flood risk, and poor urban planning all contribute to the exacerbation of urban flooding [7].
To address these challenges, many cities are now shifting towards green infrastructure (GI)
to improve the sustainability and resilience of their urban environments [8].
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The use of GI offers a range of environmental, economic, and social benefits. In terms
of environmental benefits, the use of GI supports sustainable urban development and
ecosystem resilience [9]. Green roofs, bioretention systems, and permeable pavements re-
duce stormwater runoff and improve water quality by infiltrating, retaining, and detaining
water and reducing pollutant loads [10]. In addition to flood management, GI such as trees
and vegetation provide shading and cooling through evapotranspiration which reduces
surface and air temperatures and mitigates the Urban Heat Island (UHI) effect [11]. GI
also supports biodiversity by providing habitat and food for wildlife [12]. Furthermore,
urban areas with a high proportion of green spaces serve as effective carbon sinks [13]. This
highlights the potential of GI in mitigating carbon dioxide emissions, purifying the air, and
addressing climate change.

In addition to its environmental benefits, GI provides a range of economic benefits
that contribute to the overall growth of a community. Property values in neighborhoods
with access to green spaces tend to be higher than those without them [14]. In addition,
the construction and maintenance of GI also stimulate economic development and create
job opportunities [15]. Also, GI mitigates the UHI which results in the reduction of energy
costs [16]. Moreover, GI provides cost savings through reduced stormwater management
costs [17].

In terms of social benefits, parks increase participation in recreational and leisure
activities [9]. Furthermore, green spaces help to enhance mental health and well-beingClick
or tap here to enter text. Ref. [18] and reduce crime rates [19]. Additionally, GI strengthens
community cohesion and social interaction [20].

While GIs (such as trees, parks, and gardens) bring many benefits to the environment
and human health, they also have some challenges. One potential challenge is that exposure
to green spaces increases the risk of certain health issues, such as allergies and asthma [18].
Trees and plants that provide shade during hot summer days also trap heat during the
night, which is detrimental to human health [11]. Moreover, in arid climates, irrigation of GI
can exacerbate water scarcity, which creates a trade-off between cooling and carbon storage
as well as water scarcity management [15]. Additionally, policies focused on increasing
green spaces can lead to the displacement of low-income communities, a phenomenon
known as “green gentrification” [21].

That being said, and due to the increased implementation and need for Gls, there is a
growing interest in understanding the benefits and challenges of GIs to effectively design,
implement, and maintain them in urban areas. Although this has led to a high growth of
research in this field, much of the current literature focuses on the qualitative aspects of
GIJ, or on quantifying the benefits or challenges of a single GI type, rather than providing a
comprehensive understanding of the overall range of several GI types with their associated
benefits and challenges. To this end, and to fill this knowledge gap, the goal of this paper is
to conduct a systematic review of the existing literature to better understand and quantify
the environmental, social, and economic benefits and challenges of several types of GI.
The associated objectives are to (1) investigate the trends and patterns in the existing body
of knowledge; (2) identify gaps in the existing research; (3) and suggest directions for
future work.

2. Methodology

This paper follows a systematic review methodology based on the Preferred Reporting
Items for Systematic Review (PRISMA) framework [22] to examine relevant studies, sum-
marize their findings, and identify research gaps in the literature. The systematic review
provides a broader range of paper searching in an effective and transparent manner. The
adopted methodology is divided into three steps as shown in Figure 1 and as detailed in
the next sub-sections.
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Figure 1. Systematic literature review methodology.

It is worth mentioning that the main goal of this review paper is to provide a guide
on quantifying the main benefits and challenges of GIs based on well-established models,
methods, or equations extracted from papers published in peer-reviewed journals. It is to
be noted as well that many previous literature review studies have already focused on a
specific aspect of GI. Hence, there is no need to reinvent the wheel. However, there is a gap
in the current body of knowledge as there is no literature review study that was conducted
to integrate the different benefits and challenges into one research study. Since GIs provide
multi-dimensional benefits and challenges in different aspects including environmental,
economic, and social, this creates some difficulties in properly planning and designing GI
plans and programs since the effectiveness of such plans need to be quantitatively assessed
on multiple facets so that different alternatives could be compared for an optimal plan to be
identified and implemented. Therefore, the goal of this paper was to address this research
need and knowledge gap by presenting a quantitative guide for decision-makers, urban
planners, practitioners, and researchers to facilitate the planning and design of GIs.

2.1. Identification of Articles

The Scopus database was used to retrieve the articles to be reviewed in this paper. The
Scopus database was selected because it provides comprehensive coverage of the articles
in relevant journals and supports an advanced tool to search papers through a keyword
search. A comprehensive search was carried out under the “Title, Abstract, Keywords”
field using the following phrase: (“Green infrastructur*” OR “Green urban infrastructur*”)
AND (“Social*” OR “Economic*” OR “Environment*” OR “Benefit*” OR “Challenge*”).
The adapted searching methodology ensured the selection of relevant articles related to
social, economic, and environmental challenges and/or benefits of GIs. The selected articles
were filtered to those written in English, but no restriction on the publication year was
applied to ensure a comprehensive literature review. The first phase (i.e., the identification
phase) led to the collection of 455 journal papers.
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2.2. Screening of Articles

For the second phase, a preliminary screening was conducted based on the papers
retrieved from the first phase to investigate their relevance to the scope of this study. During
the screening phase, the focus was primarily on the abstracts due to their concise nature
and ability to provide a summary of the main focus, goal, and objectives of the article,
including other key information such as obtained results and findings. This allows us to
efficiently determine the relevance of each article to the goal and scope of this literature
review study. This phase led to the inclusion of 197 journal papers.

2.3. Eligibility of Articles

For the third phase, the full articles were further examined for eligibility. Existing
literature on green infrastructure already includes several studies that have undertaken
qualitative reviews on various benefits associated with green infrastructure, such as the
work done by [15,23]. In fact, while the benefits and challenges of GlIs are already known
to practitioners and researchers, the quantifications of these benefits and challenges are not
widely accessible or known to them. This is due to the lack of comprehensive quantitative
literature reviews on the benefits and challenges of Gls. This creates some difficulties in
planning and designing GI plans and programs since the effectiveness of such plans needs
to be quantitatively assessed so that different alternatives could be compared in order for
an optimal plan to be identified and implemented. Therefore, the goal of this paper was
to present a quantitative guide for decision-makers, urban planners, practitioners, and
researchers to facilitate the planning and design of GL. In relation to that, the authors have
focused on models and methods that could be used in order to quantify the benefits and
challenges of GIs. Thus, the articles that ultimately passed the eligibility criteria included
those that have particularly focused on quantifying the benefits and/or challenges of GIs,
whereas qualitative papers were excluded as they were not pertinent to the scope and goal
of this literature review. This stage led to the inclusion of a total of 75 articles, where their
content was fully reviewed, analyzed, and synthesized. Once the papers were identified,
a detailed content analysis was carried out, and the following information was extracted:
(1) GI solutions that fall within the focus of the study; and (2) the quantified environmental,
economic, and social benefits and challenges of these GI solutions. It is worth mentioning
that the equations used for the quantifications of the benefits and challenges of GIs were
organized by broad categories to make it clearer to the readers. However, while some
equations are correlated, or feed into each other; this is not necessarily the case for all
equations. In relation to that, the equations were presented in a table format to better reflect
which equations are related to each other and which ones are not.

3. Results

The results section is divided into five sub-sections to examine the following quan-
tifiable impacts of Gls: environmental benefits, social benefits, economic benefits, environ-
mental challenges, and social challenges.

3.1. Environmental Benefits

Based on the performed literature review, it was found that GIs provide several envi-
ronmental benefits such as air purification, carbon sequestration, stormwater management,
water purification, water harvesting, noise pollution reduction, biodiversity conservation,
and soil stabilization. These benefits are quantified and detailed in the below subsections.

3.1.1. Air Purification

GIs, including vegetation and trees, can effectively filter and reduce air pollutants such
as particulate matter (PM) in the environment. This is due to their ability to trap particles
and facilitate pollutant deposition on their large surface areas [24]. Different green spaces
have varying abilities to reduce the concentrations of PM with a diameter of 10 pm or less
(PMg). The mean PMj reduction rate (in g/m? /yr) for trees is 3.99, woodland is 2.73, tall
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shrub is 2.08, short shrub is 2.06, herbaceous is 0.91, private gardens is 0.83, agricultural
land is 0.74, farmland is 0.92, forest is 6.2, and grassland is 2.7 [25,26]. Moreover, the
average PM with a diameter of 2.5 pm or less (PM; 5) removal rate for urban vegetation
is1.6g/ m?2/ yr [26]. Additionally, trees reduce PM; 5 concentration by up to 64.5 tons
annually [13].

Green walls are effective in removing PM from the air as well, where the average
number of particulate matters with a diameter of 1 micrometer or less (PM;), PM; 5, and
PM; captured on a 100 cm? green wall are 122.08 + 6.9 x 107, 8.24 4+ 0.7 x 107, and
4.45 £ 0.33 x 107, respectively [27]. Moreover, green roofs reduce the concentrations of
PM, nitrogen dioxide (NO3), sulfur dioxide (5O,), and ozone (O3) by an average of 0.65,
2.33,1.98, and 4.49 kg/ m?/ yr, respectively [28].

Air purification capabilities of GI could also be analytically quantified using multiple
measures such as (1) predicted percentage reduction in pollutant concentration (PPR),
which could be estimated using Equations (1)—(3) in Table 1; (2) deposited pollutant mass
for GI (F), as shown in Equations (4)—(6) in Table 1; (3) total particle number deposition
(ToND), which could be calculated using Equation (7) in Table 1; and (4) the removal rate
of PM, 5 (Qij) (see Equations (8) and (9) in Table 1).

3.1.2. Carbon Sequestration

Carbon sequestration is the capture and storage of carbon dioxide (CO,) from the
atmosphere and is a key process in mitigating climate change. Gls are considered effective
techniques in carbon sequestration; Table 2 provides the carbon sequestration rate for
different GI types.
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Table 1. Quantified measures of air purification benefit of GI.

Quantified Measure Equation

Definition

Reference

PM«%):<Q%%9@>X1%

GI

)

PPR is a common measure to quantify the air purification capabilities of GI,
where Cy, ¢ is the pollutant concentration at the area of study without GI
(in ug/ m?) and it could be determined using Equation (2); and Cyyg; is the
pollutant concentration at the area of study with GI (in pg/ m?) and can be
obtained from Equation (3).

Predicted percentage
reduction in pollutant
concentration (PPR) in %

Cnoct = Cp + Coel =¥

@)

CnocI is the pollutant concentration at the area of study without GI (in
ug/m?), where Cj, is the background concentration or the constant
concertation that pollution concertation converges to after mixing with air,
Cp is the initial concentration of pollutant on the roadway, d is its decay
rate, and x is the defined proximity from the roadway (in m) in which the
pollutant concentration is being calculated.

Cwgr = ((Coe(*dxw) X <zxe*ﬁXLAD> X e*dxz> +Cp

©)

Cwa; is the pollutant concentration at the area of study with GI (in pg/ m?3),
where aeP*LAD is assumed to be the effect of GI on the pollutant
concentration reduction as a function of leaf area density (LAD; m?/m?3), y
is the distance (in m) from the roadway (source of pollution) to GI, z is the
distance (in m) from GI to the area of study, and a and f are GIl-induced
reduction factors dependent on the pollutant and its interaction with the
vegetation barrier.

F = Vy.Cp.tfr

Deposited pollutant mass for
GI (F) in g/m?

*)

F is a measure of the pollutants that are deposited onto vegetation leaves,
where V; is the deposition velocity (in m/s), Cp is the pollutant
concentration (in g/m?3), t is the exposure time (in s), f is the leaf-on period
indicator and is assumed 0.5 for deciduous trees or 1 for grassland and
coniferous trees, and r is the resuspension rate assumed 0.5 for particulate
pollutants to account for resuspension of pollutant particles back to the
atmosphere. Moreover, V; depends on the pollutant nature, whether it is a
gaseous pollutant (i.e.,, NO,) or particulate matter (i.e., PMjg and PM;5),
and could be calculated using Equations (5) and (6), respectively.

— 1
Vd - R11+Rh+Rc

©)

V,; is the deposition velocity (in m/s) for gaseous pollutants, where R, is
the aerodynamic resistance (in s/m), R; is the quasi-laminar boundary
layer resistance (in s/m), and R, is the surface resistance (in s/m).

_ 1
Vi =Vs + rar R RV:

(6)

V,; is the deposition velocity (in m/s) for particulate matter, where R, is the
aerodynamic resistance (in s/m), R, is the quasi-laminar boundary layer
resistance (in s/m), and V; is the particulate settling velocity (in m/s).
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Table 1. Cont.

Quantified Measure

Equation

Definition

Reference

Total particle number
deposition (ToND) in #/ cm?

ToND = ToNCjppjq X t X f X1 X
(fAit X U4, Nuc + fNuc X Vg, Ait + fAcc X vd,Acc)

@)

ToND is another measure of the deposition process, where ToND is
expressed in terms of the initial total particle number concentration
(ToNCjytiar) in #/cm?, annual deposition time (t = 3.1 x 107 s), the fraction
of the ToNCs in a specific mode such as nucleation (), Aitken (f 4;;), and
accumulation (f 4..), and dry deposition velocities in a specific mode such
as nucleation (v, ny,c) in cm/s, Aitken (v ;) in cm/s, and accumulation
(U4, Acc) iIncm/s.

[31]

The removal rate of PM, 5
(Qi) in g/m?

4
Qi,j = jgl Vdij X Cz] X LAII] X Tij X (1 — R1]>

®)

Q; j is a measure of the urban vegetation deposition rate of PM; 5, where
Vaij is the deposition velocity of PM; 5 in (m/s), Cj; is the concentration of
PM; 5 in (ug/ md), LAI ij is the vegetation leaf area index in (m?%/m?2), T is
the no-rainfall time (in s), R;; is the resuspension rate (in %), i is the grid
number (where the area of study is divided into grids), and j is a notation
for the seasons in a year.

4
TQunnual = ’El mean_Qy X Am
=

)

TQunnual is the annual total PM; 5 removal (in g), mean_Qy is the seasonal
mean PMj; 5 removal rate of vegetation type (k) (in g/ m?), and A, is the
coverage area of vegetation type (k) (in m?).
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Table 2. Carbon storage rate for different GI types.

Carbon Storage

GI Type Value Unit Reference
Tree 0.75,7.69, 28.46 kgC/m? [13,25,32]
Woodland 28.46 kgC/ m?
Tall shrub 14.19 kgC/m?
Short shrub 10.23 kgC/ m? [25]
Herbaceous 0.15 kgC/ m?
Private garden 0.79 kgC/ m?
Agricultural land 0.1 kgC/ m?
e WENBNL o Oquman
Urban land 47,72 tC/ha/yr [13,33]
Forested wetland 147 tC/ha/yr
Tidvilelt’lr:rfgis}‘ 92 {C/ha/yr [33]
Freshwater wetland 95 tC/ha/yr
Tidal salt wetland 78 tC/ha/yr
Green roof 165 kgC/ m2/ yr [28]

Moreover, the carbon sequestration monetary value (yC) in USD/m?/yr of GI could
be calculated using Equation (10) [34].

PpC = Cc x e X PR, X CG (10)

where C¢ is the mass of the carbon sequestered (in kg/ m?/ yr), e is the conversion coef-
ficient of carbon mass to CO, mass (could be taken as 44/12), PR, is the cost of carbon
sequestration (in USD/kgCO,), and CG is the green space area (in m?).

3.1.3. Cooling

The UHI effect is a phenomenon in which urban areas experience higher temperatures
compared to their surrounding rural areas [35]. GIs mitigate the UHI effect through
their ability to moderate urban air temperatures. For instance, the mean Land Surface
Temperature (LST) of urban parks is 1.8 °C lower than the surrounding area on hot days [36].
In addition, a cooling of up to 4 °C is observed over 440 m around the park [35]. Also,
urban parks have a cooling effect that extends over an area 5-9 times their area, with a
maximum cooling distance of 151.4-300 m [36,37]. Moreover, the combination of green
and blue infrastructure together has a cooling effect on the air temperature in the range of
7-12 m around the waterfront boundaries, with an average decrease of 3.3 °C higher than
the individual cooling effects of water and forest alone [37].

The mean air temperature is significantly lower in areas with tree canopies compared
to non-shaded sites on hot days, with temperature differences ranging from 0.11 to 1.75 °C
during the day [38]. Furthermore, air temperature is estimated to drop by 0.02 °C for a 1%
increase in the tree canopy cover [11]. Moreover, increasing vegetation cover by 10% and
tree canopy by 16% can lower the surface temperatures in urban areas by up to 1 °C [11,39].
In addition, green roofs reduce indoor temperatures by 4-6 °C [39], and green walls reduce
the interior surface temperature by more than 2 °C [13].

The cooling effect of GIs could generally be quantified in relation to their cooling
capacity, and effect on the LST and air temperature. The next paragraphs detail how such
quantifications could be performed.
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The cooling capacity of Gls could be quantified by the cooling index (CI), the cooling
capacity index (CC;), the cooling capacity index for large green areas (CCq,), and the
heat mitigation index (HM;), as shown in Equations (11)—(14) in Table 3, respectively. In
addition to the previous measures, the cooling capacity of GIs could be also estimated
using microclimate regulation measure (MR), universal thermal climate index (UTCI), and
greening cooling services index, as shown in Equations (15) through (21) in Table 3.

More specifically, taking into consideration the parks, the maximum park cooling
intensity (PCly,x) and the park cooling distance (PCD,,) are two commonly used measures
to quantify the park’s cooling capacity as shown in Equations (22) and (23) in Table 4,
respectively. Moreover, the park’s cooling intensity (PClyp) could be estimated using
Equations (24)—(26) in Table 4. In addition to the park’s cooling intensity, the park’s ability
to provide cooling could be quantified through three key measures: the maximum park
cooling distance (MCD) shown in Equation 27 in Table 4, the local cool island intensity
(MLCII) shown in Equation (28) in Table 4, and the maximum park cooling area (MCA)
shown in Equation (29) in Table 4. Also, the park’s ability to provide cooling could be
quantified using LST based on Equation (30) in Table 4.

Considering the cooling impact of Gls on the LST, the cooling effect of trees and
vegetation is reflected by Equations (31) and (32) in Table 5. Another quantification of
the cooling effect of tree canopy is generally reflected by LST and the maximum air
temperature T,;,, which could be estimated using Equations (33) and (34) in Table 5,
respectively. Generally, to assess the efficiency of Gls in mitigating UHI, the % reduction of
UHI is calculated as shown in Equation (35) in Table 5.
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Table 3. Quantified measures of GIs’ cooling capacity.
Quantified Measure Equation Definition Reference
CI is a valuable measure for determining the optimal amount of urban
green vegetation necessary to effectively cool summer temperatures, T, is
Cooling index (CI) Cl = T(&i{&ef” (11) the tree cover density (in %), Tiean is the average summer land surface [40]
temperature (in °C), i is a dimensionless empirically-derived constant
equals to 5, and 100 is a correction factor.
Another method for quantifying the cooling capacity index (CC;) is through
Cooling capacity index (CC;) the analysis of raster pixels as indicated by Equation (12). The albedo
(base?c;i onprastZr analysis) : CC; = 0.6 x shade 4+ 0.2 x albedo + 0.2 x ETI (12) variable is the fraction of light that is reflected by a surface, the shade
y variable is extracted from a tree canopy map, and the ET] variable is the
evapotranspiration index of each raster pixel.
Cooling capacity index for y CCyqa is considered as a distance weighted average of the cooling capacities
1 cc (7 13)  of th di ixels withi ling di degor), Wh 411
arge green areas (CCygq) CCqn = Y gi x CCj x ¢ Taun (13) of the surrounding green area pixels within a cooling distance (d,,;), where
(larger than 2 ha) ‘ j € d raduis from i g; equals 1 if pixel j is green, d(i, j) is distance from pixel i to pixel j.
HM,; is a metric used to evaluate the effectiveness of GI in mitigating urban
Heat mitigation index (HM;) M. — CCjif CC; > CCpai 0r GA; < 2ha (14) heat 1s1and.s. CC;is the Coollng capacity index calculated based on Equation
i CC,y otherwise (12), CCyqq is the cooling capacity for large green areas calculated based on
& Equation (13), and GA; is the green area around pixel i.
The presence of tree canopy cover also contributes to the overall
microclimate regulation, where the tree canopy cover cools the urban area
Microclimate regulation by providing shade and increasing evapotranspiration. As shown in
measure (MR) in kWh/m? of Equation (15), B; is the trees’ biomass (in ton/m?), a is the percentage of leaf
green space/yr MR = (Bt Xa X I+ Px sw) xhxe (15) biomass in tree biomass (8.73%), I, is the evapotranspiration intensity (451.9 [34]
(due to tree canopy cover ton of water/ton of fresh leaves/year), P is the mean annual precipitation in
cooling effect) ton/m?, sw is the soil evaporation coefficient (5%), 1 is the heat consumed
by vaporization of a ton of water (2.26 x 10° k]), and e (in kWh/ k]) is the
conversion factor from kJ to kWh (1/3600).
_ _ UTCI is a measure used to represent human thermal comfort perception;
UTCL = ~095% Ags = 074 X Ay +0.10 X Acy +35.14 (16) where higher values of UTCI correspond to higher levels of thermal discomfort.
Universal thermal climate is calculated using Equations (16)—~(18) for the main urban area, metropolitan [42]
index (UTCI) UTCI = —045x Ags = 0.21 X Ayp + 111 X Acp +34.54 (17) development area, and beyond metropolitan area, respectively; where Ag; is
the percentage of greenspace area (in %), A, is the percentage of the water
UTCI = —0.24 x Ags —0.07 x Ayp —0.53 X Acp + 3443 (18) body area (in %), and A is the percentage of constructed land area (in %).
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Table 3. Cont.

Quantified Measure Equation Definition Reference

GCoS is a measure of the cooling services provided by GIs, where it is the
average of the evapotranspiration cooling service (ECoS) and the radiative
cooling service (RCoS) sub-indices as shown in Equations (20) and (21),
respectively. Moreover, low index values are an indication of poor
evapotranspiration and radiative cooling services, which implies that there
is a higher risk of heat exposure.

GCoS = 0.5 x (ECoS + RCoS) (19)

ECoS is a measure of the cooling capacity of GIs based on the amount of

water released into the atmosphere through evapotranspiration (ET) in [43]
mm/day on the hottest day of the year, where max(ET) and min(ET) are

the maximum ET and minimum ET, respectively.

Greening cooling services

index (GCoS) ECOS = (ma(ET) in(ET)) (20)

RCoS is a measure of a plant’s ability to lower the surface temperature
through shading and it is calculated based on the maximum hourly soil

RCoS = % X Vf; (21) temperature (TS) in °C, on the hottest day of the year, and the vegetation
percentage (vf;) in %. Moreover, max(TS) and min(TS) are the maximum
TS and minimum TS, respectively.

Table 4. Quantified measures of parks’ cooling capacity.

Quantified Measure Equation Definition Reference

PClay is a commonly used index to estimate the maximum temperature
difference between a park and its surrounding environment, where 7, is a
parameter expressing the temperature difference between the park and its
wider surrounding, g is a NDVI-related coefficient, and the NDV I, is the
normalized difference vegetation index within each ring buffer assumed
around the park.

Maximum park cooling intensity

(PClax) in °C PClyax = vp+ 70 X NDVI, 22)

PCD is a measure of the maximum distance (in m) within which the
cooling effect of a park could still be detected, where Area, is the area of
the park (in ha), SI,, is the park’s shape index (dimensionless), Altitude, is
the park’s mean altitude (in m), and Lon gitudep is the park’s longitude
(UTM easting in km). Furthermore, By, B1, B2, B3, B4, and b are parameters
to be estimated.

PCDy, = Bo + B1 x Area,® + By x SI, +

Park cooling distance (PCDy) in m B3 x Altitude, + By x Longitudep

(23)
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Table 4. Cont.
Quantified Measure Equation Definition Reference
if Dist;, < PCD, . .. . .. . . ..
PClL, — a4+ b x Dist,, +¢ x Dist? + ¢ PCl,) is the park cooling intensity taking into consideration the proximity
i if Dist @ PCD i i (24) to multiple buffers around the park’s edge, where the ring buffer zones are
. : : = P d by the subscript 7, Dist,, is the distance between the park and
Park cooling intensity (PCI,,) in °C . = represented by ptr, i p 44
& y (PClrp) PClrp = PCliax + &rp the ring buffer (in m), ¢, is the residual error, and a and b are coefficients [44]
a = PClyax +c¢ X PCD% (25) calculated using Equations (25) and (26). Moreover, c is a coefficient to
b= 2xcxPCD, 26) be estimated.
Maximum park cooling distance . 0.4547 MCD is the maximum distance (in m) at which the park can provide
(MCD) inm MCD = 83.087 x Areap (27) cooling, where Area,, is the park’s area (in ha). [45]
Local cool island intensity B MLCII is the maximum intensity of the cooling effect within the immediate
(MLCII) in K MLCII = 0.394 x In(Areap) +2.196 @8) area surrounding the park, where Area, is the park’s area (in ha). (451
Maximum park cooling area (MCA) . MCA is the maximum area (in ha) over which the park’s cooling effect is
in ha MCA = 2.136x Areap +5.352 (29) felt, where Area, is the park’s area (in ha). [43]
Land surface temperature (LST) LST = —0.603 x In(Area,) + 308.500 (30) Parks ablhty.to prov1de’ coohng could also be quantified using LST (in K), [45]
where Area), is the park’s area (in ha).
Table 5. Quantified measures of GIs’ cooling effect in relation to their effect on LST and air temperature.
Quantified Measure Equation Definition Reference
Land surface temperature (LST) in °C _ The cooling effect of trees is demonstrated by the negative association of
(in the presence of tree canopy cover) LST = —~0.087>tc +38 B1) the LST (°C) and the percentage of tree canopy cover (tc) in %. 40l
- o The cooling effect of vegetation is demonstrated by the negative association
Lanc% surface temperature (LST) in°C LST = —13 x NDVI+40 (32) of the LST (°C) and the normalized difference vegetation index NDVI (see [46]
(in the presence of vegetation) .
Equation (66)).
The cooling effect of tree canopy is generally reflected by LST, where T, is
& Py 15 g y y
Land surface temperature (LST) in °C LST = Bogt + Brot X T + Bowt X E (33) the tree cover density and E, is the amount of water evaporated from tree [40]
- e e c e ree

(in the presence of tree canopy cover)

canopies in mm/day. Moreover, Bg.1, B1.1, and Bo.1 are coefficients to
be estimated.
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Table 5. Cont.
Quantified Measure Equation Definition Reference
Maximum air temperature (T,;,) in °C The cooling effect of tree canopy is also reflected by T,;,, where Latitude is
p ar Toir = Boe2 + B1ez X LST + Boep x Latitude (34) the latitude of the area of study. Moreover, Bo.2, B1e2, and Boep are [40]

(in the presence of tree canopy cover)

coefficients to be estimated.

Percentage reduction of urban heat
island (in %)

if Tsealed > TGI
%reduction of UHI =

(1 _ ( (TGlfTruml sxlrrounding) % 100

Tseated area— Trural surmmzding)

if Tsealed < TGI (35)
Y%reduction of UHI = 0

i.f TGI < Truml surrounding
Y%reduction of UHI = 100

Percentage reduction of urban heat island is a measure used to evaluate the
effectiveness of GI in mitigating urban heat islands, where T is the

temperature of the GI, T4/ surrounding 1S the temperature of Gl in the rural
surrounding, and Ty,4104 areq i the temperature of the built area (i.e, [47]
structures and roads).
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3.1.4. Stormwater Management

Stormwater management is the reduction of rainwater runoff and the improvement of
water quality. On average, Gls lead to a 33% reduction in combined sewer flow volume and
a 61% reduction in peak flow during storms [48]. Moreover, replacing 10 ft?> of impervious
surface with pervious surface reduces stormwater footprint by about 1.4% [49]. As for
rain gardens, their rainfall volume retention ranges from 19% to 70%, with the reduction
rate estimated at 1.5-9 mm/day [50]. Furthermore, green roofs retain anywhere from
11% to 77% of total rainfall volume per year, with a median of 57%, and have a volume
reduction rate of 0.5-3.5 mm/day [50]. As for vegetated facades, they have a retention
rate of 33-81% [7]. Similarly, permeable pavements reduce the runoff by 50%-93% [47].
In addition, trees play an important role in reducing runoff by intercepting incoming
precipitation up to 16,615 L/yr [49].

Generally, the storm management impact of GI can be quantified using several mea-
sures such as percent flow capture, surface runoff, runoff retention, rainwater storage
capacity, and runoff control. These measures of the GI's effectiveness in managing stormwa-
ter are presented in Table 6 through Equations (36)—(46). Specifically, the green spaces’
runoff reduction and the green roofs’ retention capacity give a better estimation of green
spaces and green roofs’ efficiencies in mitigating stormwater, relatively. These two mea-
sures could be calculated using Equations (47)—(50), as shown in Table 6. Moreover, the
actual runoff abatement for (ARA) for single and multiple GIs could be calculated using
Equations (51) and (52) (see Table 6), respectively.
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Table 6. Quantified measures of stormwater management benefit of GI.
Quantified Measure Equation Definition Reference
Percc.znt.flou.i captured in % Percent flow captured = A (ding+20 % dedin) (36) AgJ is the area of the GI (in m?2), djyy is the infiltration depth (in m), A6 is
(for infiltration-based GIs) p Asiio—basin X ARanog . . . . . [51]
/ the moisture content for the different layers in the GI, d,,., is the entire
Percent flow captured in % Aci xdes media depth (in m), Ag,p_pasin is the area of the sub-basin in (m?), d
— 37 » “Asub—basin r URunof f
(for storage-based Gls) Percent flow captured Asub—basin X ARunof f 37) is the runoff depth (in m), and d; is the depth of the GI (in m).
, P (in mm) is the mean annual precipitation and S (in mm) denotes the
p, — (P=02xS5)7 (38) maximum potential retention of catchment and could be calculated using [25,52]
e P+0.8%xS
Equation (39).
Surface runoff (P) in mm CN, the curve number, is a dimensionless parameter used in hydrology to
G 2540 o5y (39) estimate the amount of runoff from a drainage basin. CN is dependent on [25]
- CN : the land cover and soil type, where higher values indicate a higher
potential for runoff.
1 P (in mm) is the mean annual precipitation and Q is a dimensionless runoff
. . 5 RM=(1-Q)xP (40) coefficient that could be calculated using Equation (41).
Runoff retention (RM) in L/m [25,52,53]
P (41) P, (in mm) is the surface runoff (see Equation (38)) and P (in mm) is the
Q=7 mean annual precipitation.
Tgreen and 74,1 are the vegetation and soil proportions of the GI,
S =S %y Sy X1 42) respectively; S¢, is the maximum canopy storage capacity (in mm) and is
rw = Oca % Tgreen T 2so 2 soil calculated based on Equation (43); and S, is the soil rainwater storage
Rainwater storage capacity of capacity (in mm) and could be calculated as shown in Equation (44). [54]
Gl (Srv) in mm Sea = —0.00575 x LAI? 4 0.498 x LAI +0.935 (43) LAI is the leaf area index (see Equations (78) and (79)).
H is the soil depth (in mm), BD is the bulk density of the soil (in g/ cmd),
_ BD
Sso = H x ( - Ts> x 100 (44) and d; is the particle density of the soil (in g/ cm® ).
P is the average annual precipitation (in m/yr), AG is the area of the green
. . . 2 X . . . . . .
Rainwater runoff reduction by RMgs = P % AG X py x (Rl — RI) (45) space (in m~), R1;;, is the runoff coefficient for impervious surfaces, Rl is [34]

green spaces (RMgs) in ton/yr

the runoff coefficient for the green space, and py, is the water density
assumed equal to 1 ton/m?.
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Table 6. Cont.

Quantified Measure Equation Definition Reference
Rgep is the rainfall depth (in mm), and AVMC is the antecedent volumetric
In(R) = 6.336 + —0.045 x Rdep — 12.138 x AVMC (46) moisture content (in m?/m?)
Retention capacity (R)in % In (R) = 3.507 — 0.044 x Rdep + 0.013 x ADWP 47) R"“Pﬂlls the r‘?lrc‘lfa.u iepth (in mm), and ADWP is the antecedent dry (5]
(for green roofs) weather period (in h).
- Rgepisthe rainfall depth (in mm), ADWP is the antecedent dry weather
In (R) = 2.059 + (-~0.043)(Rdep) + (0.017)(ADWP) + (48) period (in h), WS is the mean wind speed (in m/s), and SR is the solar
(1.400)(WS) + (0.004)(SR) radiation (in W,/m?).
R could be calculated using Equation (49), where V is the runoff after
— Va 0 r
Ry = (1 o Vt) x 100% (49) installation of the GI (in m3), V; is the total runoff of the storm event (in m?). [56]
Runoff control rate (R,) in %
unoff control rate (R,) in o r . (50) R; could be also estimated using Equation (50), where P is the total rainfall [57]
Ry = <T> x 100% (mm), and R is the total runoff (in m).

if QX A —Capp =0 ARA refers to the measurable reduction in stormwater runoff volume. The
Actual runoff. aba;ement (ARA) ARA Lk = Coppper (51) ARA of one Gl type, 1, placed on parcel k is calculated as per Equation (51), [58]

£ mm I if Qk X A — Cappi <0 where C,, is the runoff abatement capacity of the GI (in m®), Q is the runoff

(for one GI) ARA, = Qk X Ay, depth (in m), and A is the parcel’s area (in m?).
Actual runoff abatement (ARA) if Qe X A —ARA = Cappi = 0 When considering multiple GI types, having GI type n implemented,
in m?2 ARA; k= Capmpr (52) followed by implementing GI type m on parcel k, ARA is then calculated 58]
(for multiple GIs) if Qu X Ax— ARA, k — Capp <0 based on Equation (52), where C,;, is the runoff abatement capacity of the

ARA, ;= Qi X Ap — ARA,,

GI (in m?), Q is the runoff depth (in m), and A is the parcel’s area (in m?).
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3.1.5. Water Purification

GlIs have the ability to remove sediments and nutrients from stormwater runoff and
purify water. In fact, up to 15% of nutrients and sediments are removed when GI practices
are implemented on up to 1% of the sub-catchment area [59]. Generally, GIs lead to a
reduction between 65 and 100% in total phosphorous (TP) and total suspended solids
(TSS) [13].

The efficiency of pollutant removal depends on the type of GI used, whether it is
infiltration-based or storage-based. Equations (53) and (54) in Table 7 show the percent pol-
lutant removal (%) for infiltration-based and the percent dissolved pollutant removal (%) for
storage-based GI, respectively. Furthermore, Equations (55) and (56) in Table 7 are used to
calculate the percent colloid removal (%) for storage-based GI. In addition, the TSS removal
in grass swales and grass filter strips could be estimated based on Equations (57) and (58),
as shown in Table 7. Furthermore, the pollution retention rate ( P,) could be calculated as
shown in Equations (59) and (60) (see Table 7), respectively.

3.1.6. Water Harvesting

GI practices such as green roofs, permeable pavements, and rain gardens not only
reduce stormwater volume but also provide an opportunity for the captured water to be
used again. Some GI systems, known as water harvesting systems, are specifically designed
to capture, store, and reuse rainwater for non-potable purposes such as irrigation and toilet
flushing. These systems are effective to conserve water, particularly in areas with limited
water resources or water use restrictions. For instance, it is reported in the literature that a
barrel with a capacity of 600 L could save 7.25 m? of water per house per month, assuming
an average of 12 rainy days per month [28].

3.1.7. Noise Pollution Reduction

GIs also reduce noise pollution in urban environments by providing barriers and
absorbent surfaces that can attenuate sound waves. The noise reduction rate of urban green
spaces varies based on the type of land cover vegetation. Figure 2 presents the range of the
noise reduction rate for different urban green space (UGS) vegetation [25].

others [
Agricultural lands %////////%

Short shrubs

.
&%

%

Tall shrubs .

Woodlands

|

0 0.5 1 1.5 2 2.5 3
Noise reduction rate dB(A)/100 m? of green space

Figure 2. The noise reduction rate provided by different UGS components (Others* in the figure is
defined as the allotments or community growing spaces, bowling greens, camping or caravan parks,
cemeteries, golf courses, sports facilities, playing fields, and tennis courts).
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Table 7. Quantified measures of water purification benefit of GL
Quantified Measure Equation Definition Reference
The efficiency of pollutant removal depends on the type of GI used, whether it is
Percent pollutant removal (in %) infiltration-based or storage-based. For infiltration-based GI it could be calculated using
(for i};ﬁlt ration-based GI) ? Percent pollutant removal (%) = 7“01’”?5"“ *xAgl (53) Equation (53), where k is the decay rate value for the pollutant (in kg/m3/s), d,.4, is the [51]
IR entire media depth (in m), Ag; is the area of the GI (in m?), and Py is the pollutants
loading rate (in kg/s).
Percent dissolved pollutant removal (%) is a measure of the efficiency of pollutant removal
Percent dissolved pollutant removal (in Percent dissolved pollutant removal (%)= (54) in a storage-based GI, where k is the decay rate value for the pollutant (in kg/m3/s), d¢; is 51]
%)(for storage-based GI) kXdGPIiXAGI the depth of the GI (in m), Ag; is the area of the GI (in m?), and P;y is the pollutants g
LR loading rate (in kg/s).
. N Percent colloid removal (%) refers to the percentage of colloidal particles (e.g., small
Percent colloid removal /0)1 = suspended solids or pollutants) that are removed from stormwater runoff by a GI, where v
' , r[rexrtd 3\ 2 (55) is the kinematic viscosity of water (in m?2/s), D is the average diameter of the grains (in m),
P lloid 1 in % by | 1036°+1.049(1-C5)™ [{T] ’ D] —10.36 ¢ xAgr Cs is the volumetric sediment concentration, g is the gravitational acceleration (in m/ sz), R
ercefnt cotlol rle)mO\(fia G(Im ) is the submerged specific gravity of the grains that could be calculated using Equation (56), [51]
(for storage-base ) Qrunof f and Qrunofy is the runoff flow (in m3/s).
R — Ps=fw (56) R is the submerged specific gravity of the grains, where p;, is the water density (in kg/m?)
T fw and p; is the density of the grains (in kg/m?).
TSS removal (T,.) Tys = T;s is a measure of TSS trapping efficiency, where V is the average flow velocity, R; is the
(in grass swalesean?i arassysfil ter strips) Exp {(_1.05 %« 10-3 ( VxR ) )0‘82 ( VexL ) 70‘9]} (57) flow area hydraulic radius, V; is the particle settling velocity, L is the length of the grass [60]
& & P ¢ vi section, v is the kinematic viscosity, and / is the flow depth.
TSS removal (Ts) When considering smaller sediment particles (0-180 um) and lower concentrations of
(in grass swales and grass filter strips for (3 )0~69 sediment in the inflow (670-3920 mg/L), the quantification described in Equation (57) is no
smaller sediment particles (0-180 pum) Trs = 7( LVZ’ ;0.69 195 (58) longer effective. In such cases, Equation (58) is recommended to be used as it is considered [60]
and lower concentrations of sediment in 4 ) more representative. As shown in Equation (58), x is the distance from the inlet edge to the
the inflow (670-3920 mg/L)) point of study “X” along the grass section.
P, is a measure of the GI effectiveness in reducing pollutant load, where S, is the outfall
P = (1 — g—") x 100% (59) pollutant load (in kg) after installation of the GI, and S; is the outfall pollutant load (in kg) [56]
! before installing GI.
pollution retention rate (P;) in %
P, could be also calculated using Equation (60), where My is the pollutant mass
P, = Mzh\l/ﬁ, ;M x 100% (60) throughout the runoff process (in mg), and M is the pollutant mass throughout the outflow [57]

(in mg).
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Moreover, the noise reduction provided by a given area of green spaces (NR), in
dB(A)/ha, could be estimated based on Equation (61) [34].

NR = —3.77logV + 3.04logD + 0.83logH + 1.02logW + 2.75 (61)

where V is the visibility of the tree community in the study location (in m), D is the length
of the tree (in m), H is the average height of the trees (in m), and W is the width of tree
community (in m); where the visibility of tree community is the distance that an object
is obscured by the vegetation and which provides an indirect indication of the density of
the trees.

3.1.8. Biodiversity Conservation

Measuring the benefits of GI on urban biodiversity is essential for city planners as they
seek to find ways to support ecosystem services and protect biological diversity [12]. Gls can
support biodiversity in urban environments by providing habitat, connecting fragmented
habitats, reducing the impact of development, and providing food and shelter. For instance,
planting with a 2-9% flower cover is considered to be the most effective in promoting
native plants and invertebrate biodiversity [61]. Furthermore, biodiversity conservation
could be quantified using multiple measures such as lichen species richness, Simpson’s
index of diversity (ID), land use mix index (LUMI), integral index of connectivity (1IC),
and normalized difference vegetation index (NDV), as shown by Equation (62) through
Equation (66) in Table 8, respectively.
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Table 8. Quantified measures of biodiversity conservation benefit of GIL.

Quantified Measure Equation Definition Reference

The lichen trees richness is defined as the total number of lichen species in a
green space, where Area is the green space area (in m?), and NDVIj, is the
average NDVI (see Equation (66)) for a 100 m buffer around the green space
centroid with the green space area included.

Lichen species richness =

Lichen species richness 2.5 x log(Area) +33.79 x NDVI, — 6.47

(62) [62]

ID is a measure of species diversity in the ecosystem, where it is unitless and
s ranges between 0 and 1. A higher value for ID indicates heterogeneity (i.e.,
Simpson’s index of L ni(ni—1) 63) higher diversity), while a lower value indicates a lower degree of diversity
diversity (ID) ID=1- l;\](TU ( (homogeneity). As shown in Equation (63), S is the species number, 7; is the
frequency of specimens of ith species, and N is the specimens’ total number
regardless of species.

could be used as a measure that assesses the distribution of land use and land
0 ) cover classes across a landscape, where values close to 1 indicate a blend of
E(pi)In(pi) various similarly sized land cover classes across the landscape, while values
LUMI = |+ —+— (64) - . . .
In(n) close to 0 indicate a dominance of a particular land cover class. As shown in

Equation (64), p; is the proportion of land cover of type “i”, and # is the total
number of land cover classes.

Land use mix index (LUMI)

IIC is used to prioritize green and blue spaces, such as habitats and ecological
corridors, where IIC evaluates the role of each core area in maintaining and
Integral index of g g A< A improving the connectivity of the GI network. IIC with higher values indicates
connectivity (IIC) 1IC = == if (65) more connectivity between GI core area. As shown in Equation (65), N is the [65]
A total number of GI elements in the area of study, A; and A; are the areas of the GI
elements, nlij is the number of shortest path links between i and j, and Ay is the
total area of the landscape (including habitat and non-habitat areas).

NDVI could be used to quantify biodiversityby considering the difference
between near-infrared (NIR) and red light (RED), as shown in Equation (66).
Since vegetation generally reflects NIR and absorbs RED, a higher NDV[ value
indicates dense green vegetation.

Normalized difference NDVI — NIR—RED (66)

vegetation index (NDVI) NIR+RED [66]
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3.1.9. Soil Stabilization

Trees and vegetation cover stabilize the soil due to their roots that contribute to
structural reinforcement of the deeper soil layers [67]; which helps to prevent erosion
and landslides. To evaluate the soil stability, a slope stability safety factor, FS(I,t), could
generally be obtained based on Equation (67) in Table 9 [68].

Table 9. Quantified measures of soil stabilization benefit of GI.

Quantified Measure

Equation Definition Reference

B+ (A—
FS(1,t) = =l

FS(1,t) values larger than one indicate a
stable soil column at depth I and time .
As shown in Equation (67), h(k) is the
depth of layer soil layer k(inm), ®(L) is
the internal friction angle for the entire
soil depth L(in°®), B is the soil column
slope angle (in rad), m(k, t) is the soil
A moisture of layer k at time ¢ and could
be calculated as per Equation (68), A is
the effective normal stress and could be
obtained using Equation (69), and B is
the resisting force cohesion angle which
is calculated using Equation (70).

! ani
¥ h(k) xm(k,f)) x W 67)

Slope stability safety

m(k, t) is the soil moisture of layer k at
time ¢, where 0(k, t) is the water content
of the soil in layer k at time, and 6,4 (k)
is the saturated water content of layer k.

m(k,t) = gkd) (68)

factor (FS(1,t))

q+kilh<k> x [k, ) X (Yaat (6) — 7(8)) +7(0)]

[68]
A is the effective normal stress, where
Yw is the water-specific weight
(in kN/m?3), g is the pressure developed
A=nqalx due to the vegetation weight
v 69) (in kN/m?), (k) is the depth of layer
) soil layer k(inm), m(k, t) is the soil
moisture of layer k at time ¢, gy is the
saturated soil specific weight
(in kN/m?3), and v is the dry soil
specific weight (in kN/m?3).

B is the resisting force cohesion angle,
where Cs (1) and C,(1) are the soil and
root cohesion (in Pa), respectively.
Moreover, v, is the water-specific
weight (in kN/m?) and B is the soil
column slope angle (in rad).

2% (Cs()+Cp (1
B=EERe (70)

3.2. Economic Benefits

In addition to the multiple environmental benefits discussed in the previous section,
GlIs have numerous economic benefits such as energy saving, property value enhance-
ment, built environment lifetime enhancement, and maintenance cost reduction. These
quantification models and methods for these are detailed in the next subsections.

3.2.1. Energy Saving

The use of GIs significantly reduces energy consumption. For instance, green roofs
reduce energy consumption in buildings through their ability to regulate temperature and
provide insulation. Green roofs save 76.65 kWh/m? /yr of cooling energy on hot days and
0.02 kWh/m?/yr of heating energy on cold days [16]. Additionally, thermally insulated
green roofs lead to significant reductions in total life cycle energy consumption ranging
from 8 to 31% [69]. Generally, green walls and green roofs contribute to energy savings
from 32% to 100% in buildings [13]. Moreover, the usage of rain barrels is estimated to
lower energy consumption by 3 to 4 kWh/m? of desalinated seawater produced [39]. Trees
also provide energy savings, where 96 trees can save a total of $950.60 in energy costs
annually [49]. In addition, grove can save 63.98 kWh/ m2/ yr cooling and 12.09 kWh/ m2/ yr



Sustainability 2023, 15, 7544

22 of 40

heating. Moreover, greenways save 176.97 kWh/m?/yr in cooling demands and 15.46
kWh/m? in heating demands [16].
The annual energy saving of green roof (AES), in kWh/m? /yr, could be calculated

using Equation (71) [28].
! - ! « 240 000315 (71)
Rconvroof Rgreenroof day

where Cyqys (in °F x days) is the annual number of cooling degree days, Reonoroof (in
SF x °F x h/BTU) is the thermal resistance for conventional roofs, Re/eenroof (in SF x °F x
h/BTU) is the thermal resistance for green roofs, and 0.00315 is a conversion factor that is
used to convert the units from BTU/SF to kWh/m?2. The annual cooling degree days are
calculated by subtracting the balance temperature from the mean daily temperature and
only adding the positive values over a full year.

Furthermore, the presence of GIs has an impact on electricity usage, where this
impact is influenced by various socioeconomic factors such as income, education level,
and neighborhood quality of life. The relationship between the average rise in electricity
demand (Elec;,,.), in kWh/day/residential household, as a function of GI's properties and
several socioeconomic factors is shown in Equation (72) [70].

AES = Cyays X

Eleciy = (—3.110)Edu + (—1.645) Prop ;¢ + (—4.944)PD + (—0.120)LST 72)
+ (—0.002) Age + (0.013)Gen + (—0.002) Pop,,,; + 9.103

where Edu is the proportion of people with university degree and above (in %), Prop¢
is the ratio of greenspaces’ area to the neighborhood’s area, PD is the population density
(in Person/km?), LST is the average land surface temperature (in °C), Age is the ratio of
population above age 65 to population below 15, Gen is the male to female ratio, and Pop,, ,
is the population of indigenous people (in Person).

3.2.2. Property Value Enhancement

GIs can have a positive impact on property value by improving the appearance and
livability of a neighborhood. For example, the creation of an urban riparian park covering
an area of 200 m? and having an estimated storage capacity of 882 m® may lead to a 2.5%
annual increase in the property values of nearby properties during the first 5 years [71].

3.2.3. Built Environment Lifetime Enhancement

GIs have also the ability to protect the built environment. This effect is seen in the
role of Gls in preserving the integrity of built spaces. Green vegetation decreases steel
recession by up to 37% [72]. Also, green roofs extend the lifespan of roofs due to their
ability to protect the membrane from weather conditions. Conventional roofs typically
have a lifespan of 10-20 years, whereas green roofs are expected to last 40-55 years [28].

3.2.4. Maintenance Cost Reduction

One of the benefits of using Gls is that they are more cost-effective than traditional
grey infrastructure. For instance, properly sited GIs are 5% to 30% cheaper to construct and
approximately 25% cheaper to maintain over their lifespan compared to traditional grey
infrastructure [51].

3.3. Social Benefits

In addition to the environmental benefits as well as the economic benefits presented in
the previous two sections, Gls also provide a range of social benefits, such as recreational
opportunities, human health and well-being enhancement, crime rate reduction, food and
medical supply, and cultural services discussed in the next subsections.
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3.3.1. Recreation Opportunities

Green spaces offer a range of recreational activities that promote physical activity,
social interaction, and stress relief [73]. In this context, recreation is defined as the po-
tential of everyday outdoor activities of short duration, such as walking, exercise, and
relaxation [74]. The basis of quantifying the supply of these recreational opportunities is
known as the recreation index score [25] and is based on the fact that people: (1) tend to
prefer a landscape with vegetation over one with water, (2) value a high level of naturalness,
and (3) appreciate variation and an open structure in the landscape [74]. Figure 3 provides
the recreation index value (index value/m?) of different UGS components [25].

Recreation index value in park
or garden
(index value/m?)

' ] ] ]
[ Tree ] [ Woodland ] [ Shrub ] [Herbaceous] [ Others" ]
(4.3) (5.8) (5.1) (5.1)

Figure 3. Recreation index score for UGS components (Others* in the figure is defined as the

allotments or community growing spaces, bowling greens, camping or caravan parks, cemeteries,
golf courses, sports facilities, playing fields, and tennis courts).

Moreover, people who have easy access to parks and other green spaces tend to report
higher levels of satisfaction with their neighborhood and a greater sense of community.
The accessibility of parks is evaluated using three indices: (1) the average daily green
access (AAR), (2) the average daily travel distance from the origin to park (AOD), and (3)
the average daily time spent in the park (ATT). These indices could be calculated using
Equations (73)—(75), respectively, as shown in Table 10.

Table 10. Quantified measures of recreational opportunities promoted by GIs.

Quantified Measure Equation Definition Reference
AAR could be estimated using
Equation (73), where Ay is the
. TK daily number of visits of person
Average daily green EEA (73) k, t is the activity duration per [75]

access (AAR)

AAR = gt day, K is the total number of

visitors, and T is the total
activity duration.

Average daily travel
distance from origin to
park (AOD)

AOD could be estimated using
Equation (74), where Dy is the
daily travel distance of person k
)Ef Dy (74) from the origin to the park, t is

AOD = the activity duration per day, K
is the total number of visitors,
and T is the total activity
duration.

Average daily time
spent in the park (ATT)

ATT could be estimated using
Equation (75), where Ej is the
T K daily time spent in the park of
LB (75) person k, t is the activity [75]
T KT duration per day, K is the total
number of visitors, and T is the
total activity duration.
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3.3.2. Human Health and Well-Being Enhancement

Many studies mentioned a link between GI and human health, yet researchers rarely
quantified this benefit. NDVI was found to be directly and positively correlated with
citizens” mental well-being and other factors that may contribute to mental well-being,
such as time spent on walking for recreation, neighborhood social cohesion, perceived level
of pollution, and satisfaction with green spaces. In addition, NDVI is negatively correlated
with perceived stress levels [20]. Moreover, after greening tram lines, pedestrian streets,
avenues, and small streets, the mean perception of stress could generally decrease from
4.87 to 4.03, happiness could increase from 5.46 to 6.38, and safety could increase from 6.02
to 6.71 [76].

According to [18] Click or tap here to enter text., the relationship between NDVI and
the odds ratio of reporting good health (OR) is an inverse U-shaped relationship, where
OR increases as NDVI values increase from 0 to 0.40. However, beyond this point, OR
decreases as NDVI values continue to increase. Thus, older people living in areas with an
NDVI of around 0.40 have the highest likelihood of reporting good health [18]. Click or tap
here to enter text.

3.3.3. Crime Rate Reduction

The relationship between GI and crime rates is an area of growing research interest.
GlIs are associated with less violence, and a higher percentage of green spaces is associated
with lower rates of crime. For instance, an increase of 1% in the total area of green spaces
is associated with a 1.2% decrease in violent crime (with a 95% confidence interval of 0.7
to 1.7%) and a 1.3% decrease in property crime [19]. Moreover, increasing the tree cover
lowers violent crime by 0.4% [19].

3.3.4. Food and Medical Supply

GIs also contribute to food production in urban environments through the use of urban
agriculture practices such as community gardens. In fact, it is estimated that approximately
22% of community gardeners are selling the produce they grow [77]. For instance, allocating
up to 52% of the land in community gardens for food production-related purposes could
produce enough fruits and vegetables to meet 2% of the demand of local residents [77].
Generally, 88% of the species found in community gardens are edible, with a median of
26 species [77]. Also, food plants could be cultivated for 80% or more of the gardens’
surface area [78]. Furthermore, woody species (i.e., trees and shrubs) are the second most
commonly used GI for food-related purposes, where 33% of trees and 37% of shrubs
generally have at least one edible use [79].

Considering the medical supply, the majority of woody species have medicinal uses,
making up 37% of total uses [79]. More specifically, 36% of trees and 38% of shrubs have at
least one medicinal use [79].

3.3.5. Cultural Services

The cultural services of GI refer to the non-material benefits that GIs can provide to
communities. These benefits can include opportunities for education, recreation, stress
relief, and the creation of a sense of place. The land rent method could be used to estimate
the cultural benefits provided by green spaces as shown in Equation (76) [34].

CEB = Lyent X Agreenspace - Glregulatingbenefits (76)

where CEB is the estimation of the cultural benefits provided by GI (in USD/m?), Lyt is the
land rent (in USD/m?), Agreenspace 18 the area of the green space (in m?), Glyegulatingbenefits

is the monetary value of the benefits that could be felt by humans (in USD/ m2), such as
cooling and noise reduction.
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3.4. Environmental Challenges

While GIs have multiple environmental, economic, and social benefits as detailed in
the previous sections, they could also have negative impacts on the environment, including
biogenic volatile organic compounds (BVOC) emissions, heat-trapping, and increased
water consumption. These environmental challenges are discussed and quantified in the
following subsections.

3.4.1. BVOCs Emission

Trees emit BVOCs that contribute to the formation of ozone and particulate matter in
the atmosphere. This process can affect the concentration of ozone in the air [80]. Moreover,
the monetary value of BVOC emission of green spaces per urban area (BVOC) could be
estimated in USD/m?/yr using Equation (77) [34].

PYBVOC = Empyoc X PRy X CG (77)

where Empyoc is the average BVOC emission intensity for green spaces where it is
3 gC/m?/yr in temperate regions, whereas it is 3.3 gC/m?/yr in subtropical regions;
PRy, is the environmental cost per unit of VOC emission (0.77 USD/kg); and CG is the
green space surface area (in m?).

3.4.2. Heat-Trapping

Green roofs could also contribute to cooling via insulation which leads to the trapping
of heat in certain circumstances. For instance, a green roof with Sedum vegetation could
increase the daily air-conditioning electricity consumption by 14.66 kW [17]. Similarly,
while a tree canopy provides cooling during the day by shading surfaces and releasing
moisture into the air, it traps heat at night and reduces wind circulation at night. In
fact, tree canopies store heat in which the air temperature could generally increase by
0.28-1.68 °C [38]. Also, a decrease of 1 Leaf Area Index (LAI) lowers mean air temperature
by 0.19-0.31 °C, due to improved ventilation flow [37]. LAI could be quantified using
Equations (78) and (79) [27].

Mean surface area of aleaf x Mean number of leaves per quadrat

LAI =
Total surface area of quadrat

(78)

Viar = 0.3361 x ¢>9127>Vnpvi (79)

where V] 47 is the value of leaf area index of each rater pixel, and Vypy; is the NDVI of
each raster pixel.

3.4.3. Water Consumption

GI practices such as green roofs, rain gardens, and parks could increase water con-
sumption due to irrigation. In general, vegetation irrigation is estimated to be 0.023 m?/m?
in the cold season and 0.313 m?/m? in the warm season [81]. In fact, green roofs re-
sult in a significant increase in total life cycle water consumption ranging from 279 to
835% [69]. As for wetland water consumption, it is estimated to have an irrigation cost of
215 L/m?/day [82]. The vegetation water consumption (in mm) could be calculated using
Equation (80) [83].

Vegetation water consumption = R+1—D £AS (80)

where R is the precipitation (in mm), I is the irrigation (in mm), D is the drained water (in
mm), and AS is the difference in soil water moisture before and after irrigation or rainfall
events (in mm).
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Moreover, the soil water balance method could be used to determine the water
needs of individual plant species by measuring the soil moisture content, as shown in
Equation (81) [84].

P+1=Dp+ET+AS+ Rg (81)

where P is the rainfall (in mL), [ is the irrigation (in mm), Dp is the drained water (in mL),
ET is the evapotranspiration of vegetation (in mL), AS is the difference in soil water
moisture before and after irrigation or rainfall events (in mm), and Rg is the surface water
runoff (in mL).

3.5. Social Challenges

In addition to the environmental challenges of GI provided in the previous section,
GlIs also possess some social challenges such as gentrification and pollen exposure risk as
further detailed in the next subsections.

3.5.1. Gentrification

Investments in GIs are found to be correlated with higher housing costs leading to the
displacement of vulnerable populations in the affected areas [85,86]. This phenomenon is
known as green gentrification [87]. For instance, gentrified census tracts tend to have a
higher implementation of Green Stormwater Infrastructure (GSI) projects, compared to non-
gentrified low-income census tracts [21]. Moreover, the funding allocated for GSI projects
in gentrified census tracts was found to be up to five times higher than in non-gentrified
low-income census tracts [21]. Furthermore, areas that are located closer to GSI projects
have higher rental prices compared to the average rental prices in the city [21].

3.5.2. Pollen Exposure Risk

Trees in urban green spaces could cause respiratory irritation and increase the risk
of asthma and allergic rhinitis in allergy sufferers, particularly in areas with high concen-
trations of allergenic trees and large grass areas. The Aerobiological Index of Risk for
Ornamental Trees (AIROT) could be used to evaluate the potential risk of pollen exposure
from urban GIs on individual streets by providing a single value for the entire street in a
given city. Moreover, the modified AIROT (AIROT,), calculated using Equation (82), is
designed to be applied across entire cities and provides a value for each street or avenue;
also, the modified AIROT could be calculated for housing application in specific, which is
denoted as AIROT,,; and is calculated using Equation (83) [88,89].

AIROT,, = ideixpriXI\S]}X M; x SH; x H;
i=1

(82)

where PDd; is the potential dispersibility for distance, PD,,; is the potential dispersibility
for wind, N; is the normalized density of trees, M; is the maturity degree for each specimen,
SH; is the incidence and presence of high buildings and narrow streets, H; is the height
above sea level, and ST is the entire surface of the measured area.

AIROT,,, = i PDd; x PDy; X (NfiS><T0<z') X M; x SH; x H;
i=1

(83)

where N f; is the number of vegetation specimen par facade, and «; is the pollen production.
Moreover, the subscript i is the number of measuring points.

3.6. Summary of Benefits and Challenges Based on GI Techniques

The above sections provided an overall quantification of several benefits and chal-
lenges associated with GIs. The following subsection visually summarizes the variables
(or inputs) needed to estimate or quantify the different benefits and challenges of GIs (i.e.,
outputs), categorized by individual GI techniques.
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3.6.1. Green Lands

The term “green lands”

includes green spaces, vegetation, and grassland covers. Green

lands are widely used in practices as well as studies by researchers due to their natural green
characteristics. Based on the information presented in the previous sections, Figure 4 provides
a summary of the variables needed to quantify the benefits and challenges of these GIs.

Area—
Background __|
concentration (Cp)
Pollutants decay rate (d) —
Leaf Area Index (LAD) —{
Proximity to source of air pollution (y) —

Pollutant deposition velocity (V;)
Pollutant concentration (C

)_.
Leaf-on period indicator (f) —
)_

Resuspension rate (r,

Pollutants exposure time (t) —
Conversion coefficient of C mass __|

to CO, mass (e;)
NDV!

|_
Water body area proportion (4,,,) —

Constructed land area proportion (A¢, )

Runoff coefficient (Q) —

Mean annual precipitation (P) —
Curve number (CN)—
Vegetation species number (S) —{

Number of shortest path links (nl;;)

Land rent (Lyent) —

Irrigation (1) —{

Drained water (d) —{

Difference in soil water moisture (45) —
Evapotranspiration (ET) —

__, Pollutant concentration reduction
(PPR (%))
— Deposited pollutant mass (F)

— Carbon Sequestration rate
— Cooling capacity
— Land surface temperature reduction (LST)
— Runoff retention (RM)
— Noise reduction rate
— Simpson's Index of Diversity (ID)
— Integral index of connectivity (1IC)
— Energy savings rate
— Property value enhancement
» Odds of reporting good health
Crime reduction rate
— Medical use proportion

Green Lands

Cultural services estimation
— BVOC emission intensity
— Heat trapping

— Water consumption

— Variables (Input)

— Quantified environmental benefits (Output)
— Quantified economic benefits (Output)

— Quantified social benefits (Output)

— Quantified environmental challenges (Output)

Figure 4. Green lands’ quantified impacts.

3.6.2. Forests and Trees

Forests are ecosystems that are characterized by the presence of trees and other woody
vegetation. Based on the information presented in the previous sections, Figure 5 provides
a summary of the variables needed to quantify the benefits and challenges of these Gls.

Area—
Pollutants background __|

concentration (Cp

Pollutants decay rate (d

Leaf Area Index (LAI

Proximity to source of air pollution (y
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Resuspension rate (r;
Pollutants exposure time (t

Conversion coefficient of C mass _|

to CO, mass (e.)
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Tree cover density (T,)

Latitude —
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surface temperature (Tpean)
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Evapotranspiration intensity (1,,)

Annual precipitation (P

Soil evaporation coefficient (sw)

Rainwater storage capacity of soil (Sg,
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Roots cohesion —

— PM pollutants concentration reduction
Pollutant concertation reduction

) (PPR (%))

;: — Deposited pollutant mass (F)

) — — Carbon sequestration rate

) —

— Cooling capacity

— Cooling Index (CI)

— Land surface temperature reduction (LST)
— Air temperature reduction (Tg;,-)

— Stormwater volume reduction

|__[— Rainwater storage capacity (S )

— Noise reduction rate

Forests and Trees

) —
) —

—

— Simpson's Index of Diversity (ID)

— Integral index of connectivity (11C)

I— Slope stability safety factor (FS(,t))

— Energy savings rate

— Property value enhancement

i Crime reduction rate

— Trees medical use proportion

— BVOCs emission intensity

— Heat trapping

— Potential risk of pollen exposure (AIROT)

)—
)—
) —

—

—_—

—_—

——

—_—

Variables (Input)

Quantified environmental benefits (Output)
Quantified economic benefits (Outputs)
Quantified social benefits (Output)

Quantified environmental challenges (Output)
Quantified social challenges (Output)

Figure 5. Forests and trees” quantified impacts.
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3.6.3. Parks

Parks provide a place for people to experience nature, participate in physical activities,
and escape from their daily routines. Based on the information presented in the previous
sections, Figure 6 provides a summary of the variables needed to quantify the benefits and

challenges of these GIs.

Area—

Pollutants background concentration (Cp,) —
Pollutants decay rate (d) —{

Leaf Area Index (LAD) —

Proximity to source of air pollution (y)—
Pollutant deposition velocity (V) —
Pollutant concentration (C) —

Parks
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Resuspension rate (r) —

Pollutants exposure time (t) —

Conversion coefficientof Cmass __| |
to CO, mass (e;)
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— Carbon sequestration rate
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— Air temperature reduction (Tg;,)

— Maximum park cooling intensity (PClyqx)
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— Maximum local cool island intensity (MLCI)
— Maximum park cooling area (MCA)

— Stormwater volume reduction

— Property value enhancement
— Recreation index value
—+ Odds of reporting good health

. Park accessibility indices
(AAR, AOD, ATT)

» Crime reduction rate

* Cultural services estimation

— Variables (Input)

— Quantified environmental benefits (Output)
— Quantified economic benefits (Output)
> Quantified social benefits (Output)

Figure 6. Parks’ quantified impacts.

3.6.4. Rain Gardens

Rain gardens, also known as bioretention systems, are a widely used practice for
reducing non-point source pollution in urban areas. These GIs utilize both physical and
chemical properties as well as biological features to remediate contaminants, store runoff
water, and promote nutrient cycling [90]. Based on the information presented in the
previous sections, Figure 7 provides a summary of the variables needed to quantify the
benefits and challenges of these GIs.
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Leaf-on period indicator (f) —

Resuspension rate (r) —
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Conversion coefficient of C mass
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Pollutant decay rate (k) —
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Pollutants loading rate (P,z) —]
Moisture content for different layers (A8 ) —
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Gl depth (dg;) —1
Effluent pollutants concentration —
Pollutant decay rate (k) —
Pollutants loading rate (P,z) —

— Carbon sequestration rate

— Stormwater volume reduction

— Percent pollutant removal (%)

NDVI—

— Rainwater pollutants removal efficiency

— Percent flow captured (%)
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— Variables (Input)

— Quantified environmental benefits (Output)
— Quantified economic benefits (Output)

Figure 7. Rain gardens’ quantified impacts.
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3.6.5. Wetlands

Wetlands (being constructed and natural) are recognized as valuable natural resources
throughout human history [91]. They serve as natural water filters that trap pollutants and
sediment to improve water quality. Based on the information presented in the previous
sections, Figure 8 provides a summary of the variables needed to quantify the benefits and
challenges of these GIs.

Area

Moisture content for different layers (A6 )
Infiltration depth (d;,s)

Media depth (dmeqia) —

Runoff depth (drunorr) ——

Wetlands

Gl depth (dg)
Sequestrated carbon mass

Conversion coefficient of C mass
to CO, mass (e;)
Effluent pollutants concentration

Pollutant decay rate (k)

Pollutants loading rate (P.r)

Carbon Sequestration rate

— Percent flow captured (%)

——— Carbon sequestration monetary value

——— Rainwater pollutants removal efficiency

Percent pollutant removal (%)

——— Water consumption rate

~— Variables (Input)
— Quantified environmental benefits (Output)
— Quantified environmental challenges (Output)

Figure 8. Wetlands’ quantified impacts.

3.6.6. Green Roofs

Green roofs, also referred to as living roofs or rooftop gardens, are made up of various
elements including plants, a substrate to supply nutrients, a water system to aid plant
growth, and a drainage system to eliminate excess rainwater [92]. Based on the information
presented in the previous sections, Figure 9 provides a summary of the variables needed to
quantify the benefits and challenges of these Gls.
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.
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— Quantified environmental challenges (Output)

Figure 9. Green roofs’ quantified impacts.
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Pollutants decay rate (d)

Leaf Area Index (LAD)

Proximity to source of air pollution (y
)

Pollutant deposition velocity (V,

Pollutants background _|
concentration (Cp)

3.6.7. Green Walls

Green walls, also known as green facades, are utilized in building design not only
for their aesthetic appeal but also for the environmental and economic benefits they pro-
vide [93]. Based on the information presented in the previous sections, Figure 10 provides
a summary of the variables needed to quantify the benefits and challenges of these GIs.

Area — — PM pollutants concentration reduction

Green Walls — Pollutants concentration reduction (PPR (%))
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— Carbon sequestration rate

)
)
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Conversion coefficient of C mass _|
Io €Ozmass (¢a) — Energy savings rate
Sequestrated carbon mass —
NDVI— — Property value enhancement
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— Quantified environmental benefits (Output)
— Quantified economic benefits (Output)

Figure 10. Green walls” quantified impacts.

3.6.8. Permeable Pavements

Permeable pavements have a porous top layer that allows water to pass through,
and a drainage layer underneath that filters surface runoff [94]. Based on the information
presented in the previous sections, Figure 11 provides a summary of the variables needed
to quantify the benefits and challenges of these Gls.
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—> Stormwater volume reduction

Moisture content for _|
different layers (A6 )

— Percent flow captured (%)
Media depth (deqia) — A
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L
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Pollutant decay rate (k) —
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—> Quantified environmental benefits (Output)
— Quantified economic benefits (Output)

Figure 11. Permeable pavements” quantified impacts.
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4. Discussion

While GI techniques are designed to have positive impacts on urban areas and the
environment, they could also have negative impacts. Despite the extensive focus on the
benefits of Gls in the literature (which often concentrated on quantifying the environmental,
social, and economic aspects of Gls), the negative impacts of Gls are often overlooked
where less attention is directed by researchers and practitioners. In this section the results
are discussed to investigate the trends and patterns in the existing body of knowledge;
identify gaps in the existing research; and suggest directions for future work.

4.1. Quantified Benefits of Gls

The benefits of Gls are diverse and include environmental, social, and economic
impacts. Figure 12 represents the distribution of the benefits (i.e., environmental, economic,
and social). It is worth mentioning that the sum in Figure 12 is not equal to 100% since
some of the existing studies in the literature have focused on more than one benefit (i.e., a
single article could have quantified one or more benefits).

100 - 96.00
90 ~
80 -
70 A
60 -
50 A

benefits (%)

40
30 A

20 ~ 14.67 13.33

10 ~

Percentage of studies that quantified Gl

O =
Environmental benefits Economic benefits Social benefits

Figure 12. Distribution of GI quantified benefits.

As shown in Figure 12, the environmental benefits of GlIs are often predominantly
quantified by existing studies (96% of the reviewed articles); which shows that most of the
research efforts were directed towards the environmental aspects of GIs with less focus
on the economic and social benefits (14.67% and 13.33% of the reviewed articles, respec-
tively). This could be because GI systems are primarily designed to address environmental
challenges. Therefore, future research studies are recommended to delve more into the
economic and social benefits of GIs.

Furthermore, little to no studies have quantified the socioeconomic benefits of Gls
such as improved quality of life, increased sense of community, and property value en-
hancements. One reason behind this could be that these benefits are considered indirect
and difficult to measure. In addition, since the benefits of GIs generally are realized over a
long period, it might be difficult to accurately measure their value. Moreover, since there
may be other factors that influence the socioeconomic impacts of GIs (such as economic
trends or changes in land use patterns), this makes it challenging to accurately quantify
the socioeconomic impacts of GIs. Thus, to accurately measure and quantify the holistic
impacts of GIs, it is often necessary to use a combination of both quantitative and qualitative
methods, which future studies might need to consider when studying GIs.

Moreover, the literature showed that even within a single category of benefits, there
is some bias toward quantifying certain benefits over others. Figure 13 represents this
variation and visualizes the detailed statistics about the quantified benefits in the literature
within each category; where it is to be noted that a single study could have quantified one
or more benefits.
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Quantified Gls' benefits
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Figure 13. Distribution of the quantified benefits of GIs.

Within the environmental benefits, Figure 13 shows that water purification (24%)
was the most quantified environmental benefit in the literature; whereas soil stabilization
(1.33%) and water harvesting (1.33%) are the least quantified environmental benefits. This
indicates that some environmental benefits of Gls are easier to quantify than others because
they can be measured directly through monitoring and measurement techniques. These
types of benefits are often referred to as “tangible” benefits since they can be quantified
using numerical data [95]. Other environmental benefits of GI may be more difficult to
quantify because they are less tangible or because they involve subjective experiences
and perceptions.

Furthermore, Figure 13 shows that within the economic benefits, the energy savings
benefit is the most quantified in the literature (9.33%) compared to property value enhance-
ment and maintenance cost reduction (1.33% each). This reflects the high interest in energy
saving to address climate change and reduce the burning of fossil fuels which is a major
contributor to greenhouse gas emissions [96]. While there is evidence that GIs have a
positive impact on property values, it is generally difficult to quantify such impacts since
property values are determined by a variety of factors such as location, size, and condition,
making it difficult to isolate the specific impact of GIs. Moreover, the maintenance of Gls
is usually a long-term process which makes it hard to track and quantify their costs and
related aspects.

Finally, Figure 13 shows that, among the social benefits, “food and medical supply
as well as “"human health and mental well-being enhancement” are the most quantified in
the literature (4.00% each), whereas cultural services and crime rate reduction are the least
quantified (1.33% each). This, again, shows a bias toward quantifying certain benefits in
the literature as compared to other equally important benefits. It is also worth mentioning
that, while GIs’ benefits on human health and mental well-being may be challenging to
quantify, they are closely related to other benefits that have been measured in the literature,
such as recreational opportunities, air and water purification, heat stress reduction, and
noise pollution reduction [97]. Furthermore, the literature review reveals a gap in terms of
quantifying other key social benefits of GIs such as environmental education and the feeling
of community belonging which are also considered valuable contributions of GIs [9,98].

”
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Quantified Gls' challenges

4.2. Quantified Challenges of Gls

A similar analysis is performed for the quantified challenges of GI, as represented in
Figure 14.

= Water consumption 6.67
S
E Heat trapping 5.33
[]
>
S BVOCs emission 1.33
=
g Pollen exposure risk 2.67
(%]

1.33

0 1 2 3 4 5 6 7 8

Percentage of studies that quantified Gl challenges (%)

Figure 14. The distribution of quantified challenges based on the number of studies.

According to Figure 13, the relative distributions of the quantified challenges of
GlIs indicate that the environmental challenges were the most quantified in the literature
(13.33%), whereas the social challenges were less quantified (4.00%), and little to no studies
quantified the economic challenges of GIs. Moreover, among the environmental challenges,
water consumption was the most quantified (6.77%), whereas BVOC emission was the least
quantified environmental challenge in the literature (1.33%), as shown in Figure 13. As
for the social category, some challenges were more quantified than others where pollen
risk exposure was the most quantified (2.67%) and gentrification was the least quantified
social challenge (1.33%). It is worth mentioning that, the quantification of gentrification is
challenging due to its multi-dimensional complexity [99].

Overall, Figure 14 shows that the social challenges of GI are less understood compared
to the environmental challenges. The tangential focus on quantifying the challenges of GI
can be problematic, as this makes it difficult to fully understand and address the different
aspects of GIs. In fact, to ensure that Gls are effective and sustainable in the long term, it
is important to carefully consider and quantify both their benefits as well as challenges,
which would help in identifying opportunities for improvement and optimizing their
performance as well as related policies and regulations.

Finally, some of the quantified challenges could be addressed through adaptive mea-
sures provided in the literature. For instance, since GIs (such as trees) could trap heat and
reduce wind ventilation, especially at night [38], it is recommended to plant trees with a
larger separating distance to enable wind circulation [100]. Further, to address the water
consumption challenge, the use of high concentrations of humic acid (200 mg/L) could
increase the water use efficiency by approximately 40%; this level of humic acid reduces the
evapotranspiration rate by 10-15 mL/day [84]. Since the release of BVOCs and pollen from
trees has a significant negative impact on air quality and human health, it is important to
further consider species that do not emit BVOCs when designing GIs [101].

4.3. GI Types

To better understand which GIs were the most studied by previous literature and
which ones need further consideration, Figure 15 presents the percentage of previous
studies that focused on each GI type. It is worth mentioning that within the reviewed
papers, one study may have focused on one or more GI types.
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Figure 15. The focus of previous studies on different GI types.

Figure 15 shows that there is a significant emphasis on natural GI solutions such as
forests, trees, green spaces, and vegetation cover. This could be due to the fact that these
types of natural green spaces are widely available in various countries and their effects
are more observable due to their larger areas. Other common GI types whose benefits and
challenges were quantified include green roofs, rain gardens, and wetlands. On the other
hand, the GI types whose benefits and challenges were least studied include bioswales,
community gardens, private gardens, riparian buffers, and green corridors. Therefore,
future studies are recommended to focus on these least-studied GIs.

5. Contributions and Implications

The performed literature review in this paper contributes to the body of knowledge by
the development of a comprehensive guide and reference for researchers and practitioners
that could be used to help them in quantifying the environmental, social, and economic
benefits and challenges of GIs. The provided information in this paper is valuable for
policymakers, practitioners, and researchers looking to advance the Gl-related field and
make informed decisions about GI projects.

Providing quantifications of GI’s benefits and challenges is useful to practitioners
in several ways. First, it helps practitioners to understand the potential benefits that are
gained from implementing Gls. This is particularly useful for practitioners working in the
planning and design of green cities; where they can use the information provided in this
paper to make informed decisions about the types of Gl interventions that are most effective
in a given area. Moreover, the reported information in this study helps practitioners to
better understand the potential negative impacts of their GI strategies. This information
is useful to investigate ways and methods to mitigate these challenges and ensure the
long-term success of Gl interventions on different levels: environmentally, economically,
and socially.

Policymakers could also benefit from the quantification of GI’s benefits and challenges
presented in this paper. By understanding the potential benefits and challenges associated
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with different types of GI interventions, policymakers may develop successful policies
and programs to support the implementation of GI in different contexts. Furthermore,
the presented quantification helps policymakers understand the trade-offs that may be
involved when selecting different Gls, and it informs the development of effective policies
and programs that achieve the required environmental, social, or economic goals.

For researchers, the quantification models and methods of GI's benefits and challenges
summarized in this paper can provide valuable data that could be used to further advance
the understanding of the ways GIs are used to support environmental, social, and economic
purposes. This information could be used to guide the development of tools and methods
for assessing the impacts of Gls on different aspects of the built and natural environments
as well as to develop new research directions that are needed to better understand the
different aspects and multi-dimensional characteristics of GIs. Additionally, this paper
helps researchers to identify the current trends and gaps in the body knowledge as well as
areas where additional research might be required.

6. Conclusions and Future Work

This paper conducted a systematic review of existing literature where 75 articles were
comprehensively reviewed and critically analyzed with a focus on models and methods
that were used and developed by existing studies to quantify the different environmental,
economic, and social benefits and challenges of GIs.

The following environmental benefits were analyzed and discussed in the paper:
air purification, carbon sequestration, cooling, stormwater management, water purifi-
cation, water harvesting, noise pollution reduction, biodiversity conservation, and soil
stabilization. As for the economic benefits, they included energy savings, property value
enhancement, built environment lifetime enhancement, and maintenance cost reduction.
The following social benefits were examined in the paper: recreation opportunities, human
health and well-being enhancement, crime rate reduction, food and medical supply, and
cultural services.

As for the challenges, those related to environmental concerns included BVOC emis-
sions, heat-trapping, and water consumption. The following social challenges were also
analyzed and discussed in the paper: gentrification and pollen exposure risk.

The results also indicated that most of the literature quantified the environmental
benefits of GIs (96%), whereas fewer studies focused on quantifying their social and
economic benefits (28%). As for Gl-related challenges, the environmental challenges were
the most quantified in the literature (13.33%), followed by the social challenges (4%),
and little-to-no studies quantified the economic challenges. The results showed that the
literature heavily focused on different GI types, where forests and trees were the focus
of over 34% of the studies, whereas green corridors were the focus of less than 2% of
the studies.

Overall, the results showed that the Gls’ benefits are pronominally quantified com-
pared to their challenges. One area that could be the potential focus of future research
studies could be the social and psychological benefits of Gls. While some studies have
shown that green spaces can have a positive impact on mental health and social interactions,
more research is needed to have an in-depth understanding of these effects. This could
include studies on the impact of different types of green spaces on different sects of the
population, as well as the long-term effects of green spaces on mental and physical health.
Another potential area of future research focus could be on understanding the long-term
effectiveness of different GI approaches. While many studies have shown that GIs can
provide a range of benefits, there is still a need for more research on the durability and
sustainability of these benefits over time. Other areas of research could include exploring
the potential negative impacts of GIs on wildlife and biodiversity, as well as the potential
for GIs to contribute to gentrification and displacement in urban areas.

This paper presents a comprehensive literature review that contributes to the growing
body of research on GI by providing a comprehensive guide and reference for researchers,
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practitioners, and policymakers seeking to quantify the environmental, social, and economic
benefits and challenges of GIs. The information provided supports the development
of successful Gl-related policies and programs, enabling planners and policymakers to
make informed decisions regarding GI projects in a way that maximizes benefits and
mitigates the risk of unintended consequences. This ensures the long-term success of GI
interventions on environmental, social, and economic levels. Furthermore, researchers
can benefit from the summarized models and methods, which offer valuable data for
advancing the understanding of GI’s multi-dimensional characteristics and assessment
tools. Additionally, this paper helps identify current trends, knowledge gaps, and areas
requiring further research, thus promoting the development of new research directions.

Future research work could also be conducted by focusing on a certain benefit or
challenge of GI so that more in-depth analysis and quantification of each aspect could be
achieved for interested stakeholders. This includes, for example, focusing on the flood
mitigation benefits of GIs (which might be of interest to flood risk managers and agencies)
or on the impact of GIs on property values that could be affected by different factors and
variables (which might be of interest to urban planners and developers), among other
aspects of interest.
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