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Abstract: Water-sensitive urban design (WSUD) has been widely used in cities to mitigate the
negative consequences of urbanization and climate change. One of the WSUD strategies that is
becoming popular is green roofs (GR) which offer a wide range of ecosystem services. Research on
this WSUD strategy has been continuously increasing in terms of both quantity and quality. This
paper presents a comprehensive review quantifying the benefits of GRs in papers published since
2010. More precisely, this review aims to provide up-to-date information about each GR benefit and
how they have improved over the last decade. In agreement with previous reviews, extensive GRs
were considerably researched, as compared to very limited studies on intensive and semi-intensive
GRs. Each GR ecosystem service was specifically quantified, and an imbalance of GR research focus
was identified, wherein urban heat- and runoff-related benefits were outstandingly popular when
compared to other benefits. The results also highlight the recent introduction of hybrid GRs, which
demonstrated improvements in GR performance. Furthermore, limitations of GRs, obstacles to
their uptake, and inconsistent research findings were also identified in this review. Accordingly,
opportunities for future research were pointed out in this review. This paper also recommends future
studies to improve upon well-known GR benefits by exploring and applying more innovative GR
construction techniques and materials. At the same time, further studies need to be undertaken on
inadequately studied GR benefits, such as reduced noise and air pollution. In spite of the existence
of reliable modelling tools, their application to study the effects of large-scale implementations of
GRs has been restricted. Insufficient information from such research is likely to restrict large-scale
implementations of GRs. As a result, further studies are required to transform the GR concept into
one of the widely accepted and implemented WSUD strategies.

Keywords: WSUD; green roofs; ecosystem services; quantify benefits; large-scale implementation

1. Introduction

Water-sensitive urban design (WSUD) strategies have been widely used in cities to
mitigate the negative consequences of rapid urbanization and climate change. Whilst
WSUD is a popular term in Australia and a few other countries, blue-green infrastructure
(BGI) is also a commonly used term. Green roofs (GR) have been regarded as a promising
BGI strategy to deal with these globally growing concerns of urbanization and climate
change. This BGI strategy, sometimes called a living roof or vegetated roof, offers a wide
range of environmental, social, and economic benefits compared to conventional roofs
(CRs) [1]. The stormwater management and the mitigation of heat-related issues are the two
primary GR benefits that have attracted the attention of researchers the most. Additionally,
GR is capable of reducing energy consumption, improving air and runoff quality, and
alleviating noise pollution [2]. The vegetated roof also enhances the aesthetic aspects of a
building and urban ecology by converting impervious roof surfaces to green spaces [3].
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The configurations of a GR vary according to its geographical location, requirements,
and the purposes for which it is built. Generally, a typical GR consists of the following
layers (from the bottom to the top): waterproofing membrane, drainage layer, filter layer,
substrate (growing medium), and vegetation layer. The insulation layer is optional and
added when GRs are implemented on existing roofs (i.e., retrofitting a green roof). In the
event that long-rooted plants are applied, anti-root layers are compulsory to protect both
the GR system and its underneath structure [1]. In terms of GR types, GRs are categorized
into intensive GRs (IGRs) and extensive GRs (EGRs). The main difference between these
two groups is the substrate depth. While the IGR substrate is more than 20 cm thick, the
EGR growing medium is thinner, with less than 15 cm [4]. Consequently, IGRs are suitable
for the vast majority of plants, whereas EGRs are only able to support the survival of
drought-resilient plants, such as succulents. By contrast, EGRs are much more prevalent
than IGRs for several reasons, including lesser efforts for maintenance, lighter weights,
and lower construction costs [5,6]. A semi-intensive GR (SIGR) is a type of GR with an
intermediate substrate depth between those of EGRs and IGRs. A moderate substrate
thickness allows a SIGR to accommodate small shrubs [7].

Though the success of GR projects at a pilot- (or small-) scale as well as at a large-scale
have been reported globally, there is still a long way to go towards global acceptance and
implementation of this innovative type of roof. This could be a result of the unbalanced
focus on GRs between developed countries and the rest of the world. The reviewed papers
are distributed across various countries, as presented in Figure 1. Figure 1 points out
that most of the 102 papers reviewed in this study are from the USA, Europe, and other
developed countries. The last decade saw the implementation of GRs in other countries
such as Australia, China, Hong Kong, and Italy. The USA is still leading in terms of GR
research, which was also reported by other studies, such as Blank et al. [8]. A more recent
study by Zheng et al. [9] has also provided a similar finding. They studied 75 papers
analyzing runoff retention in GRs and found that minimal efforts have been made to study
and implement GRs in some regions of the world, including Africa, Central America, and
Central Asia. This lack of GR-related research and knowledge in developing or under-
developed countries leads to stakeholders, such as building owners, developers, and
builders, being unaware of the benefits and optimal components of GRs appropriate for
their study locations and roof sites [1,2].
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Figure 1. Distribution of reviewed papers by their country of implementation.

As far as the scale of GR implementation is concerned, they have been implemented
at various spatial scales. In this study, they are grouped into three categories: pilot-scale
(or small-scale), full-scale, and large-scale. Pilot-scale GRs occupy a small portion of the
roof area and/or they are commonly installed on raised test beds or modules, whereas
full-scale GRs are those covering the entire roof area with some non-vegetated paths for
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rooftop access, maintenance, and use of equipment [10]. Finally, the term “large-scale”
refers to studies considering the application of GRs at scales that exceed the single-building
scale, such as the city-wide scale, municipal scale, or catchment scale. Figure 2 indicates
the domination of pilot-scale and full-scale GR studies, whereas only 10 studies (i.e., 10%
of the reviewed studies) investigated the potential of implementing GRs at a large scale.
The large-scale implementation of GRs is constrained by several factors. For instance, the
installation and maintenance costs for a GR remain high, which requires further studies
to explore GR components that are not just economical but are also environmentally
friendly. Another barrier could be the knowledge gap in quantifying the benefits of
the large-scale implementation of GRs. There are 12 studies which did not conduct a
field experiment and/or did not investigate large-scale GRs through simulation models.
They were, hence, categorized as “others”. Though the prospects of GRs at large scales
are reasonably foreseeable, the insufficient information from limited research is likely to
prevent authorities from issuing policies that encourage the large-scale implementation of
GRs (such as financial incentives and utility bill reduction) [2].

Others
12

Large Scale
10

Pilot Scale
55

3

Full Scale
33

= Pilot Scale = Full Scale Large Scale Others

Figure 2. Break-down of papers based on the GR scale.

Earlier literature reviews on GRs concentrated on exploring their potential benefits,
components, challenges, trends, and implementation opportunities [1,2,11,12]. Other
previous works studied the performance of GRs implemented in different locations and
climatic characteristics [4,5,13-15]. This review has also identified that the majority of the
research conducted was qualitative based. Therefore, there is a need to quantify the benefits
of GRs in order to demonstrate the need of more GR research areas to be investigated.
This paper aims to conduct a comprehensive review to quantify GR benefits based on
papers published during the last decade (from 2010 onwards) by considering several
functional indicators, such as surface and air temperature (thermal reduction) and rainfall
retention and peak flow (runoff reduction). Furthermore, this paper provides up-to-date
information on each of the GR benefits that have been studied and whose performance has
been improved during the last decade.

This paper is structured as follows. An overview of the reviewed papers and a
summary of different types of GRs is presented in the next section. This is followed by the
quantification of various GR benefits. The paper is concluded with a discussion of the key
outcomes of this review and, finally, conclusions are drawn and recommendations from
this study are presented.
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2. Overview of Literature
2.1. Methodology

This review of GR papers used the Google Scholar and Scopus search engines as the
primary search database with a timeframe ranging from 2010 to 2021. Within a set of
potential search keywords for GRs, only “green roof” was chosen. Compared to other
possible keywords such as “vegetated roof”, “cool roof”, and “living roof”, the selected
keyword was able to cover all potential papers and thus satisfy the study objectives. In
particular, this selection aims to draw conclusions about how significant each of the GR
benefits has been in studies to date. Most relevant papers were identified through an
exhaustive abstract-screening procedure. This method enables the filtering process to
exclude scholarly works which are not associated with the scope of the present study, such
as review papers and papers not focusing on the quantification of GR performance. The
search process aimed to identify at least 100 suitable papers. The authors of this review
are aware that there are substantially more works and published materials on GRs during
the selected time frame. The papers studied in this review were selected based on their
relevance in terms of quantifying the benefits of GRs. The work reviewed in this study
provides a good snapshot of current research on GRs and ensures that sufficient information
is available for the analysis and that a good balance of the number of papers is available
from each year, from 2010 onwards.

The information of papers identified in the search process described above will be
divided into several categories to facilitate the quantifying process. Firstly, the preliminary
categorization is presented in Table A1 (in Appendix A), which provides the reader with
an overview of the GR-related research with respect to the location, country, type of GR,
methodology used, and GR benefits investigated. Later, this review goes into an in-depth
evaluation of GR benefits and attempts to quantify them.

2.2. Types of Green Roof
2.2.1. Traditional Green Roofs

As discussed above, GRs are traditionally divided into three groups: EGR, SIGR,
and IGR. The main difference between them is the depth of the substrate layer and the
corresponding plants to suit a particular depth. EGRs with numerous favorable charac-
teristics are widely implemented. Figure 3 describes the distribution of papers across the
different GR types. It is worth highlighting that EGRs have been extensively studied, with
80 out of the 102 reviewed papers being on EGRs. The strong preference for EGRs has
been well documented in previous studies and remains unchanged to date. As already
mentioned, EGRs have been thoroughly and widely implemented because of several ad-
vantages, such as ease of installation due to their light weight, low initial and operational
costs, and less maintenance requirements [16]. A good example of a country where EGRs
are highly popular is Germany, where 85% of new GRs constructed annually are EGRs [17].
He et al. [18] studied the changes in temperature and energy consumption in test chambers
with extensive green modules on their top surface. Avila-Hernandez et al. [19] collected the
experimental data from an EGR on a test box to validate the simulation results of Energy-
Plus software. Liu et al. [20] used EGR-based parameters as the inputs of the Storm Water
Management Model (SWMM) to assess the GR’s capability of mitigating urban flooding for
Nanchang in China. Cascone et al. [21] simulated a variety of EGRs through EnergyPlus to
comprehensively study the performance of a GR on a building in Catania, in Sicily, Italy.
Palermo et al. [22] investigated the hydrological behaviour of a full-scale EGR on top of a
building at the University of Calabria, Italy. Carson, Marasco, Culligan and McGillis [10]
monitored the retention capacity of three full-scale EGRs for one year and successively
developed a model to identify the multi-year hydrological response of these systems.
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Figure 3. Distribution of papers across each type of GR (EGR: extensive green roof, IGR: intensive
green roof, and SIGR: semi-intensive green roof).

On the other hand, SIGRs and IGRs have received less attention from researchers,
although they outperform EGRs with regard to ecosystem services, mainly due to their
thicker substrate layer. This lack of attention could be because of the stronger struc-
tural requirements, higher costs, and frequent maintenance associated with SIGRs. Of
the 102 reviewed papers, a limited number of studies have considered SIGRs and IGRs,
with only 11 and 15 studies being related to SIGRs and IGRs, respectively. For example,
Lee and Jim [23] studied a full-scale IGR with a very deep substrate of 1 m to observe
its thermal and cooling performance in Hong Kong. Such a thick substrate can allow the
growth and survival of woodland vegetation. Kratschmer et al. [24] examined the impact
of various full-scale GRs with thick substrates (up to 0.9 m) on the diversity and abundance
of wild bees. Beecham and Razzaghmanesh [25] investigated both the water quantity and
quality of several pilot-scale EGRs and IGRs in Adelaide, Australia, with 0.1 m and 0.3 m
of substrate depth, respectively. Moreover, researchers have not input the configurations of
SIGRs and IGRs into their simulation models due to the low possibility of the application
of these GRs. There are some exceptions to this. Morakinyo et al. [26] used ENVI-met
and EnergyPlus to simulate and evaluate the reduction of temperature and the energy
use of a building installing an IGR system. Baek et al. [27] collected the field data of a
pilot-scale SIGR for inputs of the coupled SWMM and HYDRUS model to estimate the
runoff reduction throughout an urban sub-basin.

2.2.2. Hybrid Green Roofs

In a broader context, researchers have recently attempted to improve the ecosystem
services of this WSUD practice by integrating GRs with other systems. In this review, the
term “Hybrid GR” is used to represent such roofs. One of them is the green-blue roof
initially developed in Korea [1]. This is a combination of a blue roof and a green roof. A
green—blue roof is technically similar to a typical GR, with the addition of one storage layer
below the growing medium (Figure 4a). Only three papers (from the 102 reviewed papers)
studied this type of roof. These are the studies by Shafique et al. [28], Shafique et al. [29],
and Shafique and Kim [30]. This modified GR was reported to significantly mitigate urban
flooding and urban heat island phenomena. Additionally, the integration of photovoltaic
(PV) modules with GRs is a globally increasing trend among researchers. The integration
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of these two systems brings benefits in terms of both the electrical production and GR
services [31]. More precisely, the evapotranspiration process of GR plants and growing
mediums lessens the surface temperature of PV panels as well as their surrounding environ-
ment, which improves the electrical yield [32]. PV panels, which partially shade the surface
of the GR, enhance GR benefits by limiting the solar radiation and, hence, diminishing the
evapotranspiration rate of GRs [2].

Irrigation system
Substrate

Radiant pipes in substrate n
Thermal inSulation  ef— —
Radiant pipes q—,—i".’ : .

Air gap ‘—'— g . <

I\

Drainage
layer

Water storage
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Figure 4. Schematic diagram of (a) a typical green-blue roof and (b) a pilot-scale green roof integrated
with a radiant cooling system.

The other two types of hybrid GRs identified in this review are the GR—green wall
system and the integration of GRs with radiant cooling systems. The construction of a
vertical greening system along with a living roof is expected to greatly improve the Human
Thermal Comfort (HTC) and thus reduce the cooling and heating demand. Only three
papers (out of the 102 reviewed papers) considered this type of hybrid GR. Because of the
difficulties and challenges associated with carrying out such projects at a building scale,
previous studies explored the thermal behaviour of this combination in an experimental
room [33] and with pilot-scale prototypes simulating full-scale dwellings [34,35]. In ad-
dition, the present study also found two papers examining the performance of a radiant
cooling system integrated with a GR (Figure 4b). This type of hybrid GR comprises of a
water pipe system (radiant component) and a sprinkler system (evaporative component)
in its configuration [36]. It was determined that this hybrid GR performed better than
conventional GRs in terms of temperature and energy reduction [36,37].

3. Quantification of Green Roof Benefits

This section attempts to quantify the ecosystem services that a GR can provide. Figure 5
indicates that HTC improvement and runoff reduction are two GR benefits being researched
much more often than others during the last decade. Air quality improvement and noise
reduction have been studied the least, with only three and two papers, respectively, out of
the 102 papers reviewed in the present study. Additionally, further research on energy use
reduction, runoff quality improvement, and ecological, social, and economic benefits are
also required, as they were insufficiently studied with 22, 18, and 14 papers, respectively.
These findings imply an identical trend with those previously reported in the reviews of
Vijayaraghavan [2] and Shafique, Kim and Rafiq [1].
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Figure 5. The break-down of papers as per the ecosystem services provided by GRs.

The above-discussed imbalance of GR research focus results from several factors. GR
projects associated with temperature and runoff are easily carried out with the availability
of numerous monitoring devices and existing simulation models. Consequently, such
types of projects vary greatly, from indoor and outdoor experiments to model simulations.
They can be also implemented in various methods comprising full-scale GRs, small test
cells, and raised GR test beds. On the other hand, a lesser number of studies on runoff
quality could be explained by the requirements of expensive instruments and advanced
knowledge to collect and analyze water samples. Though there are 14 papers under the
category “Ecological, Social, and Economic”, only a small number of them have conducted
the cost-benefit analysis to explore the costs of a GR system during its life cycle and its
payback period. Meanwhile, fewer works have been done to study ecological and social
benefits due to the difficulties in quantifying the recovery of habitat loss, the enhancement
of urban biodiversity, and the improved human health and well-being by connecting people
to green spaces [1,3,38,39]. By contrast, noise reduction and air pollution mitigation are two
GR benefits that are receiving the least attention from researchers. This limitation could
be due to the fact that these two benefits require a complex research design and specific
knowledge relating to plant biochemistry. In particular, the amount of CO,, a primary
greenhouse gas, that is directly absorbed by GR plants is minimal in comparison with
indirect CO, reduction from the energy savings provided by GRs [21].

This review referred to the Képpen climate classification system so as to understand
the impact of climatic conditions on GR performance. This system divides the global
climate into five main groups. The first letters, including A, B, C, D, and E, represent five
types of climate: Tropical, Dry, Temperate, Continental, and Polar, respectively. To further
describe these climate types, the second and third letters help to divide them into numerous
sub-groups based on the precipitation and temperature characteristics. For instance, a sub-
group Cfa (known as a humid sub-tropical climate) has the following features: Temperate
(©), No dry season (f), and Hot summer (a). The following sub-sections give detailed
information about how each of the GR benefits have been studied during last ten years.

3.1. Runoff Reduction

GR has been well known as an effective WSUD treatment due to its capability of
holding precipitation in its layers, thus reducing stress on urban drainage systems. The
hydrological behaviours of GR vary significantly because of several factors. Among those,
rainfall depth appears to be the most influential one. The impact of rainfall depth on the GR
retention rate could be identified not only by comparing results between different papers
but also by considering individual papers. For example, cumulative rainfall retention by
GRs reached a peak of 82.9% among 46 identified papers in Table 1 because a rainfall depth
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of only 628.2 mm, ranging from 0.8 to 78.8 mm per event, was recorded during the study
period of 15 months [40]. Another high retention rate of 73% was observed in the study
of Zhang et al. [41] as only 563.7 mm of precipitation during 468 days was monitored.
Others reported a smaller amount of rainfall retained greatly by GRs due to significant
rainfall events and higher accumulated rainfall depths during the monitoring periods.
Some examples are 45.1% [22], 50.2% [42], and 51.4% [43], corresponding to cumulative
rainfall depths of 1256.3 mm (1 year), 1892.2 mm (27 months), and 481 mm (5 months),
respectively. The lowest retention rate of 11.9% in the study of Wong and Jim [44] was due
to the exposure of the GR to heavy rainfall events (more than 300 mm per event) with a
total depth of 1102.7 mm in a short study period of 10 months.

Taking runoff reduction, rainfall retention from a single event, and peak flow reduction
into account, these parameters demonstrate an identical pattern with the cumulative rainfall
retention discussed in the above paragraph. Such a hydrological GR response has been
mentioned in plenty of previous reports. Carson, Marasco, Culligan and McGillis [10] found
a downward trend in the rainfall retention rate as precipitation increases. Palermo, Turco,
Principato and Piro [22], Todorov et al. [45], Speak et al. [46], and Stovin, Vesuviano and
Kasmin [42] found that the retention performance of GRs, when analyzing all events, was
higher than the retention rate when considering only storm events. On an event-by-event
basis, Zhang et al. [47] found an average retention rate of 95%, as only small rainfall events,
ranging from 2- to 35.2-mm depths, took place during the study period. Following the
study of Todorov, Driscoll and Todorova [45] and Carpenter et al. [48], the retention rates of
95.9% and 96.8% corresponded with rainfall depths ranging between 0.76 and 44.2 mm and
2.5 to 17.8 mm, respectively. Other papers applying large rainfall volumes showed lower
retention capacities. Zhang et al. [49], Nawaz et al. [50], Hakimdavar et al. [51], Wong and
Jim [44], and Stovin, Vesuviano and Kasmin [42] are good examples. Table 1 summarizes
the hydrological performance of GRs from 45 studies. The results from this review are in
agreement with those presented in Zheng, Zou, Lounsbury, Wang, Wang and Recycling [9],
namely, that the rainfall volume retained during a single event ranges from 0 to 100% with
an average value of 62%.
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Table 1. Quantification of runoff reduction caused by green roofs.
Rainfall Depth R £ Reducti Cumulative Rainfall Retention R PdeaktF low Rainfall
Number Reference Climate Group Modelling Software Used (mm) (Rainfall unotr Seduction Rainfall Retention per Single Rainfall Si1e1 i‘:ﬁ‘;‘i‘ng:ﬁ Retention from
Intensity (mm/h)) ° %) Event (%) Egvent (%) Storm Events
Visualizing Ecosystem Land EGR: 10-15 (annual)
1 Barnhart et al. [52] Cb Management Assessments N/A N/A N/A N/A N/A
(VELMA) IGR: 20-25 (annual)
Baek, Ligaray,
2 Pachepsky, Chun, Cfaand Cwa SWWM and HYDRUS-1D N/A N/A N/A N/A N/A N/A
Yoon, Park and
Cho [27]
3 Silva et al. [53] Aw N/A (115.8 to 145.4) N/A N/A 68 to 82 59 to 81 N/A
4 Liu, Sun, Niu and Cwa SWWM 30 t0 70 27 to 42 N/A £1t075 8to31 N/A
Riley [20]
Control GR: 90
(minimum)
5 Jahanfar et al. [54] Dfa N/A less than 10 N/A N/A N/A
PV GR: 61 to 75
(minimum)
Zhang, Szota, Fletcher,
6 Williams and Cfb N/A 2t035.2 N/A N/A 89 to 95 (average) N/A N/A
Farrell [47]
. = A Richards-based
7 Sims et al. [55] Dfb numerical model N/A N/A N/A N/A 58 (average) N/A
Palermo, Turco,
P . 2 to 120, and 1256.3 16.7 to 100 13.3 t0 95.2 16.7 to 82.5
8 Pnrl})ciiga[tzc;]a nd Csa HYDRUS-1D (1 year) N/A 45.1 (1 year) (68 average) (56 average) (49.6 average)
Gong, Yin, Li, Zhang,
. 0.8 to 78.8, and 628.2 68.5 to 82.9 12.1 to 100, and (88.1
9 Wang, Fang,’Shl and Dwa N/A (15 months) N/A (15 months) t0 92.9 average) 72.3 t0 95.9 N/A
Wang [40]
. 17 to 47 and 27 to 61
Penman-Monteith (PM) model
10 Talebi et al. [56] Cfb, DwDb%bDfa, and and Hargreaves and Samani 390 to 1200 (annual) (annual, low and N/A N/A N/A N/A

(HS) model

high water-use
plants, respectively)
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Table 1. Cont.
Rainfall Depth R £f Reducti Cumulative Rainfall Retention RPdeaktF low Rainfall
Number Reference Climate Group Modelling Software Used (mm) (Rainfall unott Seduction Rainfall Retention per Single Rainfall S.e ilcll{or.l l:f’elrl Retention from
Intensity (mm/h)) ’ (%) Event (%) mgle S Storm Events
Event (%)
11 Ferrans et al. [57] Cfb N/A 600 to 1200 (annual) N/A N/A 85 (average) N/A N/A
Todorov, Driscoll and 75 t0 99.6
12 Todorova [45] Dfb N/A 0.76 to 44.2 N/A N/A (95.9 average) N/A 89 (average)
13 Shafique et al. [58] Dwa N/A (50 to 100) N/A N/A 10 to 60 N/A N/A
Zhang, Szota, Fletcher,
14 Williams, Werdin and Cfb N/A 563.7 (468 days) N/A 73 (468 days) N/A N/A N/A
Farrell [41]
15 Johannessen et al. [59] Cfb, Dfb, and Dfc N/A 970 to 3110 (annual) N/A 11 to 30 N/A 65 to 90 (average) N/A
. 0.1 to 100 8.7 to 100
16 Soulis et al. [60] Csa HYDRUS-1D 13.9 to 74.2 (42.8 average) N/A N/A (70.2 average) N/A
cold and wet climate:
17 (annual)
Cfb, Cfc, Dfb, Water balance model and
17 Johannessen et al. [61] and Dfc Oudin Etmodel N/A N/A N/A N/A N/A
warm and dry
climate: 58 (annual)
18 Brunetti et al. [62] Csa HYDRUS-1D 431 (2 months) 25 (2 months) N/A N/A N/A N/A
Carpenter, Todorov,
19 Driscoll and Dfb N/A 25t017.8 N/A N/A 96.8 (average) N/A N/A
Montesdeoca [48]
20 Shafique, Lee and Dwa N/A (60) (maximum) 67 N/A N/A N/A N/A
Kim [28]
21 Shaﬁ%‘;' [I;)I]“ and Dwa N/A (90) (average) 70 to 100 N/A N/A N/A N/A
22 Karteris et al. [63] Csa Regression less than 96.7 N/A 45 (average) N/A N/A N/A
23 Cipolla et al. [64] Cfa SWMM 02t041.6 N/A N/A 6.4 to 100 N/A N/A
P . - . (51.9 average)
24 Beecham and Csa N/A 115 t0 56 N/A N/A 51 to 96 (average) N/A N/A

Razzaghmanesh [25]
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Table 1. Cont.
Rainfall Depth Runoff Reducti Cumulative Rainfall Retention RPdeaktF low Rainfall
Number Reference Climate Group Modelling Software Used (mm) (Rainfall unott Seduction Rainfall Retention per Single Rainfall S.e uction pert Retention from
A o o o ingle Rainfall
Intensity (mm/h)) (%) Event (%) Event (%) Storm Events
EGR: 13.8 to 34.4
Leeetal. [65 A . . A A A A
25 ee et al. [65] Dwa N/ 8.5 to 42.5 Semi-IGR: 42.8 N/ N/ N/ N/
t0 60.8
Zhang, Miao, Wang,
. 2.5t0 84.8, and 35.5 to 100
26 Liu, iléutﬁh&g,] Sun Cfa N/A 1116.5 (annual) N/A 68 (annual) (772 average) N/A N/A
0.03 m substrate: 0 to
827 (15 months) N/A 000 (83 average). N/A
to 100 (89 average)
27 Versini et al. [66] Cfb SWMM and Regression Simulated Roof: 10 N/A N/A Simulated Roof: 10
to 100 (85 average) / to 100 (85 average)
10.6 to 112.8 N/A
Simulated Basin: Simulated Basin:
14.4 to 53.9 N/A 17.4 to 38.7
(25.2 average) (35.6 average)
i 17 to 100
28 Yang et al. [67] Dwa Regression and HYDRUS-1D 1.8 to 190.4 N/A 38 (4 months) (78 average) N/A N/A
29 Harper et al. [68] Cfa Water Balance Model less than 50 60 (9 months) N/A N/A N/A N/A
Nawaz, McDonald and . 3.6 to 100
30 Postoyko [50] Cfb Regression 1to 84 N/A 39.4 (20 months) (66 average) N/A N/A
. .6 to 344. d 11.9 to 14.1
31 Wong and Jim [44] Cwa N/A 1?062_70(3{0 nfé)?lrtlhs) N/A (10 ?n(())nths) 38.9 to 45.3 (average)  40.6 to 58.3 (average) N/A
EGR: 74 (average) EGR: 61.5 (average)
52 Razzaghmanesh and Csa N/A 4.92 ;o 1(;0.2, and N/A N/A N/A
Beecham [69] 67.8 (2 years)
IGR: 88.6 (average) IGR: 70.3 (average)
Hakimdavar, Culligan,
. . vl less than 20, 20-40, Average: 85, 48, and Average: 89, 62, and
33 Finazzi, Bagox)tlnl and Cta HYDRUS-1D and more than 40 N/A N/a 32, respectively 51, respectively N/A
Ranzi [51]
34 Mickovski et al. [70] Cfb N/A N/A N/A N/A 69 (average) N/A N/A
Speak, Rothwell, 22 to 100 36.58 to 73.22, and
3% Lindley and Smith [46] Cfb N/A less than 56.08 N/A N/A (65.7 average) N/A 51.2 (average)
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Table 1. Cont.
Rainfall Depth Runoff Reducti Cumulative Rainfall Retention RPdeaktF low Rainfall
Number Reference Climate Group Modelling Software Used (mm) (Rainfall unott Seduction Rainfall Retention per Single Rainfall Sifl ilecll{grilnl:f):lrl Retention from
Intensity (mm/h)) ’ (%) Event (%) Egv ent (%) Storm Events
Carson, Marasco,
36 Culligan and Cfa Regression 0.25 to 180 N/A 36’(%7’ 2;51 61 3 ;?1(110200’ ?ot(i(}(()) 0, N/A N/A
McGillis [10] y
37 Nagase a[r71<1:l]Dunnett Ctb N/A N/A N/A N/A N/A N/A N/A
38 Stovnﬁ’a\sﬁiﬁlv[li?]o and Cfb Regression 1892.2 (27 months) N/A 50.2 (27 months) 0to 100 (70 average) 60 (average) 0 t(zalggrlaagne()i 43
39 Qin et al. [72] Af N/A 18 N/A N/A 114 65 N/A
Heavy: (340) Heavy: 56 (average)
Buccola and
40 Csb N/A N/A N/A N/A N/A
Spolek [73 L
polek [73] Medium: (30) Medium: 64
(average)
4 8.5t032.5
41 Beck et al. [74] Csb N/A (74) N/A N/A (211 average) N/A N/A
) g;ﬁ‘;;f [‘f;‘]i Dfa Water Balance Model 481 (5 months) N/A 51.4 (5 months) N/A N/A N/A
Low water-use
plants: 29, 100, and

28 (annual,

respectively)
43 Roehr and Kong [75] Cfb, Csb, and Cfa Water Balance Model 1200, 380.5, and N/A N/A N/A N/A

1219 (annual) Hi
igh water-use
plants: 58, 100, and

55 (annual,

respectively)
44 Voyde et al. [76] Cfb N/A 1093 (1 year) N/A 66 (1 year) 82 (average) 93 (average) N/A

y y y g g
Laboratory test: (108 Laborazgrg;test: 52 . .

45 Palla et al. [77] Cfa N/A to 194). Field N/A N/A Field experiment: 44 N/A

experiment: 8
to 138.2

Field experiment: 0
to 100 (51.5 average)

to 100 (83.3 average)
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In order to make a proper comparison between different climatic locations, some pa-
pers simulated GRs with identical configurations to identify their hydrological behaviours
in various weather patterns. Talebi, Bagg, Sleep and O’Carroll [56] recognized the best
performance of GR in Regina (Dfb) and Calgary (Dwb), which received the least precipita-
tion (390 and 420 mm, respectively) among six studied Canadian cities, whereas the worst
performance was observed in Halifax (Dfb), which had an average annual precipitation
of 1400 mm. In the study of Johannessen, Muthanna and Braskerud [59], a GR in Bergen
(Ctb) with 3110 mm of annual precipitation could retain total rainfall at only 11%, whereas
the accumulated retention rate in Trondheim (Dfc) was 30%. Johannessen, Hanslin and
Muthanna [61] considered ten northern European cities. They concluded that the wettest
climate (Bergen, Cfb) showed the lowest annual retention rate of 17%; meanwhile, the
driest climate (Malmo, Cfb) achieved the highest rate of 58%.

3.2. Human Thermal Comfort (HTC) Improvement

Although GRs are an important WSUD strategy, they also help to address temperature-
and heat-related urban issues. The decrease in outer surface temperature (Ts) of a roof deck
after GR installation widely fluctuates, between around 5 °C and 40 °C, with a reduction
of 15 °C to 20 °C reported the most (Table 2 The difference in Ts between a GR and a
bare roof (ATs = T pare roof — 1s-GR) Was the highest, at 40 °C in the study of He et al. [78],
whereas Sun et al. [79] observed the smallest AT of 4.2 °C. The variation of a GRs’ thermal
response depends on many factors, such as the structural design of GRs and the thermal
properties of GR materials, and the different climatic conditions that the GR is exposed to.
However, some identical patterns, as well as noticeable discrepancies, have been identified
in this review.

More specifically, in many studies, while GRs produced the most impressive results in
hot climates, they showed the weakest impacts in cold climatic conditions. For instance,
following He, Yu, Ozaki and Dong [18], a GR reduced T by 21.7 °C and 14.4 °C in summer
and winter, respectively. He et al. [80] also reported similar results with the Ts reduc-
tion of 35 °C and 15 °C in the hottest and coldest seasons, respectively. Furthermore, in
studies considering the impact of climatic conditions on thermal performance, GRs in hot
and dry climates demonstrated the highest ATs. For example, Avila-Hernandez, Sim4,
Xaman, Hernandez-Pérez, Téllez-Velazquez and Chagolla-Aranda [19] and Morakinyo,
Dahanayake, Ng and Chow [26] utilized a computer-based tool to test the thermal effec-
tiveness of GRs in different climates. They both found that cities in hot desert climates,
which are indicated by the BWh sub-group, had the most positive results relative to those
in other locations. It was also determined that the GRs in continental climates (Dfa or Dwa)
achieved the poorest performance with regard to AT; [30,79,81]. Shanghai, China (Dfa) was
found the most-appropriate location to implement GRs, as the greatest ATs was recorded
in this city [78,80,82].

Table 2. Quantification of Human Thermal Comfort improvement by green roofs.

Surface Indoor Air Outdoor Air
Numb Ref Cli G Modelling Temperature "{{erﬁper‘ature "{{en&per'ature
umber eference imate Group Software Used Reduction—ATg eAt%c.tlf)n— eA F}lc.tlon—
(OC) pairin oalr.out
(@) “Q)
2.1 (averaged
maximum,
1 La Roche, Yeom and Csa Regression N/A compared with N/A
Ponce [36] .
insulated bare
roof)
Avila-Hernandez, Sima,
Xaman, As (Aw), Am, Maximum: 4.7
2 Hernandez-Pérez, BSh, BWh, BSk, EnergyPlus 14.5 (maximum) (upper level) and N/A
Téllez-Velazquez and and Cwb 0.9 (lower level)

Chagolla-Aranda [19]
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Table 2. Cont.

Surface Indoor Air Outdoor Air
. Modellin Temperature Temperature Temperature
Number Reference Climate Group & P! Reduction— Reduction—
Software Used Reduction—ATg AT AT..
(OC) Oamm Oall‘.Ollt
(@) “0O)
. 1 WGBT: —1.9
3 Feitosa and Wilkinson Cfa N/A N/A (nighttime) and N/A
- 8.3 (daytime)
Summer
maximum: 21.7
(daytime) and
He, Yu, Ozaki and —5.3 (nighttime
4 ® Dong 18] Cfa THERB (nighttime) N/A N/A
Winter maximum:
14.4 (daytime)
and —9.2
(nighttime)
Xing, Hao, Lin, Tan and —3 (maximum,
5 Yang [33] Cta N/A N/A nighttime) N/A
Maximum: 11.9
6 Cao et al. [83] Cfa N/A (compared to bare N/A N/A
soil roof)
7 Tang and Zheng [84] Cfa N/A 16.4 (maximum) 3.1 (average) N/A
Summer: 5.7 Summer: 0.6
average, sunn average, sunn
8 Cai et al. [85] Cfa N/A (average, sunny) _ (average, sunny) N/A
Winter: —1.2 Winter: —1.6
(average, sunny) (average, sunny)
g y g y.
Cascone, Catania,
9 Gagliano and Csa EnergyPlus 19 (maximum) N/A N/A
Sciuto [21]
Rio de Janeiro,
maximum WGBT:
8.1 (daytime) and
Feitosa and —2.8 (nighttime)
Sydney,
maximum WGBT:
12 (daytime) and
—1.2 (nighttime)
Maximum, 1.5 m
. bove: 22.6
11 Park et al. [86] Dwa Regression N/A N/A el a?/ti(r);{:) and 1.9
(nighttime)
Maximum: 6.21
(0.15 m above),
12 Lee and Jim [23] Cwa N/A 19.8 (maximum) N/A 4.7 (0.50 m above,
and 3.1 (1.5m
above)
13 Azenas et al. [87] Csa N/A N/A N/A N/A
Maximum, hot
climate, 0.7-m
substrate: 1.4
Moraki Maxi 1 (daytime) and 0.3 ~ Maximum, 1.5 m
orakinyo, aximum: (nighttime) above, pedestrian
14 Dahanayake, Ng and szhgfé,ﬂ(;wa, En%rg lﬂléfeatmd (daytlme} and 4 & level: 0.6
Chow [26] (nighttime) Maximum, cold (daytime) and
climate, 0.3-m —0.2 (nighttime)

substrate: 0.3
(daytime) and
—0.1 (nighttime)
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Table 2. Cont.

Surface Indoor Air Outdoor Air
. Temperature Temperature
Number Reference Climate Grou Modelling Temperature Reduction— Reduction—
P Software Used Reduction—ATg AT AT
(OC) Oamm Oall'.Ollt
Q) Q)
Summer
maximum: 35
A coupled heat (daz’tmﬁf) and) =5 Maximum, 0.15 m
He, Yu, Ozaki, Dong d moist nighttime above: 5
1 and Zheng [50] Ca transfer model N/A (summer) and 2
Winter maximum: (winter)
15 (daytime) and
-10 (nighttime)
2 (compared to
16 Yeom and La Roche [37] Csa N/A N/A other test cells) N/A
17 Shafique and Kim [30] Dwa N/A 5to 9 (average) N/A N/A
Rio de Janeiro
maximum: —4.1
(nighttime) and
6.2 (daytime
18 Wilkinson et al. [88] Aw and Cfa N/A N/A (day ) N/A
Sydney
maximum: —1.1
(nighttime) and
12 (daytime)
. Maximum: 34.1
19 BBevﬂacqgaxMaz'z[esoz,] Csa N/A (daytime) and N/A N/A
runo and Arcuri 9.4 (nighttime)
Maximum: 21.9 Maximum: 1.1
20 Foustalieraki et al. [89] Csa N/A (daytime) and (summer) and N/A
—1.6 (nighttime) —0.7 (winter)
. Maximum: 5
21 Boalfg,mKEgi ]and Dwa EnergyPlus (summer) and —6 N/A N/A
(winter)
2 Gagli The Design . .
agliano et al. [90] Csa Builder software 19 (maximum) 4 (maximum) N/A
23 Shaﬁ%‘éz [Igg]“ and Dwa N/A 10 (maximum) N/A N/A
Maximum: 30 . .
o4 He, Yu, Dong and Cf N/A (free floating) and (lc\l/laa)?iﬁlel)ma.n%i 5 (maximum,
Ye [78] a 40 (air yHmS) & 0.15 m above)
conditioned) —2.5 (nighttime)
25 Tam et al. [91] Cwa N/A N/A 3.4 (maximum) N/A
. 1.89 (average)
2% Schﬁgﬁz[grz ]and Csa N/A N/A and 4.5 N/A
(maximum)
27 Chemisana and BSk N/A 14 (maxi N/A N/A
Lamnatou [93] (maximum)
g 4.2 (summer, aver-
28 Sun, Bou-Zeid, V[‘%]‘g' Dwa and Dfa PROM aged daily N/A N/A
maximum)
Maximum: 1.6 Magikl)gtég},zlf m
: ENVI-met and (Top Floor) and e
29 Peng and Jim [3] Cwa RayMan N/A 13 (Ground (roc;f;capll‘;vel)
Floor) (pedestrian level)
Ascione, Bianco,
30 deRossi, Turniand DSV CsaCfb and - prorgypyygg N/A N/A N/A

Vanoli [16]
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Table 2. Cont.

Surface Indoor Air Outdoor Air
delli Temperature Temperature
Number Reference Climate Group Modelling Temperature Reduction— Reduction—
Software Used Reduction—ATg AT AT..
€0 cn ce
Average: 3.9
31 Pandey et al. [94] Cwa N/A N/A (DBT) and 4 N/A
(WGBT)
. Compared with
32 Bl Compargd with bare soil roof: 1.1
anusa et al. [95] Cfb N/A bare soil roof: N/A (average, 0.1 m
14.9 (maximum) ab%)vle)'
. . . 0.3 m above: 1.3
33 Qin, WE; %};]ew and Af N/A alr?c.l37(??;(\llr§gme)) N/A (maximum) and
’ g 0.5 (average)
Maximum: 4.4
34 Jim and Peng [96] Cwa N/A 12.5 (maximum) N/A (0.1 m above) and
2.3 (1.6 m above)
35 Pérez et al. [97] Bsk N/A N/A N/A N/A
36 Getter et al. [98] Dfa N/A 20 (maximum) N/A N/A
37 Hui and Chan [99] Cwa N/A 4to 5 (compared N/A N/A

to non-PV GR)

Owing to the interaction between the surface temperature of the roof membrane and
the indoor environment, (Tairin), ATairin (Tairin-bare roof — lairin-GR), and ATg demonstrate
a similar behaviour. However, ATg;.in is much smaller than AT, with respect to both
magnitude and amplitude. In accordance with the data presented in Table 2, AT,jin ranged
from around 1 °C to 5 °C. The integration of GRs and green walls significantly improved
Tairin, with a maximum daytime reduction of 6.2 °C and 12 °C in Rio de Janeiro and Sydney,
respectively [88]. In alignment with Ts, the Tq;.in of a living roof was mostly reported as
warmer than that of a bare roof during nighttime and wintertime. GRs acting as a heat
source could be ideal to reduce heating demands in cold regions, but this is not the case in
hot climatic regions.

The ability of GRs to mitigate urban heat island (UHI) effects has been inadequately
examined. Of the 37 published works in Table 2, there are few papers researching the de-
crease in ambient air temperature (ATgir.out) after GR implementation. Some exceptions are
the studies by Park, Kim, Dvorak and Lee [86], Lee and Jim [23], Morakinyo, Dahanayake,
Ng and Chow [26], Peng and Jim [3], and Jim and Peng [96], as they undertook an analysis
of Tairout above a living roof and a non-living roof. Nevertheless, in addition to different
GR characteristics and study locations, they produced greatly divergent outcomes due to
the nonidentical set-ups of their measuring devices. He, Yu, Ozaki, Dong and Zheng [80]
concluded that the GR was able to reduce air temperature at 0.15 m above the roof by 5 °C
in summer and 2 °C in winter. Lee and Jim [23] set thermal sensors to monitor Tai;out
above the studied roofs at three positions, including 0.15 m, 0.5 m, and 1.5 m. Qin, Wu,
Chiew and Li [72] and Peng and Jim [3] reported values of Tyirouyt at 0.3 m and 1.2 m
above the roofs, respectively. Park, Kim, Dvorak and Lee [86] reported an outstanding
result, as ATqr.out reached a peak of 22.6 °C, whereas others observed much smaller Tair. oyt
reductions. However, it was similarly detected that a higher reduction was observed closer
to plant canopies and the greater effect of GRs occurred during the day and in summer.
Moreover, only two papers estimated AT,y oyt at the pedestrian level after growing plants
on building rooftops [3,26]. Future studies similar to that by Kohler and Kaiser [17] are
important, since they conducted a comprehensive investigation of GR performance with
regard to UHI mitigation with a 20-year monitoring period. They found that although
the ambient temperature had an upward trend due to global warming, the temperature
of the GR substrate layer remained stable with a slight decrease. Consequently, the poten-



Water 2022, 14, 68

17 of 37

tial of GRs to address the UHI effects is still optimistic, and sufficient studies need to be
undertaken with an identical approach prior to making generic conclusions.

3.3. Energy Use Reduction

In accordance with thermal reduction, GR reduces the energy that a building consumes
for cooling and heating demand. Twenty-two papers were identified in the present study
that reported varying results in terms of savings in energy use. However, some similarities
can also be observed in Table 3. All publications pointed out a higher decrease in cooling
demand than heating demand after implementation of GRs. For example, Cai, Feng,
Yu, Xiang and Chen [85] achieved an annual reduction of 11.2% and 9.3% of energy
consumption for cooling and heating, respectively. The difference was even larger in
Cascone, Catania, Gagliano and Sciuto [21]; the yearly amount of electricity consumed by
a GR-integrated building was 35% (cooling) and 10% (heating) less than a building with
a conventional roof. Moreover, these two values in Gagliano, Detommaso, Nocera and
Berardi [90] were impressive, with maximum decreases of 85% and 48% for cooling and

heating requirements, respectively.

Table 3. Quantification of energy use reduction caused by green roofs.

Energy Performance

. Modelling
Numb Ref Climate Grou
umbet elerence P Software Used Energy Heat Flux (HF) CO, Emission
Reduction Reduction—AHF Reduction
Avila-Hernandez, Sima,
Xaman, As (Aw), Am, Maximum: 99% 2.5 tons or 45.7%
1 Hernandez-Pérez, BSh, BWh, BSk, EnergyPlus (cooling) and N/A (maximum,
Téllez-Velazquez and and Cwb —25% (heating) annual)
Chagolla-Aranda [19]
Summer
maximum: 12.6
(daytime) and
. Top floor: 3.6% —3.1 (nighttime)
He, Yu, Ozaki and - 2
2 * Dong 18] Cfa THERB (cooling) and W/m N/A
6.2% (heating) . .
Winter maximum:
8.4 (daytime) and
—5.4 (nighttime)
W/m?
. . 3.1W/m?
3 Xing, H?O, Ll[rglé;ran and Cfa N/A 18% (heating) (average, heating N/A
ang |- condition)
35.5 W/m?
14.7% (average, (maximum,
4 Tang and Zheng [84] Cfa N/A cooling) daytime) and N/A
76.1% (average)
Summer: 3.7
W/m? or 50%
. . Annual: 10.13% (average,
Cai, Feng, Yu, Xiang (total), 9.3% daytime) 9.35kg/ m2 GR
5 and Chen [85] Cfa Swell BESI2016 (heating), and Wit (annual)
o ; inter:
11.2% (cooling) _75W/m? or

24.6% (average,
daytime)
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Table 3. Cont.

Energy Performance

. Modelling
Numb Ref Climate Grou
umber eterence P Software Used Ener Heat Flux (HF) CO; Emission
gy
Reduction Reduction—AHF Reduction
. Annual: 20-24%
Cascone, Catania, ~REo, 2
6 Gagliano and Csa FASST (total), 31-35% N/A 1.35 kg/m* GR
Sciuto [21] (cooling), and (annual)
ciuto 2-10% (heating)
Azenas, Cuxart, Picos,
Medrano, Simo, 48 to 86%
7 Lépez-Grifol and Csa N/A N/A (annual) N/A
Gulias [87]
Maximum.
cooling: 5.2% (hot
Morakinyo, BWh. Cfa. Cw climate, 0.7-m soil
8 Dahanayake, Ng and and é,fb 4 EnergyPlus thickness) and N/A N/A
Chow [26] 0.3% (temperate
climate, 0.3-m soil
thickness)
Average: 1.75
. A coupled heat 2
9 He;r\f;,z?éikl,[é)oc]mg Cfa and moisture N/A W/m (summezr) N/A
& transfer model and 0.87 W/m
(winter)
Foustalieraki, Annual: 15.1%
Assimakopoulos, (total), 18.7%
10 Santamouris and Csa EnergyPlus (cooling), and N/A N/A
Pangalou [89] 11.4% (heating)
Annual: 3.7%
Boafo, Kim and (total), 5.4%
11 Kim [81] Dwa EnergyPlus (cooling), and N/A N/A
2.7% (heating)
Karteris, Theodoridou, Maximum: 5% 2
12 Mallinis, Tsiros and Csa EnergyPlus (heating) and 16% N/A 3‘% trg 9.1kg/ lm
Karteris [63] (cooling) (annual)
. . Maximum: 85%
13 I\(T; aghano,dli);tomg}z};%,] Csa B .Tlge Des}ltgn (cooling) and 48% N/A N/A
ocera and Berardi uilder software (heating)
Maximum
daytime: 15 (free
14 He, Yl;, D7o§1g and Cfa N/A N/A floating) and 20 N/A
e[78] (air conditioning)
W/m?2
Schweitzer and Erell 679 kJ /m?
15 Csa N/A N/A (average) N/A
: 133 W/m?
Sun, Bou-Zeid, Wang, .
16 Zerba and Ni [79] Dwa and Dfa PROM N/A (a\;relgi%reli ?r?)ﬂy N/A
Ascione, Bianco, Bsh. Csa. Cfb, and IE/Iaxiﬁuﬁ};l%"/;
17 de’Rossi, Turni and st s]?)’fb 'a EnergyPlus wa d 7,,; aide N/A N/A
Vanoli [16] and 7% (co
climate)
. . 13.8 W/m? and
18 Pa“deYMHg‘dg‘jflya and Cwa N/A N/A 73.8% (maximum, N/A
od [94] daytime)
2.8 x 10* kWh 33.5 W/m? 27.02 tons
19 Jim and Peng [96] Cwa N/A (cooling, 484 m? (maximum, (summer, at
GR) daytime) power plant)
Pérez, Coma, Solé 3.6 to 15%
20 4 4 f Bsk N/A (cooling) and N/A N/A

Castell and Cabeza [97]

—7% (heating)
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Energy Performance
. Modelling
Numb Ref Climate Grou
tmber elerence P Software Used Energy Heat Flux (HF) CO, Emission
Reduction Reduction—AHF Reduction
Average: 167%
Getter, Rowe, Andresen
21 and Wichman [98] Dfa N/A N/A (igr/nr(n“?lrl)l taerl})d N/A
6.53 x 10* kWh
22 Hui and Chan [99] Cwa EnergyPlus (6300 m? GR, N/A N/A

annual)

In a broader context, some papers modelled buildings with vegetated roofs in various
climates to investigate the climatic influence on the energy performance of GRs. Overall,
the energy effectiveness of GRs has reported the greatest savings in hot climates and the
least savings in cold climates. Ascione, Bianco, de’Rossi, Turni and Vanoli [16] reported a
maximum reduction of 11% in warm climates, whereas 7% was estimated in cold climates.
Morakinyo, Dahanayake, Ng and Chow [26] fulfilled a comprehensive analysis of energy
reduction due to GRs with different substrate depths and climatic conditions. As expected,
GRs with a deeper substrate (0.7 m) in hot climates (BWh) outperformed GRs with a thinner
substrate (0.3 m) in temperate climates (Cfb), with respect to energy savings for cooling
at 5.2% and 0.3%, respectively. Avila-Hernandez, Simd, Xaman, Hernandez-Pérez, Téllez-
Velazquez and Chagolla-Aranda [19] brought a different perspective by investigating the
energy behavior of a residential building with a living roof in several Mexican cities. The
largest annual energy savings, of more than 90%, was recorded in cities where the cooling
demand exceeds the heating demand. In spite of the large energy reduction for cooling,
those cities consumed more energy for heating because the cooling effect of the GR was
inappropriate for low-average-annual-temperature regions (BSk and Cwb). Finally, the
simulation results suggested that GRs should be implemented in warm-climate cities (Am
and BWh), which are dominated by cooling demand.

Another parameter used in the studies is heat flux (HF), which is defined as the flow
of energy through building envelopes. Many papers considered HF because of its strong
correlation with the electricity consumption of a building. In this context, a GR acts as
an insulation layer to reduce heat flux moving into a building through the rooftop. This
reduction of energy flow (A HF = HF,1e roof — HFGR) is in agreement with the ATqin
already discussed earlier. More accurately, AHF was greater during daytime and hot
summers than that during night-time and cold winters. There was a decrease of more than
50% in HF passing through the roof deck under a GR as compared to a conventional roof.
The AHF in Getter, Rowe, Andresen and Wichman [98] reached an average of 167% in
summer, but only 13% in winter. In the study of He, Yu, Ozaki, Dong and Zheng [80], GRs
lessened HF by 1.75 W/m? and 0.87 W/m? in summer and winter, respectively.

Few studies investigating building energy reduction due to GRs also studied the
reduction of cardon dioxide (CO;) concentration caused by a reduction in energy use.
In addition to the direct CO, absorption by GR plants, the indirect removal of CO; is
caused by the energy savings. The calculation of CO, indirectly absorbed by GR vegetation
was mostly based upon the emission factor and the amount of energy saved by the GR
installation. Karteris, Theodoridou, Mallinis, Tsiros and Karteris [63] concluded that the
implementation of a GR at the municipality level of Thessaloniki city could reduce 65,000
tons of CO, yearly. Furthermore, the CO; reduction generated by 50% of the building
blocks in the city corresponds to the 50-acre forest plantation. Simulation results from Avila-
Hernandez, Sima, Xaman, Hernandez-Pérez, Téllez-Velazquez and Chagolla-Aranda [19]
show that applying GRs could save up to 45.7% of CO; annually in Chetumal, which has a
high cooling demand. In Wuxi, China, with a humid, subtropical climate (Cfa), each square
meter of a GR could reduce 9.35 kg of CO; per year [85].
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3.4. Runoff Quality Improvement

In addition to runoff reduction, improving runoff quality is another ecosystem service
provided by this WSUD strategy. However, this benefit requires further research due to
the significant variation among the published results. Globally, researchers are trying to
determine whether GRs enhance or degrade the stormwater quality. Several authors have
been in agreement, with a conclusion that the runoff quality from GRs is strongly affected
by the substrate composition (organic content), substrate depth, GR age, maintenance
frequency, and fertilizing methods [1,2]. No standards exist for regulating the runoff
quality from GRs [100]. Therefore, the vast majority of papers on runoff quality in this
review used fresh-water standards from the American Public Health Association (APHA)
and the United States Environmental Protection Agency (USEPA). A few papers used local
guidelines to examine GR outflows, such as Razzaghmanesh et al. [101], with Australian
drinking water guidelines and the South Australian Environment Protection Authority’s
policy on water quality.

Findings from 17 identified studies demonstrate the difference in GR performance
associated with runoff quality. GRs performed inconsistently with different types of
pollutants and GR systems. Gong, Yin, Li, Zhang, Wang, Fang, Shi and Wang [40] found
that GRs reduced the loads of pollutants such as total phosphorus (TP) and total nitrogen
(TN), but increased the load of chemical oxygen demand (COD). In contrast, different
GR modules in Ferrans, Rey, Pérez, Rodriguez and Diaz-Granados [57] were effective for
neutralizing the pH of rainwater, but were unsuccessful in absorbing most of the runoff
pollutants, including TP, TN, and several metals. The majority of GR systems identified
in this review were reportedly capable of increasing pH values of roof runoff to around
8, a neutral value. Rainwater tends to be acidic, with average pH values of less than 5.6,
and hence the neutralization of rainwater by GRs is an environmental benefit that prevents
acidic runoff from flowing to receiving water bodies [102,103]. Harper, Limmer, Showalter
and Burken [68] detected significant nutrient loads in GR discharge with a decreasing trend
of concentration during the monitoring period. Zhang, Miao, Wang, Liu, Zhu, Zhou, Sun
and Liu [49] found that GRs washed out ammonium nitrogen, total suspended solids (TSS),
and fluoride anions, but was a source of the remaining pollutants. Additionally, the GR in
the study by Vijayaraghavan and Raja [100] acted as a sink for all examined heavy metal
ions during both un-spiked and spiked artificial rainfall events, whereas the GR was a
source of all pollutants in the study by Beecham and Razzaghmanesh [25].

Among abovementioned variables, the composition of GR growing media and the
use of fertilizers were found linked the most to the quality of GR runoff. For example,
Beecham and Razzaghmanesh [25] pointed out that the outflows from GRs with higher
organic matter had higher pollutant concentrations. The lower concentrations of TP and
TN in the study of Gregoire and Clausen [43], as compared to other studies, were explained
by the slow-release fertilizer, expanded shale, and biosolids media with a high sorption
rate of pollutants. Zhang, Miao, Wang, Liu, Zhu, Zhou, Sun and Liu [49] stated that a
high concentration of TN in GR discharge could result from the substrate used, which
had a nitrogen-rich content. Harper, Limmer, Showalter and Burken [68] observed a
greatly noticeable nutrient load in GR runoff due to the excessive nutrients contained in
the substrate construction materials. All studied EGR modules of Gong, Yin, Li, Zhang,
Wang, Fang, Shi and Wang [40] acted as a sink of TP and TN, but a source of COD. The
significant release of COD had a strong connection to the substrate layer, as it contained
plenty of turfy soil which had high contents of organic matter. Moreover, the pollutant
loads of TP and TN in GR outflows were negligible because of no addition of nitrogen and
phosphorus fertilizers.

Aside from the substrate materials and fertilizing practices, researchers also studied
other factors potentially correlating to GR runoff quality. For example, Razzaghmanesh,
Beecham and Kazemi [101] found that EGRs outperformed IGRs in terms of runoff quality
because the thinner substrate of the EGRs restricted its capacity to leach pollutants from
the soil media. The concentration of pollutants was the highest at the beginning of the GR
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operation and consecutively decreased until the end of study period, which is consistent
with the finding of Harper, Limmer, Showalter and Burken [68]. Beecham and Razzagh-
manesh [25] compared various types of roofs, including non-vegetated and vegetated beds
of EGRs and IGRs. They concluded that non-vegetated EGRs and vegetated IGRs were
more effective than non-vegetated IGRs and vegetated EGRs, respectively. While the for-
mer was due to the shallower substrate, the latter was from the plant uptake. The authors
also highlighted the important role of vegetation in the pollutant removal efficiency. In
addition, temperature was similarly reported in Buffam et al. [104] and Carpenter, Todorov,
Driscoll and Montesdeoca [48] to be linked with the concentration of nutrients in the GR
discharge. The quality of stormwater passing through GRs varied seasonally, with the
highest concentration during the growing season and the greatest retention during the
non-growing season. The mechanism behind this seasonal variation was that the higher
temperature in the growing season was promoting the mineralization process in the soil
media of the GRs.

3.5. Ecological, Social, and Economic Benefits

One of the biggest challenges confronting the application of GRs is the high installa-
tion costs and other costs arising from its operation. Although it is commonly understood
that a GR system requires a considerable investment, it provides promising monetary
savings after a short payback period as compared to conventional roofs [105]. The finan-
cial factor plays an important role in the successful acceptance of GRs since it facilitates
approvals from policy makers, investors, and property owners. Therefore, the interest of
researchers has also been directed towards economic benefits from the implementation of
GRs. For instance, Avila-Hernandez, Sima, Xaman, Hernandez-Pérez, Téllez-Velazquez
and Chagolla-Aranda [19] made an economic evaluation by considering the electricity
and irrigation costs. Their GR in the city of Hermosillo, Sonora could provide a return
on investment after only 8.8 years. Cai, Feng, Yu, Xiang and Chen [85] studied the eco-
nomic benefit of GRs by converting the GR ecosystem services into monetary values. More
specifically, they took into account the carbon sequestration, oxygen release, air pollution
mitigation, rainwater management, and energy savings. The computed net present value
(NPV) showed that a GR could become profitable from the 10th year after its installation.
With nearly identical variables, Cascone, Catania, Gagliano and Sciuto [21] performed
an economic assessment based on an actual circumstance with a tax deduction of 65%,
provided by Italian laws, for GR installation costs. The results show that the payback period
varied according to drainage materials and vegetation types. They were 13.4 years for
sedum with perlite and 17.9 years for salvia on rubber crumb. On the contrary, some works
reported opposite results. In the study of Ascione, Bianco, de’Rossi, Turni and Vanoli [16],
cool roofs were preferable with respect to economic benefits. By analyzing the watering
and energy costs, GRs required more than 100 years to cover the investment cost. GR costs
were even impossible to be paid in some locations. Another study of Berto et al. [106]
supported the economic effectiveness of cool roofs over GRs from the private investors’
point of view. The contradictory conclusions from the cost assessments are attributed to two
facts. The first is the limitation of efforts made to analyze the GR costs, so the knowledge
about this GR benefit is not comprehensively understood [2]. The second constraint is the
difficulty in quantifying some of the GR ecosystem services, which makes the life-cycle
assessment of GR difficult to be justified [1]. Consequently, further studies involving as
many GR advantages as possible in the cost-benefit analysis are required prior to making
final conclusions. Regardless of all discussed uncertainties, GRs are still believed to be
much more superior to other roof types. Berto, Stival and Rosato [106] suggested that
without counting the unquantifiable benefits, it was sensibly deduced that GRs could bring
huge profits as compared to cool roofs. Vijayaraghavan [2] maintained that the likelihood
of profits from a GR system could overcome all of its weakness and losses.

GR is able to promote the urban ecology by attracting wildlife species and restoring
the habitat loss caused by urban development [2,3]. Additionally, GR offers numerous
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social benefits that are advantageous for human health and liveability. The reduction of
heat stress, noise pollution, and air pollution play a crucial role in improving human health
and well-being. Furthermore, the green spaces generated by GRs improve urban aesthetics
and establish recreational activities in urban areas, thus improving social connectivity [1].
Although the ecological and social benefits of GRs are foreseeable, research on them has
been insufficient. This is in conformity with a small number of relevant papers identified in
this review. The difficulty in measuring such benefits is an explanation for such limited
research. The following attempts are noteworthy in this direction. Kratschmer, Kriechbaum
and Pachinger [24] studied the correlation of the diversity and abundance of wild bees with
GRs. They found that wild bee species were positively affected by floral resources and finer
and deeper substrates. Rumble et al. [107] investigated the presence of microarthropods,
bacteria, and fungi in GR materials. They observed their survival and the independent
colonization during eleven months after the construction of the GR. The species existing
in GRs were found linked to both GR construction components and natural communities.
Mycorrhizal fungi, which is beneficial for the uptake of nutrients by the plants, was
suggested to be commercially added to GR construction. Maclvor and Lundholm [38] also
detected the existence of a broad range of insects from five studied IGRs. This finding could
encourage the idea of using GRs to improve urban biodiversity. Whittinghill et al. [108]
researched the potential of the social benefits of GRs by calculating the food production by
EGR plants. Tomatoes, beans, cucumbers, basil, and chives were chosen, and they survived
and produced an adequate yield. This horticultural method, which is well known as a
part of urban farming, is a promising strategy to address critical social issues such as food
security and job opportunities.

3.6. Air Quality Improvement

GRs bring benefits to the air quality in two distinct ways. The first way is the indirect
reduction of CO; emission from energy savings, which has been already discussed in an
earlier section. The second way is through the stomata of GR vegetation to remove this
greenhouse gas from the atmosphere [109]. In addition to CO,, GRs are capable of capturing
several air pollutants, consisting of O3, NO,, PMjy, and SO,. However, CO, has attracted
the most attention of researchers. This review found only three papers studying this
benefit provided by GRs. This small number is not likely to represent all works completed;
however, it could partially reflect the limitation of efforts and interest in this research area.
For instance, the large-scale application of GRs in Thessaloniki led to a CO, sequestration
rate of 3951.52 tons per year, and a total annual CO; saving of 12,441 tons [63]. The ability of
sequestrating CO, depends on the selection of GR plants, and it was determined that spices
and aromatic plants outperformed grasses. However, this reduction was not considerable
as compared to a year-round CO; saving of 65,000 tons by reducing the air-conditioning
demand. GRs contribute to diminishing the CO, emission by consuming the air pollutants
from the atmosphere; nevertheless, this is minimal, relative to the indirect reduction from
energy savings [21]. Another study performed by Baraldi et al. [110] examined the GR
capability of capturing the air pollutants. They conducted a holistic analysis concerning
the physiological features of fifteen GR species comprising shrubs and herbaceous plants.
The results reveal that the capacity of mitigating the air pollution varies according to
the specific species. Furthermore, all tested species were also found favorable for urban
sustainable development as they are not likely to form ozone. Li et al. [111] adopted a
mixed methodology to research the effect of GRs on the fluctuation of CO, concentration
in the ambient atmosphere. According to the field measurement, chamber experiment,
and computer simulation, the authors stated that a GR had a large potential to reduce
CO, emission by up to 2% on a sunny day. They also concluded that the CO, absorbing
rate greatly depends on the condition of GR plants, sunlight intensity, wind velocity, and
GR position.
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3.7. Noise Reduction

Another ecosystem service of GR is to establish an acoustic barrier confronting the
sound transmission from the outdoor environment to a building. Noise from vehicles and
other anthropogenic activities influencing human health and well-being is regarded as
noise pollution. GR functions as an additional sound insulation layer as well as an absorber
of sound waves passing through the building envelopes. In this review, only two papers
were found to investigate this GR benefit. Connelly and Hodgson [112] conducted both
a field experiment and a purpose-built field laboratory to investigate the loss of sound
transmission through vegetated and non-vegetated roofs. As expected, the difference
in sound transmission between the conventional roof and the GR was up to 10, 20, and
more than 20 decibels (dB) in the low-, mid-, and high-frequency ranges, respectively. It
was also noted that the thicker substrates and the deeper-root plants enhanced the noise
reduction, whereas the substrate moisture content caused no major changes. Following
Yang et al. [113], they computed the noise reduction at street level by installing a GR on a
low-profiled structure. The results show that a GR could successfully attenuate the sound
annoyance level by up to 9.5 db. Moreover, the substrate type and depth were found to be
not as important as the whole GR system in terms of traffic noise mitigation. Similar to the
air quality improvement, this review identified a very small number of papers associated
with the noise reduction. Therefore, it could be reasonably deduced that this research area
needs more attention.

4. Discussion
4.1. GR Types

As can be seen in Figure 3, the number of papers applying EGRs are 67 times more
than those applying IGRs and SIGRs. It is well known that EGRs have plenty of advantages
that have led to their widespread implementation. On the contrary, the implementation
of IGRs faces many challenges, as they require high structural load bearing capacities
and high amounts of maintenance. However, with the consideration of the capability of
providing ecosystem services alone, IGRs remarkably outperform EGRs. It is also worth
noting that SIGRs appear to have a combination of advantages taken from both EGRs and
IGRs. Their growing media are thinner and lighter than that of IGRs, and they support
a broader range of appropriate plants than what EGRs can. Therefore, SIGRs not only
eliminate the disadvantages of IGRs and EGRs but also optimize the GR benefits. Further
research should study the potential of intensive and semi-intensive types of GRs, so that
they are not disregarded. More efforts to explore alternative materials for light-weight GR
systems are also encouraged.

Attempts to establish hybrid GR-based experiments were found to be negligible
in this review. Such hybrid GRs are highly recommended because of the encouraging
results achieved by them. For example, Hui and Chan [99] found that the Ts of a hybrid
photovoltaic GR (PV GR) was 5 °C cooler than that of a traditional GR, due to the shading
effect of the PV panels. An increase of 4.3% in power output from the PV panels also
resulted from this combined system. Another example of the enhanced performance of
hybrid GRs is provided by Chemisana and Lamnatou [93]. They found a maximum AT
of 14 °C as well as a maximum increase of 3.33% in solar energy from the PV system.
Yeom and La Roche [37] evaluated the combination of a GR and a radiant cooling system
by setting up various test cells. They found a 2-°C lower temperature inside the cell
with a GR and radiant pipes as compared to GRs with and without an insulation layer.
Additionally, the combination of GRs and green walls provide outstanding thermal and
energy reductions as compared to stand-alone GR systems [33-35,88]. In an attempt to
improve the runoff retention rate, a system integrating GRs with blue roofs was developed
and the runoff outflow rates from the green-blue roof and a control roof were 0.1 L/s and
0.3 L/s, respectively, in the study by Shafique, Lee and Kim [28]. It is worth noting that
the outflows from the green-blue roof only occurred a few hours after the beginning of a
rainfall event, which helps to alleviate the stress on the urban drainage system.
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4.2. GR Benefits

As mentioned in previous sections, urban heat mitigation and runoff reductions have
been found to be the most-studied GR benefits. On the other hand, the mitigation of air
pollution through the direct CO, sequestration of GR plants is a GR benefit that has been
inadequately investigated. A barrier to undertake research on this GR benefit is the limited
options for the vegetation layer. While EGR keeps receiving the most attention during
the last ten years due to several advantages, shallow-root plants in EGRs have a smaller
capacity to capture gaseous pollutants and dust particles in the atmosphere [1,2]. Large
plants, such as trees with deep roots, could absorb greater amounts of air pollutants, but
face many challenges in GR construction and operation during its lifespan. Other than
that, the insignificant quantity of CO, sequestrated by GR plants could be an explanation
for their lesser preference among researchers. Last but not least, the simplest way to
conduct such projects is by utilizing the factor values already computed in the literature,
which could not produce dependable results. Otherwise, the investigation of this benefit
(reduction in air pollution) requires a complex experimental set-up and specific knowledge
about the phytology of plants.

Noise reduction is also inadequately researched due to various constraints. One of
them could be attributed to the fact that a GR system can only lessen the noise transmitted
from traffic into the indoor environment if it is installed on a low-rise building [2]. Along
with the rapid urbanization and population growth, multi-storey buildings are being
constructed. Consequently, the GRs of both existing and new buildings are positioned
far away from the ground level. This reduces the possibility of the application of GRs
for noise reduction. Another difficulty could be the lack of standards for measuring the
sound transmission through roofs [112]. Moreover, methods for testing the transmission
loss are mainly developed for other building components, such as interior walls and
exterior facades.

Finally, other GR benefits relating to runoff quality, the ecosystem, and social and
economic benefits have been researched more often than the mitigation of noise and air
pollution. However, they are still in experimental stages due to various constraints. For
example, the question of whether GRs improve or degrade the runoff quality should be
properly answered before proceeding to implementation. Additionally, the cost-benefit
analysis of GRs pointed out remarkable long-term savings, and many experts have con-
firmed that the GR benefits outweigh their potential costs. Nevertheless, numerous im-
portant benefits were not considered in the economic evaluation because most of them
are difficult to convert into monetary values. Consequently, this hinders researchers from
carrying out such projects. Hence, future studies are suggested to be conducted with a
well-designed approach.

4.3. Innovative GR Construction Techniques and Materials

In spite of unsolved issues, the potential of GRs remains remarkably huge. Considering
only the GRs’ capability of providing ecosystem services, most studies illustrate positive
outcomes. In order to facilitate the widespread implementation of GR, it is suggested
that future studies should be directed towards identifying optimal GR designs to satisfy
not only the ecosystem services provided by GRs but also their affordability for installing,
operating, and maintaining. According to the literature review, it was determined that there
exist attempts to explore alternative GR materials. Some of them succeeded to enhance
the GR benefits. For example, Carpenter, Todorov, Driscoll and Montesdeoca [48] obtained
a noticeable averaged retention rate of 96.8%, which exceeded the previously-reported
values mainly due to the application of an effective drainage layer. Another high retention
rate from Todorov, Driscoll and Todorova [45] was also a result of a drainage design
that was never applied in other studies. Altering the substrate composition by adding
biochar improved both the retention capacity and quality of the GR discharge [74]. On
the other hand, the application of modelling software to simulate GR performance was
observed during the last decade. Though the accuracy of simulation results compared well
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with actual field data, their application for the large-scale implementation of GRs is still
negligible. The costs and benefits of large-scale implementation of GRs need to be clear to
authorities and stakeholders, such as building owners, builders, and developers. Therefore,
this is a recommendation for future research studies.

4.4. Inconsistent Impact of Parameters on GR Performance

It is not challenging to find studies on the benefits of GRs relating to UHI mitigation
and energy reduction. These two benefits of GRs are quite apparent during the period of
the strongest solar radiation (SR). Conversely, they are less desirable at night and in cold
weather conditions. Moreover, seasonal and daily thermal behaviours of GRs are even more
complicated. He, Yu, Ozaki and Dong [18], He, Yu, Ozaki, Dong and Zheng [80], Bevilacqua,
Mazzeo, Bruno and Arcuri [82], and Foustalieraki, Assimakopoulos, Santamouris and
Pangalou [89] found a higher Ts of GRs than that of traditional roofs at nighttime in both
hot and cold seasons. Additionally, although the maximal Ts reduction in winter is not
as impressive as that in summer, AT still remains positive during winter daytime. Those
research outcomes are contrary to others’ findings. More precisely, the Ts of a non-vegetated
roof was higher than that of a GR at night-time, following Morakinyo, Dahanayake, Ng
and Chow [26] and Cascone, Catania, Gagliano and Sciuto [21]. A warmer roof deck
underneath the GR was observed in winter at daytime, following Boafo, Kim and Kim [81]
and Cai, Feng, Yu, Xiang and Chen [85]. A combined effect of great heat storage and
thermal inertia of GR components is likely to explain a warmer skin temperature of outer
roof decks at night [18]. Oppositely, Cascone, Catania, Gagliano and Sciuto [21] stated that
the evapotranspiration process allows GRs to release the heat accumulated during a hot
summer day, which helps to maintain a lower T of a GR at night. The negative AT at
night during summer could lead to a higher cooling demand, though this is preferable to
save the electricity for heating during cold seasons. On the other hand, attempts to study
this topic have not yet been made. Consequently, solutions from future research are needed
to avoid any unexpected impacts of GRs.

Among many attempts to study the HTC improvement, the vast majority of them
analyzed the indoor dry-bulb temperature (DBT), which is also known as air temperature.
On the other hand, the wet-bulb globe temperature (WBGT), which is a combined effect
of air temperature and relative humidity, has received less attention. Human discomfort
is primarily affected by WBGT and, hence, this variable should be involved in future
works (rather than simply analyzing DBT). Moreover, the studies about whether the Ty;;.in
improved due to the construction of GRs has been limited. Though energy savings after GR
installation has been generally agreed upon, it is worthwhile to investigate the possibility
of a GR-based passive-cooling system.

Another noteworthy finding is the differences in the experimental setups of measuring
devices from one study to the other. It is understandable that the position of measuring
devices strongly depends on the specific research aims. However, this review suggests that
future research needs to apply consistent measurements for accuracy of result comparisons
and performance evaluations between different studies. For example, this review detected
a difference in the height of sensors for measuring the air temperature above the plant
canopy. Additionally, previous studies published AT values with various positions of
thermal sensors. The explanations for those chosen sensor positions are also missing. In
order to properly understand the effects of GRs, an adequate number of studies with
identical and appropriate experimental designs are required.

Palermo, Turco, Principato and Piro [22] and Gregoire and Clausen [43] stated that the
inconsistency in published runoff reduction was due to differences in the catchment size,
the length of the study period, the data-analysis approach, and the hydraulic characteristics
of the GR materials. Nevertheless, no consensus about how those variables influence the
GR capability of reducing runoff have been reached yet. For example, Zhang, Miao, Wang,
Liu, Zhu, Zhou, Sun and Liu [49] and Razzaghmanesh and Beecham [69] highlighted the
importance of an antecedent dry weather period (ADWP) in the retention capability of
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GRs. In contrast, Zhang, Szota, Fletcher, Williams and Farrell [47], Ferrans, Rey, Pérez,
Rodriguez and Diaz-Granados [57], and Hakimdavar, Culligan, Finazzi, Barontini and
Ranzi [51] concluded that the substrate storage capacity and initial substrate moisture
content were more related to the retention performance, whereas the impact of ADWP
was negligible. They also found that the selection of high water-use plants, followed
by the high evapotranspiration (ET) rate, was not as important as the substrate type.
In contrast, Johannessen, Muthanna and Braskerud [59] raised another debate, as they
reported opposite results as the ET process made greater variations in GR performance
than different GR configurations did. Kaiser et al. [114] highlighted the importance of ET
by applying some solutions to increase the rate of ET. Such disputes could be resolved with
extensive knowledge acquired from future works. Furthermore, Sims, Robinson, Smart
and O’Carroll [55] maintained that the high retention rates in some studies resulted from
the inclusion of rainfall events generating no runoff (100% retention) in the data analysis.
This review recommends that all future research should apply a precipitation threshold to
exclude small events with no discharge from GRs so that a proper conclusion about the
runoff retention capacity of a GR system could be reached.

5. Conclusions

Among numerous WSUD strategies, GRs are a popularly used practice implemented
to deal with the adverse impacts of climate change and to tackle various issues arising
from rapid urbanization and increases in population. This paper reviewed a broad range of
GR literature investigating all ecosystem services that a GR system can provide. They are
HTC improvement, energy saving, runoff reduction, runoff quality enhancement, noise
reduction, air quality improvement, and ecological, social, and economic benefits. This
review aimed to provide readers with in-depth knowledge of GR performance during the
last 10 years through the quantification of the provided benefits.

The key observations, conclusions, and recommendations that are provided on the
basis of this study are as follows:

(a) Countries such as the USA and various European countries have implemented GRs
quite popularly. This review also indicates that China is also taking up GRs in a big
way. GRs have not been popular in developing countries due to a lack of local research
about the methods for constructing GRs and their benefits. The high initial cost of
construction is also a constraint in developing countries.

(b) Animbalance of GR research focuses was identified, wherein Human Thermal Com-
fort and runoff-related benefits were well researched when compared to other benefits.
At the same time, further studies need to be undertaken on inadequately studied GR
benefits, such as reduced noise and air pollution.

(¢) It was found that EGR has been more commonly implemented because of numerous
advantages over other types of GR. However, if only the capability of providing
ecosystem services is considered, IGRs very clearly outperform EGRs. On the other
hand, the intermediate type of GR, namely SIGRs, appear to have a combination of
advantages taken from both EGRs and IGRs.

(d) The effectiveness of hybrid GRs was clearly observed as compared to traditional
GRs. The main hybrid GRs identified in this review include photovoltaic GRs, green—
blue roofs, GRs integrated with radiant cooling systems, and GRs combined with
green walls. However, further studies to quantify the benefits of hybrid GRs are
recommended.

(e) Itis recommended that future studies are undertaken to improve upon well-known
GR benefits by discovering more innovative GR construction techniques and materials.
Further studies are also recommended to explore GR components that are economical
as well as environmentally friendly.

(f) The impact of key influential GR parameters (e.g., substrate type and their water-
holding capacity, the type of plants, and evapotranspiration rate, etc.) on its perfor-
mance was continually highlighted in this review. Many studies reported contradic-
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tory outcomes on varying some of these parameters, and hence, further studies are
recommended.

(g) Inspite of the existence of reliable modelling tools, their application to study the large-
scale implementation of GRs (at a city-wide scale, catchment scale or municipality
scale) has been restricted. As a result, more research and studies are necessary to
transform the GR concept into one of the widespread and popularly used WSUD
strategies.

(h) Recommendations to address GR limitations and obstacles in taking up GRs have
been identified in this literature review.
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Appendix A

Table Al. An overview of green roof papers reviewed in this study.

Number Reference Country Type of GR GR Benefit Type of Modelling
Barnhart, Pettus, Halama, McKane, EGR!
1 Mayer, Djang, Brookes and USA Runoff Reduction Model simulation
Moskal [52] IGR 2
2 Liuetal. [115] China SIGR 3 Iﬁilr}lﬁg\%;aggty Field experiment
3 Feitosa and Wilkinson [35] Australia GR and Green Wall HTC* Improvement Field experiment
4 He, Yu, Ozaki and Dong [18] China EGR HTC Improvement Field experiment and
- U model simulation
nergy Use
Reduction
GR and Radiant Field experiment and
5 La Roche, Yeom and Ponce [36] usa Cooling System HTC Improvement model simulation
Ecological, Social,
p 3 and Economic
Avila-Hernandez, Sima, Xaman, Field experiment and
6 Hernandez-Pérez, Téllez-Velazquez Mexico EGR HTC Improvement : :
and Chagolla-Aranda [19] P model simulation
Energy Use
Reduction
7 Liu, Sun, Niu and Riley [20] China EGR Runoff Reduction Model simulation
Silva, K Najjar, WA Hammad, . . . .
8 Haddad and Vazquez [53] Brazil EGR Runoff Reduction Field experiment
Baek, Ligaray, Pachepsky, Chun, . Field experiment and
9 Yoon, Park and Cho [27] South Korea SIGR Runoff Reduction model simulation
i EGR
10 Talebi, Bagg, Sleep and Canada Runoff Reduction Model simulation

O’Carroll [56]

SIGR
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Table Al. Cont.

Number Reference Country Type of GR GR Benefit Type of Modelling
. . Runoff Quality
Gong, Yin, Li, Zhang, Wang, Fang, . I i B :
11 Shi and Wang [40] China EGR mprovemen Field experiment
Runoff Reduction
HTC Improvement
Cai. F Y Xi d Chen [85 ) Energy Use Field experiment and
12 ai, Feng, Yu, Xiang and Chen [85] China EGR Reduction model simulation
Ecological, Social,
and Economic
13 J ahanf;li\;‘[, Dralfe, §l/eep and Canada GRand PV ® Runoff Reduction Field experiment
argolis [54]
14 Palermo, Tur_co, Principato and Ttaly ECR Runoff Reduction Field expe_rlrnenF and
Piro [22] model simulation
Sims, Robinson, Smart and . Field experiment and
15 O’Carroll [55] Canada EGR Runoff Reduction model simulation
HTC Improvement
16 Xing, Hao, Lin, Tan and Yang [33] China GR and Green Wall Field experiment
Energy Use
Reduction
17 Cao, Hu, Dong, Liu and Wang [83] China EGR HTC Improvement Field experiment
Baraldi, Neri, Costa, Facini, Air Quality
18 Rapparini and Carriero [110] Italy IGR Improvement N/A
HTC Improvement
T: d Zh 84 i Field i t
19 ang an eng [84] China EGR Energy Use ield experimen
Reduction
20 Zhang, Szota, Fletcher, Williams Australia EGR Runoff Reduction Indoor experiment
and Farrell [47]
HTC Improvement
Cascone, Catania, Gagliano and Energy Use . .
21 Sciuto [leg Italy EGR Reduction Model simulation
Ecological, Social,
and Economic
Brazil
22 Feitosa and Wilkinson [34] GR and Green Wall HTC Improvement Field experiment
Australia
23 J Ohanngizzﬂ,e m‘&t{g’g]ma and Norway EGR Runoff Reduction Field experiment
24 Park, Kim, Dvorak and Lee [86] South Korea EGR HTC Improvement Field expe.riment and
model simulation
25 Shafique, Kim and Kyung-Ho [58] South Korea EGR Runoff Reduction Field experiment
26 Berto, Stival and Rosato [106] Italy EGR Ecological, Soglal, Model simulation
and Economic
27 Lee and Jim [23] Hong Kong IGR HTC Improvement Field experiment
Zhang, Szota, Fletcher, Williams, . . .
28 Werdin and Farrell [41] Australia EGR Runoff Reduction Indoor experiment
Agefias. C . P Med HTC Improvement
zefias, Cuxart, Picos, Medrano, . . .
2 Simo, Lopez-Grifol and Gulfas [87] Spain EGR Energy Use Field experiment

Reduction
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Table Al. Cont.

Number Reference Country Type of GR GR Benefit Type of Modelling
EGR
Kratschmer, Kriechbaum and R Ecological, Social, . .
30 Pachinger [24] Austria SIGR n dgEconomic Field experiment
IGR
31 Rumble, Finch and Gange [107] UK EGR Ecological, Social, Field experiment
and Economic
32 Todorov, Driscoll and Todorova [45] USA EGR Runoff Reduction Field experiment
F Rev: Pé Rodr d Runoff Reduction
errans, Rey, Pérez, Rodriguez an . . .
33 Diaz-Granados [57] Colombia EGR Runoff Quality Field experiment
Improvement
Hong Kong
HTC Improvement
Morakinyo, Dahanayake, Ng and Japan . .
34 Chow [26] IGR Model simulation
Egypt Energy Use
Reduction
France
HTC Improvement d 4
. . Field experiment an
35 He, Yu, Ozaki, Dong and Zheng [80] China EGR Energy Use model simulation
Reduction
36 Yeom and La Roche [37] USA GR and Radiant HTC Improvement Field experiment
Cooling System
37 Shafique and Kim [30] South Korea GR and Blue Roof HTC Improvement Field experiment
Wilkinson, Feitosa, Kaga and De Australia . .
38 Franceschi [85] : GR and Green Wall HTC Improvement Field experiment
Brazil
Norway
; Iceland
39 IOhanlr\l/?Sfﬁgr’]E:fgﬂn and EGR Runoff Reduction Model simulation
Sweden
UK
Bevilacqua, Mazzeo, Bruno and . .
40 Arcuri [82] Italy EGR HTC Improvement Field experiment
HTC Improvement
41 Foustalieraki, Assimakopoulos, G EGR Field experiment and
Santamouris and Pangalou [89] reece Energy Use model simulation
Reduction
Soulis, Valiantzas, Ntoulas, Kargas . Field experiment and
42 and Nektarios [60] Greece EGR Runoff Reduction model simulation
HTC Improvement
43 Boafo, Kim and Kim [81] South Korea EGR Model simulation
Energy Use
Reduction
44 Cipolla, Maglionico and Stojkov [64] Italy EGR Runoff Reduction Field experiment and
model simulation
45 Buffam, Mitchell and Durtsche [104] USA EGR Runoff Quality Field experiment
4 Improvement p
Air Quality
Improvement
i i ini SIGR
46 Kart%gliibzgi%dlggﬁgg's l[\gg}hms, Greece Energy Use Model simulation
Reduction

EGR

Runoff Reduction
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Number Reference Country Type of GR GR Benefit Type of Modelling
EGR i i
47 El Bachawati et al. [116] Lebanon © Ecological, Soqal, Model simulation
and Economic
IGR
Gael D N 4 HTC Improvement
agliano, Detommaso, Nocera an Ital . .
48 Berardi [90] aly EGR Energy Use Model simulation
Reduction
Runoff Reduction
49 Shafique, Kim and Lee [29] South Korea GR and Blue Roof Field experiment
HTC Improvement
50 Shafique, Lee and Kim [28] South Korea GR and Blue Roof Runoff Reduction Field experiment
c Tod Driscoll and Runoff Reduction
arpenter, Todorov, Driscoll an A EGR Field experiment
51 Montesdeoca [48] us G Runoff Quality P
Improvement
HTC Improvement
52 He, Yu, Dong and Ye [78] China EGR Field experiment
Energy Use
Reduction
EGR HTC Improvement
53 Tam, Wang and Le [91] Hong Kong Ecological, Social, Field experiment
IGR -
and Economic
54 Brunetti, Simtnek and Piro [62] Italy EGR Runoff Reduction Field expe.rlment and
model simulation
Nawaz, McDonald and . Field experiment and
55 Postoyko [50] UK EGR Runoff Reduction model simulation
H L ch ! 4 Runoff Reduction Field d
arper, Limmer, Showalter an ield experiment an
56 Burken [68] UsA EGR Runoff Quality model simulation
Improvement
. . . . Field experiment and
57 Yang, Li, Sun and Ni [67] China EGR Runoff Reduction . .
model simulation
Versini, Ramier, Berthier and De . Field experiment and
58 Gouvello [66] France EGR Runoff Reduction model simulation
N W . Zh Runoff Reduction
Zhang, Miao, Wang, Liu, Zhu, Zhou, . . .
5 Sun and Liu [49] China EGR Runoff Quality Field experiment
Improvement
EGR Field experiment
60 Lee, Lee and Han [65] South Korea Runoff Reduction
SIGR Indoor experiment
61 Vijayaraghavan and Raja [100] India EGR Runoff Quality Field experiment
jayarag ) Improvement p
EGR Runoff reduction
62 Beecham and Razzaghmanesh [25] Australia R Runoff Quality Field experiment
Improvement
Hakimdavar, Culligan, Finazzi, . Field experiment and
63 Barontini and Ranzi [51] usa EGR Runoff Reduction model simulation
EGR . .
64 Razzaghmanesh and Beecham [69] Australia Runoff Reduction Field experiment
IGR
Razzaghmanesh, Beecham and li EGR Runoff Quality Field experiment
65 Kazemi [101] Australia Improvement ield experime

IGR
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Number Reference Country Type of GR GR Benefit Type of Modelling
66 Vijayaraghavan and Joshi [117] India EGR Runoff Quality Field experiment
jayarag Improvement p
HTC Improvement
67 Schweitzer and Erell [92] Israel EGR Field experiment
Energy Use
Reduction
68 Vijayaraghavan and Raja [118] India EGR Runoff Quality Field experiment
jayarag ) Improvement p
69 Wong and Jim [44] Hong Kong EGR Runoff Reduction Field experiment
70 Chemisana and Lamnatou [93] Spain GR and PV HTC Improvement Field experiment
Carson, Marasco, Culligan and . Field experiment and
71 McGillis [10] usa EGR Runoff Reduction model simulation
72 Speak, Rothwell, Lindley and UK SIGR Runoff Reduction Field experiment
Smith [46]
China HTC Improvement
7 Sun, Bou-Zeid, Wang, Zerba and EGR Field experiment and
Ni [79] Energy Use model simulation
USA .
Reduction
Field experiment
74 Connelly and Hodgson [112] Canada EGR Noise Reduction
Indoor experiment
EGR . .
75 Peng and Jim [3] Hong Kong HTC Improvement Field experiment and
IGR model simulation
76 Whittinghill, Rowe and Cregg [108] USA EGR Ecological, SO(*:lal, Field experiment
and Economic
Spain Ecological, Social,
and Economic
Asci Bi de’Rossi, Turni and = SIGR
77 scione, 1ar{§aor,10§ [12?51' i an The Netherlands HTC Improvement Model simulation
Italy EGR Energy Use
Norway Reduction
EGR
HTC Improvement
78 Pandey, Hindoliya and Mod [94] India SIGR Field experiment
Energy Use
IGR Reduction
: : . Field experiment
Blanusa, Monteiro, Fantozzi, Vysini, P
79 Li and Cameron [95] UK SIGR HTC Improvement .
Indoor experiment
80 MiCkovs§g££2ie¥f%?nZie and UK EGR Runoff Reduction Indoor experiment
HTC Improvement
81 Qin, Wu, Chiew and Li [72] Singapore SIGR Field experiment
Runoff Reduction
82 Stovin, Vesuviano and Kasmin [42] UK EGR Runoff Reduction Field expe_rlmenF and
model simulation
83 Nagase and Dunnett [71] UK EGR Runoff Reduction Indoor experiment
84 Bianchini and Hewage [119] Canada EGR Ecological, Social, Model simulation

IGR

and Economic
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Number Reference Country Type of GR GR Benefit Type of Modelling
HTC Improvement
85 Jim and Peng [96] Hong Kong EGR Energy Use Field experiment
Reduction
s Vppmgeedetand oo Rt Quilty g experimen
; ) HTC Improvement
87 Pérez, Coglaa{j,esz(zlei,g%astell and Spain EGR Energy Use Field experiment
Reduction
88 Yang, Kang and Choi [113] UK EGR Noise Reduction Indoor experiment

Runoff Reduction

Field experiment and

89 Gregoire and Clausen [43] UsA EGR Runoff Quality model simulation
Improvement
90 Maclvor and Lundholm [38] Canada IGR Ecological, Sogal, Field experiment
and Economic
91 Tsang and Jim [120] Hong Kon EGR Ecological, Social, Model simulation
& g & and Economic
Runoff li . .
92 Alsup et al. [121] USA EGR Irl;;?ov%lrﬁelrg Field experiment
Runoff Quality
93 Beck, Johnson and Spolek [74] USA EGR Improvement Indoor experiment
Runoff Reduction
Runoff Quality
94 Buccola and Spolek [73] USA EGR Improvement Indoor experiment
Runoff Reduction
HTC Improvement
Getter, Rowe, Andresen and . .
95 Wichman [98] USsA EGR Energy Use Field experiment
Reduction
HTC Improvement " 4
. Field experiment an
9 Hui and Chan [99] Hong Kong GRand PV Energy Use model simulation
Reduction
SIGR Field experiment
97 Palla, Gnecco and Lanza [77] Italy Runoff Reduction
EGR Indoor experiment
98 Voyde, Fassman and Simcock [76] New Zealand EGR Runoff Reduction Field experiment
Canada
99 Roehr and Kong [75] EGR Runoff Reduction Model simulation
China
Indoor experiment,
Li, Wai, Li, Zhan, Ho, Li and Air Quality Field experiment,
100 Lam [111] Hong Kong IGR Improvement and model
simulation
101 Alsup, Ebbs and Retzlaff [103] USA EGR Runoff Quality Indoor experiment
P, - Improvement p
. Ecological, Social, . .
102 Niu et al. [122] USA EGR Model simulation

and Economic

1 Extensive Green Roof, 2 Intensive Green Roof, 3 Semi-intensive Green Roof, * Human Thermal Comfort,
5 Photovoltaic.
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