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Abstract: Green roofs are becoming popular in urban areas due to their potential benefits, including
energy efficiency, urban heat island mitigation, and stormwater management. However, their water
consumption can negatively impact water resources. Therefore, carefully managing the water
consumption of green roofs is crucial to ensure they do not exacerbate existing water scarcity issues.
This review explores the influencing factors and innovative solutions that increase the sustainability
of water management on green roofs. A systematic quantitative review was conducted on published
studies on green roofs. The review highlighted that while small-scale experimental studies are
almost saturated, large-scale monitoring studies are still lacking. Modelling and assessing green
roof settings based on climatic conditions and water availability and consumption are essential for
successful water management. Using integrated technologies and sensing systems can increase
water management efficiency and sustainability. Rainwater may be sufficient as a water source for
green roofs in wet climates, while irrigation is still needed in other climates. Phytoremediation and
biosorption can potentially increase runoff water quality. Improving hydrological performance by
increasing rainwater retention and reducing water consumption capacity can reduce demand for
other water resources and effectively manage small storms, mitigating pressure on city infrastructure
and increasing water quality. Seeking non-potable sources, such as greywater, or harvesting enough
rainwater to be used for irrigation during dry weather periods is highly advantageous for improving
the sustainability of green roofs.

Keywords: green roofs; runoff quantity; runoff quality; irrigation; water consumption; water management

1. Introduction

Green roofs are gaining popularity as a sustainable technology in urban areas due
to their potential to provide numerous benefits, including energy efficiency, urban heat
island mitigation, and occupant health and wellbeing [1,2]. In addition, they are considered
adequate as key components of many promising rainwater management strategies [3–7].
Green roofs can retain rainwater and reduce and delay runoff, which is essential in urban
areas where solid surfaces replace permeable surfaces, leading to inefficient stormwater
management and potential infrastructure damage [3–10]. Solid surfaces reduce the likeli-
hood of water infiltration, evapotranspiration, or proper runoff treatment, which becomes
more problematic in areas with extreme precipitation due to global warming [9,11,12].
Therefore, implementing green roofs in a built-up environment can serve as a promising
stormwater management strategy and an urban green infrastructure, allowing them to
restore the natural balance of urban water cycles [13,14].

However, the negative impact that the water consumption of green roofs may have on
water resources is a concern [15–17]. During periods of drought or in regions with limited
water resources, the water consumption of green roofs can become a significant issue and
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may affect other water uses, such as agriculture, industry, and residential needs [15–17].
Therefore, it is essential to carefully manage the water consumption of green roofs to ensure
they do not exacerbate existing water scarcity issues.

Green roofs can be classified as intensive or extensive based on their minimum and
maximum depths [18]. They usually consist of several layers, including a vegetation layer,
substrate layer, filter layer, drainage layer, protection mat, and root barrier, which play
an essential role in their hydrological performance [19] (Figure 1). However, the water
storage capacity of these layers is limited, with the primary water storage located inside
the substrate, in addition to a retained amount in the drainage layer and the plants [1,20].
Improving the hydrological performance of green roofs by increasing their rainwater reten-
tion and reducing their water consumption capacity can provide several benefits, including
reducing the demand for other water resources, effectively managing small storms, miti-
gating the pressure put on city infrastructure, and increasing water quality [7,9,12,20,21].
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Figure 1. Typical green roof layers and their hydrological processes (drawn by the author based on
the description provided by Vesuviano and Stovin [19]).

Despite numerous studies on different aspects of green roofs, a comprehensive review
of the capacity of green roofs to sustainably manage water on them and the relevant
influencing factors is lacking. Therefore, this review aims to explore the influencing factors
and innovative solutions that increase the sustainability of water management on green
roofs. To achieve this, the study has systematically investigated published studies on green
roofs, focusing on the following questions:

a. Question 1: What is the impact of green roofs on runoff quantity and quality, and
what are the key controlling factors?

b. Question 2: What are the water retention and consumption capacities of green roofs,
and what are their influencing factors?

c. Question 3: Which design aspects can be altered, and what techniques can be em-
ployed to improve the sustainability of water management on green roofs?

2. Background about Water Sources and Their Quality

The water sources on green roofs can be either rainwater or irrigation. The following
subsections explain these sources and their quality.
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2.1. Rainwater

Following current sustainable practices, rainwater is considered the primary source
of water on green roofs in wet climates and a secondary source in dry climates [22].
Rainwater is classified as a non-polluted source [23]. However, rainwater discharges
pollutants accumulated in the atmosphere from anthropogenic air pollution [24], reducing
its quality. Rainwater can be acidic and contain large amounts of nitrates and traces of
other pollutants, such as heavy metals and pesticides, depending on the local pollution
sources and winds [9,25]. The measurements of pollutants proved this during and after
rain events. These studies show that the air contains significantly less pollution than before
a rainfall event [24]. Contaminated water will flow into the substrate layer and aggregate
the pollution burden, which will further influence the next runoff quality due to the large
number of pollutants held back within the substrate layer [9,26,27]. Therefore, air quality
significantly affects rainwater quality.

2.2. Irrigation

Irrigation is the primary water source for green infrastructure in dry climates and
a secondary source in wet climates [22]. The water for irrigation can be from several
sources with different qualities. These sources are classified in national and international
standards [28] as (1) non-polluted (groundwater, municipal water, and harvested rain-
water/runoff) and (2) polluted (stormwater, surface water/water bodies, greywater and
treated wastewater) [23,29] sources. These sources differ substantially in their quality.
Groundwater and municipal water are high-quality sources, although the latter may act
as a source of chloride [30]. Stormwater differs from harvested runoff [11] by combining
rainwater from different surfaces, such as roads, sidewalks, and roofs. It may include a
significant quantity of pollutants [31], such as suspended solids, toxic metals, petroleum
hydrocarbons, pathogenic bacteria, and increased turbidity values [29,32,33]. In some cases,
it may even contain sewage because intense rainfall can lead to the flooding of the urban
sewage infrastructure [9]. Water bodies (e.g., rivers, lakes, springs, swamps, creeks, lagoons,
and other natural watercourses) [34] may be polluted from stormwater runoff, animal faecal
material, or sewage effluent [29]. Finally, greywater from a building’s different activities,
such as baths, showers, hand basins [14,35], and treated wastewater, may contain nitrogen,
phosphorus, and various nutrients or other contamination [27,36]. Using greywater and
wastewater requires unique methods and configurations for green roofs.

3. Methodology

The systematic quantitative literature review method, initially proposed by Pickering
and Byrne [37], can help researchers analyse and summarise the academic literature related
to a specific topic. This method allows for a comprehensive overview of the field and can
help identify research gaps. This approach is not selective or limited to the expertise of the
authors, unlike traditional narrative reviews, and can be easily replicated, with the results
remaining consistent when the procedure is repeated.

The systematic quantitative literature review protocol for the current study consisted
of three main stages. First, the keywords relevant to the research topic and the specific
research questions were identified. Second was the structuring of the new database, which
involved establishing and testing the structure of the new database, including the selection
criteria, analytical categories, and revision processes. Finally, all the relevant papers were
fed into the newly constructed database and analysed. One significant drawback of this
systematic quantitative literature review method is that it relied solely on online searches
to gather articles, limiting the review to online articles written in English. This means that
studies only available in print or other languages may not be included in the review.

According to Pickering and Byrne [37], using a mix of databases is recommended, as it
increases the comprehensiveness of the research and favours the triangulation of the results.
Therefore, the Scopus and Web of Science databases were used, as they were the most
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relevant to the research topic. The databases were searched for published articles between
1 January 2009 and 15 December 2019 and then regularly updated until 2 April 2023.

To explore the influencing factors and innovative solutions for sustainable water
management on green roofs, the primary search term used was ‘green roof*’, combined
with various keywords related to the research topic (Table 1). The search included the
literature titles and keywords. As the first criterion, repeated and off-topic research was
excluded, which resulted in 439 papers. To ensure the originality of the research, as the
second criterion, only peer-reviewed literature published in scholarly journals was included,
and only research papers published between 2009 and 2023 were selected. In addition,
the papers retained that only focused on the hydrological performance of green roofs or
sustainable water management and those that solely mentioned the keywords but did not
address them in the research were excluded, which resulted in 374 articles. However, only
some are referenced as part of the bibliography of this review. For a complete list of the
selected papers, please refer to the Supplementary File.

Table 1. Keywords used for the research in this study.

Hydrological
Performance Water Sources Water Quality Water Management Innovative and

Integrated Solutions

Green roof* runoff Green roof* *water Green roof* *water
quality

Green roof* *water
manag*

Green roof* integrated
technolog*

Green roof* retention Green roof* irrigat* Green roof* *water
pollut*

Green roof* *water
harvest*

Green roof* integrated
infrastructure

Green roof* drought* Green roof* *water
source*

Green roof* runoff
quality

Green roof* *water
design* Blue green roof*

Green roof* drain* Green roof*
precipitation

Green roof* runoff
pollut*

Constructed wetland
roof*

Green roof* storm* Green roof* rain* Green roof* runoff
contaminat*

Green roof* hydrolog* Green roof* *water
treat*

Note: Any word containing the root word signalled by * is also part of the set. For example, ‘manag*’ includes the
words ‘managing’ and ‘management’.

To answer the research questions, the literature was systematically reviewed, assessing
(i) who conducted the research, (ii) when it was conducted, (iii) the geographical distribu-
tion of the research, (iv) the journal discipline, and (v) the patterns or relationships found in
the research. A thematic data analysis was conducted using a text-mining process to under-
stand the influencing factors and innovative solutions for sustainable water management
on green roofs. The text-mining process was utilised in two stages. The first considered the
hydrological performance of green roofs, focusing on water quantity management, while
the second stage focused on water quality management. The predominant research topics
were identified using the text of the journal abstracts in the first phase. Then, Leximancer
was used to analyse their content, extract primary information, and identify the main
concepts. Leximancer is a tool that can analyse documents and identify important concepts.
It uses advanced models and interactive visuals to provide valuable insights and practical
ideas. Additionally, it conducts sentiment analysis without bias [38]. The last step included
thoroughly reading the related sections and summarising and reporting the results.

4. Statistical Results

The research areas were distributed into 30 categories and dominated by environmen-
tal sciences ecology (63%). Before applying the selection criteria, the initial research resulted
in 1148 published research papers (Figure 2), while the selected papers were 374 journal
articles (Supplementary Material).
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Figure 2. Initial research results before filtering, updated on 2 April 2023. Note: Any word containing
the root word signalled by * is also part of the set.

The selected articles were from 102 different journals. The Journal of Ecological
Engineering published the most on this topic (11%), followed by the Journal of Water (9%)
(see Figure 3A). The United States of America and China were the most interested countries
regarding the hydrological performance of green roofs, publishing 78 and 74 articles,
respectively (Figure 3C). The authors C. Farrell and V. Stovin were the most published
on this topic. They published 16 and 12 papers, respectively (Figure 3D). The published
research in this area escalated through the investigated years, except 2017, 2019, and 2022,
and reached the maximum in 2021 with 48 articles (Figure 3B). It should be noted that 2023
was included up to early April. However, compared with the same period in 2021, the
number of published articles was slightly higher, which reflects the continuously escalating
interest in this research area.

Based on the text-mining analysis of the results (Figures 4 and 5A), rainwater was
investigated significantly more than any other water resource, and few studies investigated
irrigation. The rainwater investigations focused on water retention capacity and the ability
to reduce runoff. Various climate characteristics, such as weather conditions and rainfall
events, as well as roof construction elements and layers, were identified as the factors that
most influenced the amount of water retained on green roofs. These main findings helped
categorise the papers found and structure the results section. Although intensive green
roofs are more capable of water management, extensive green roofs were investigated
four times more often than intensive ones. Out of the different elements of the green roof
structure, the substrate was the most investigated layer, with studies evaluating its effect
on water retention and consumption by selecting different plant species, drainage layers,
and roof slopes. Sedum was the most frequently examined plant species because of its
tolerance to dry weather periods and its limited need for additional irrigation.
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on this topic were published; (B) the number of articles published each year that were investigated; (C) the countries where most of the research was conducted; and
(D) the authors who published the most on this topic.
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Figure 5. Concept map produced by Leximancer for the investigated literature. (A) Papers that target
water quantity and (B) papers that target water quality. The size of a theme (bubble) indicates the
number of keywords related to that theme. The bigger the bubble, the more keywords it represents.
The colour of the theme ranges from red, orange, light green, dark green, blue, and purple. This
colour scale represents the frequency of keyword repetition, with red indicating the highest frequency
and purple indicating the lowest.

According to the analysis of the results from the text mining in the second stage
(Figures 4 and 5B), previous research efforts focused on two main research directions:
rainwater runoff quality and alternative water sources for irrigation. Extensive green roofs
were three times more often researched for the context of water quality on green roofs than
intensive systems, and the substrate and planting layers received more attention than the
drainage layer. The substrate investigations were mainly concentrated on substrate depth
or the mixture of materials and their ability to retain or release different pollutants, such
as organic matter, metals, and nutrients. The plant investigations focused on the effects of
different species and their growth related to water quality, including their ability to reduce
the concentrations of different pollutants in the soil. Drainage layers were investigated
as pollutant sources in drainage water. Other studies emphasised chemical pollutants
from pesticides and fertilisers, the surrounding environment, and green roof surfaces. Less
research focused on the ability of green roofs to treat waste and greywater and the effect of
the retained pollutants from this treatment on runoff water.
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5. The Impact of Green Roofs on Runoff Quantity
5.1. Rainwater Retention

The capacity of a green roof to retain water influences its ability to reduce runoff and
mitigate stormwater [7,39,40]. Most studies on the water retention of green roofs worldwide
base their assessment on the percentage of rainfall harvested by a green roof over a specific
period [20]. Generally, the average water retention capacity of a green roof ranges between
8% and 100% based on the climate and the green roof type and configuration [12,28,41–46],
making it difficult to compare, as the numerical values vary across most studies [9]. For
instance, Li and Yeung [47] reported that green roofs can retain water produced by any
small rain event with a volume of less than 10 mm and can demonstrate a variety of
runoff results, ranging from 26% to 88%. In contrast, Simmons and Gardiner [46] observed
capacities ranging between 8% and 88% on different green roofs, and Burszta-Adamiak
and Abdef [48] stated that the water retention rate for 153 rainfall events reached 82.5% and
almost 100% in low-capacity events [48]. Table 2 summarises the selected examinations of
the water retention capacity of green roofs across different settings and climates to explain
their influence on the hydrological performance of green roofs.
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Table 2. Selected investigations on the rainwater retention of various green roof settings in different climates. RWR = rainwater retention.

Reference Methods Climate Location Green Roof
Type

Green Roof
Area (m2)

Rainfall
Depth (mm)

Rainfall
Events

Substrate
Depth (cm)

RWR Rate
(%)

Li and Liu [49] Experiment humid subtropical Chongqing, China Test beds 1.44 2.26–71.20 99 20 40–83
Todorov, Driscoll [50] Measurements Cool, humid Syracuse, NY, USA Extensive 1190 6.93 ± 6.50

average - 9.5 75–99.6
Soulis, Ntoulas [43] Experiment Mediterranean Athens, Greece 30 test beds 2 10.3 average - 8 and 16 50.6–81.1

Brandao, Cameira [42] Experiment Mediterranean Lisbon, Portugal Test beds 2.5 13.05 average 184 15 71.1–82

Zhang, Miao [51] Experiment Subtropical,
monsoon Chongqing, China Test bed 1 1116.5 total 19 15 35.5–100

Beecham and
Razzaghmanesh [28] Experiment Hot, Mediterranean Adelaide, Australia 16 test beds 0.15 24.12 average 5 10 and 30 52 and 95

Burszta-Adamiak [52] Experiment Temperate Wroclaw, Poland Five test plots 2.88 - 153 - 82.6–99.9

Simmons, Gardiner [46] Experiment Subhumid,
subtropical Austin, TX, USA 24 roof

platforms 3.4 89.3 total 3 10 8–88

Stovin, Dunnett [41] Experiment Temperate Sheffield, UK Test bed 3 9.2 average 11 8 10–90
Carter and Rasmussen [53] Experiment Humid, subtropical Athens, GA, USA Test plot 42.64 1079 total 31 7.62 39–100

VanWoert, Rowe [40] Experiment Temperate MI, USA Vegetated roof 5.9536 - - 2.5 60.6–96
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5.2. Delaying the Peak Runoff

Green roofs can experience runoff under certain conditions, such as during heavy
rainfall or when the green roof substrate becomes saturated [54]. The rainwater retention
feature of green roofs provides an opportunity to delay and reduce peak flows, specifi-
cally in frequent storms of smaller magnitudes [55]; this can help control the volume of
stormwater. Many studies have reported delays in the runoff after rain events of a smaller
intensity on green roofs [56,57]. However, their records contain vast differences due to the
various green roof settings, environments, and investigated climates. For example, Getter
and Rowe [10] studied 12 extensive green roof platforms with 4 different slopes (2%, 7%,
15%, and 25%) and observed marginal delays for all the studied platforms. By contrast,
DeNardo and Jarrett [58] noticed delays in the start of the runoff on a green roof by an
average of 5.7 h under an average rainfall intensity of 4.3 mm/hour. Therefore, rainfall
characteristics and green roof settings significantly affect the delay time (peak to peak).
However, it is challenging to draw a conclusion about the required green roof settings for
the best performance from the reviewed articles, and a case-by-case assessment is needed,
which will be presented in the discussion section. Lastly, the runoff delay increases with the
increase in the rainwater retention ability of a green roof. Table 3 summarises the selected
investigations of the peak delay of the runoff of different green roof types and climates.

5.3. Influencing Factors

The water retention abilities of green roofs vary widely, and the current literature
has conflicting results. This is mainly due to the various settings of green roofs and the
climate in which they are situated and is an indication of the complexity of assessing
their hydrological performance [12,28,41–46]. This section summarises the most important
factors that influence the water balance in green roofs.
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Table 3. Important papers on the peak delay of runoff waters in different green roof settings and climates.

Reference Method Climate Location Substrate Depth
(cm) Plants Delay Runoff (h)

Wang, Garg [59] Experiment +
modelling tropical South China 10, 19, 25 Grass 0.40–1.68

Santos, Silva [54] Experiment Mediterranean Lisbon, Portugal 15

Sedum album, Sedum sexangular, Sedum
spurium, Sedum spurium tricolor, Sedum

coral reef, Sedum oreganum, Sedum
forsteriamum, Armeria Maritima and

Thymus red creeping e Rosmarinus officinalis.

0.03–0.30

Zhang, Lin [60] Experiment humid continental Beijing, China 10, 15 Sedum spp. 1.05–2.18, 1.36–3.50

Brandao, Cameira [42] Experiment Mediterranean Lisbon, Portugal 15

Mixed Shrubs, grass, and moss 0.49
Grass (Brachypodium phoenicoides) 2.54

Shrub (Rosmarinus officinalis) 1.26
Bare soil 0.94

Burszta-Adamiak, Stańczyk [61] Experiment Temperate Wroclaw, Poland extensive green
roof Sedum acre, Sempervivum 1.5–1.7

Almaaitah and Joksimovic [62] Experiment continental climate Toronto, ON, Canada 25–30 Planted with seeds of thirty different
crops 7.70–8.00

Carter and Rasmussen [53] Experiment Humid,
Subtropical Athens, GA, USA 7.62 Sedum spp. 0.58

Nawaz, McDonald [63] Measurements Maritime,
temperate Leeds, UK 3 Sedum spp. 4.25–8.25
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5.3.1. Climate Characteristics

Each climate has a different influence on the hydrological performance of a green roof,
and its overall impact cannot be predicted or measured because each climate has different
trends across different regions. In general, rainfall events, dry weather periods, and seasons
were all found to be important factors in the assessment of rainwater retention in green roofs.
Rainfall depth and intensity have a strong negative correlation with the water retention
rate [21,39,64,65], and as they decrease, the retention rate increases [10,40,46,50,65,66]. Lo-
cal weather patterns and seasonal conditions influence the soil moisture content [20,67,68].
For instance, a dry weather period is crucial for hosting rainwater, as it allows for evapo-
transpiration (ET) and vegetation water consumption to reduce the soil moisture content
and increase the retention ability in the next rainfall [20,63,65,67,68]. Different climatic con-
ditions cause variations in dry weather periods; therefore, their relationship with the green
roof retention capacity must be characterised [3,39,44,45,69]. Different seasons also affect
the capacity of a green roof to retain rainwater throughout the year and exhibit different
retention rates [63,64,66]. Although the water retention percentage greatly depends on the
rainfall input, it is not the only controlling factor [70]. The retention capacity of a green roof
is finite and can be maximised only up to the maximum water-holding capacity of the green
roof [3,39,50,58], which is dependent on the factors discussed in the following subsections.

5.3.2. Substrate Characteristics

The water storage capacity of the substrate mostly depends on the growing medium
composition, depth, and maximum water-holding capacity [20,40,58,71–73]. An increase
in substrate depth has been shown to improve water retention performance in green
roofs [4,40,43,73]. The composition of the substrate is also an essential variable affecting
its water-holding capacity [74]; for instance, coarser materials retain less rainwater [75].
Some papers have introduced new material compositions to increase the substrate’s water-
holding capacity. For instance, Vijayaraghavan and Raja [57] proposed a mixture of ex-
panded perlite, coco peat, exfoliated vermiculite, crushed bricks, and sand with a particle
size ranging between 0.25 mm and 4 mm, which showed a water-holding capacity of
39.4% [57]. Several researchers also suggested the addition of gritty loam soil, perlite-
based substrates, foam sheets, fibreglass, and biological additives, such as seaweed and
hydrophilic gels, for the same aim [22,76]. A few examples are summarised in Table 4.

Table 4. Selected articles on different substrate properties and their effects on runoff. WHC = water
holding capacity, and RWR = rainwater retention.

Article Substrate
Depth

Max
WHC% Growing Media Composition RWR

Rate (%)

Beecham and
Razzaghmanesh [28]

10
41 (A) Crushed red brick, scoria, coir fibre, and composted organics 70

30 74
10

44 (B) Comprised scoria, composted pine bark, and hydro-cell flakes 58
30 60
10

48 (C) 50% of media type B with 50% organic compost 68
30 70

Simmons, Gardiner [46] 10

34 (A) Expanded shale, sand, and organic matter 21.67
37 (B) Expanded clay, expanded shale, sand, and organic matter 51.67
43 (C) Expanded clay, sand, perlite, and organic matter 41.67
46 (D) Decomposed granite, perlite, and organic matter 58.33
38 (E) Expanded clay, expanded shale, sand, and organic matter 32
32 (F) Expanded clay, expanded shale, sand, and organic matter 17

Baryla, Karczmarczyk [77]
8 20 Washed gravel 62.7
8 20 Expanded clay aggregate 62.7
17 55 Washed sand, chalcedony, clay, low peat, and compost 80

Soulis, Ntoulas [43]
8

54.2
Pumice (65%), attapulgite clay (15%), zeolite (5%), and grape

marc (15%)
50.6

16 54.8
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Another important variable is the current moisture content of the substrate prior
to a rain event [9,67]. Although some papers have suggested an uncertain correlation
between the current moisture content of the substrate and rainwater retention [3,43,63],
it strongly affects the substrate’s retention capacity [3,5,39,44,45,65,68,69]. Dry substrate
conditions before rainfall events will result in higher retention compared with initially
wet conditions [63,67,68,71], as the runoff does not occur until the substrate is at field
capacity [64,70]. Figure 6 demonstrates the different factors that affect the moisture content
of the green roof substrate.
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5.3.3. Vegetation

Vegetation is an important factor that substantially influences the moisture content
of the substrate and the runoff rate of a green roof [28,78,79]. A reduction occurs through
different processes, such as interception, transpiration, root uptake, retention, and water
storage in plant tissue [3,71]. The water consumption of a plant determines its transpiration
capacity, maturity, and root biomass and influences its water-storing capacity [21,69,71,80].
Increasing plant coverage on a green roof improves its ability to retain water [9], but species
richness does not significantly affect the retention capacity unless different plants with
higher water consumption rates are included [73,80]. Table 5 provides two examples of the
effects of vegetation species on green roof runoff rates.

Vegetation exhibits seasonal fluctuations in water consumption due to various factors,
especially during growing seasons when ET increases significantly [20,50]. The effect of
vegetation on the total hydrological performance of a green roof varies among studies.
While some studies show significant effects of vegetation on moisture reduction [81], others
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report its influence only in specific seasons [72]. However, selecting vegetation for green
roofs is crucial and should be based on plant characteristics and the local climate [82]. For
example, plant height and stomata are positively correlated with green-roof water retention
capacity, and the selection of suitable plants can conserve or promote the consumption of
water more efficiently [83,84].

Table 5. Selected studies on different plants and their effects on the rainwater retention of green roofs.
RWR = rainwater retention.

Reference Substrate Depth
(cm) Plants RWR Rate (%)

Soulis, Ntoulas [43]

8 O. onites 63.6
8 S. sediforme 50.8
8 F. arundinacea 54.9
8 - 50.6
16 O. onites 81.1
16 S. sediforme 60.3
16 F. arundinacea 68.8
16 - 54.8

Brandao, Cameira [42] 15

Mix of shrubs (Rosmarinus officinalis, Lavandula stoechas
subspecies Luisieri), grass (Brachypodium phoenicoides), and

moss (Pleurochaete squarrosa)
82

Grass (Brachypodium phoenicoides) 73.2
Shrub (Rosmarinus officinalis) 71.1

- 64.2

5.3.4. Drainage Layer

The drainage layer, also known as the drainage system, is an essential component of a
green roof [40]. This layer can be made of different materials, but it is usually composed of
granular-based materials, such as aggregate and geo-composites [40,85]. Different drainage
layer types and the used materials alter the runoff performance of green roofs (Table 6).
The drainage layer is crucial for proper plant growth and controlling water-related issues
and can act as a water storage system to balance water surplus and deficit [40]. The layer
can have an additional water retention layer made of such materials as mineral wool,
polymeric fibres, or rubber sheets, which also store water and release it slowly [19,86].
The drainage and water retention layers can serve as an active water retention layer, thus
acting as a potential water source for the green roof [40,87,88]. This setup is crucial for
water sustainability practices on green roofs [89,90], as it decreases the need for irrigation
or replaces it completely [91]. Several studies have also introduced new materials and
approaches to improve the efficiency of the drainage layer [21,77].

Table 6. Two examples of the influence of the drainage layer’s properties on the green roof’s runoff
rate. RWR = rainwater runoff.

Article Drainage Layer Substrate Depth (cm) RWR Rate (%)

Burszta-Adamiak [52]
Plastic profiled drainage elements type FKD 12 (height:

1.2 cm) - 82.5

Gravel with 2–5 cm granulation - 85.7

Baryla, Karczmarczyk [77]

Polypropylene mat (Terrafond Garden 20 L type with a
thickness of 2 cm) and geotextile fabric on top of the

drainage layer
17 80

Washed gravel 8 62.7
Expanded clay aggregate 8 62.7
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5.3.5. Other Influencing Factors

Several other factors can also influence rainwater retention, such as the slope of
the green roof, its age, and the irrigation system used. Although a few studies found
no association between a green roof’s slope and the volume of retained water [4,56],
others observed a meaningful correlation between them [10,66,87,92]. Table 7 presents
three examples of studies that investigated the effects of different slopes on the runoff
performance of green roofs.

Table 7. Selected studies on the effects of different slopes on green roof runoff rates. RWR = rainwater
retention.

Article Climate Study
Location

Green
Roof Area

Substrate
Depth (cm) Slope RWR

Rate (%)

Getter and
Rowe [10]

Temperate USA 5.9536 6

2% 85.2
7% 82.2
15% 78
25% 75.3

Villarreal and
Bengtsson [66] Oceanic Sweden 1.544 4

2◦ 62
8◦ 43
14◦ 39

Chow and Abu
Bakar [93]

Tropical Malaysia 2 13

0◦ 56.9
2◦ 56.4
5◦ 55.9
7◦ 52.3

Many researchers have investigated the effect of roof age on the hydrological perfor-
mance of a green roof and found that the maturity of a green roof can be considered an
important factor [71,94]. Berndtsson [9] stated that over time, the root’s development and
loss of soil particles, such as the washout of some dissolvable materials and various organic
content, can change the growing medium’s porosity, which will influence its hydrological
performance. For instance, Getter and Rowe [10] monitored soil properties on a vegetated
roof for five years and tracked the organic matter content and other physical properties.
They found that the pore space and organic matter content doubled within this period
from 41% to 82% and 2% to 4%, respectively, increasing the water-holding capacity from
17% to 67% [10]. Lastly, although irrigation is needed to help vegetation survive when the
substrate is dried out and to improve the thermal performance of a green roof [2,94,95], the
use of irrigation prior to anticipated rainfall increases the soil’s moisture, thus reducing
retention and increasing runoff during the next rainfall event [96,97].

5.3.6. Summary

The above subsections provided various influencing factors for the hydrological
performance of green roofs. To increase clarity, Figure 7 summarises the hydrological
performance of green roofs and the influencing factors.
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6. The Impact of Green Roofs on Runoff Water Quality
6.1. Green Roofs as a Sink or a Source of Pollutants

On the one hand, green roofs can participate in improving runoff quality [98,99].
They can significantly remove pollution from passing water, such as suspended solids,
toxic metals, petroleum hydrocarbons, and turbidity [32,33]. Depending on substrate
composition, they can also increase the pH by up to 2.7 units [6,8,9,36], which mitigates the
negative effects of acid rain [6,9,100]. For instance, Berndtsson and Emilsson [92] stated
that green roofs behave as sinks for nitrate-nitrogen, with decreased ammonium nitrogen
and total nitrogen percentage compared with the percentage in rainwater [92]. Similarly,
van Seters and Rocha [101] reported that the pH and total of suspended solids, metals,
nutrients, bacteria, and polycyclic aromatic hydrocarbons were lower in concentrations
from a green roof compared with a conventional roof. In addition, Vijayaraghavan [102]
mentioned that the substrate of a green roof performs as an ion exchange filter. It can lower
the runoff’s ion concentration [102].

On the other hand, some of the reviewed research indicated various pollutants and
metal elements, nutrients, pesticides, and herbicides detected in green roof runoff [27,30].
For example, Vijayaraghavan and Joshi [100] reported substantial amounts of Na, K, Ca,
Mg, NO3, and PO4 and traces of Fe, Cu, and Al in runoff from green roofs. Seidl and
Gromaire [45] stated that green roofs produce higher phosphate, carbon, and organic
nitrogen concentrations compared with traditional roofs. Ahmed and Huygens [103] found
faecal indicator bacteria, potentially pathogenic bacteria, and protozoa in the runoff. Table 8
summarises the selected investigations of the quality of green roof runoff. Some of these
studies concluded that green roofs are not suitable for harvesting rainwater compared



Architecture 2023, 3 311

with other roofs [104]. However, the concentrations of these pollutants are lower than
those typically found in urban runoff [92], and the levels of observed nutrients and organic
matter remain within the average concentration for wet-weather runoff in an urbanised
watershed [45].

It can be concluded that green roofs may positively or negatively impact water quality,
depending on a few factors. The following section summarises these factors.

6.2. Controlling Factors

Generally, green roofs store pollutants in the substrate, released when runoff or drain-
ing occurs [5]. Pollutants in the runoff greatly depend on runoff volume [9]. While
Section 5 thoroughly investigated runoff volume, the following subsections focus on other
controlling factors.
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Table 8. Examples of studies on the impact of green roofs on runoff quality. Y = source, S = sink, I = increase, D = decrease, M = maintain, RW = rainwater,
SRW = simulated rainwater, MSTW = metal-spiked tap water, and USTW = unspiked tap water.

Reference Green Roof
Type Substrate Plants Metal Nutrient pH
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Chen,
Kang [105]

10 cm
extensive cultivated (C), light (L),

Cultivated +recycled glass (R)

Sedum
nussbaumerianum (Sn) RW

- - - - - - - - - - - - - Y Y Y - - S - - I
10 cm

extensive
Nephrolepis exaltata (L.)

Schott (Ne) - - - - - - - - - - - - - Y Y Y - - S - - I
10 cm

extensive
Serissa foetida (L.f.)

Poir. (Sf) - - - - - - - - - - - - - Y Y Y - - S - - I

Buffam,
Mitchell [106]

10 cm
extensive

Tremco’s standard
aggregate-based Mixed species. RW Y - - Y - - Y - Y Y - Y Y - Y - M S - Y Y I

Schwager,
Schaal [107] Substrate

Pine Bark and Peat
- SRW

Y M Y - Y Y - Y - - Y - - - - - - - - - - -
Coco Coir & Zeolite Y M Y - Y Y - Y - - Y - - - - - - - - - - -

Compost and Slag and Clay Y Y - - Y Y - Y - - Y - - - - - - - - - - -
Expanded Clay 1 Y - - - Y Y - Y - - Y - - - - - - - - - - -

Vijayaraghavan
and Joshi

[108]

pilot-scale
green roof

local garden soil -

MSTW

S S S S S S Y - S Y S Y Y - - - - - - - - I
optimised green roof substrate - S S S Y S S S - Y S S Y Y - - - - - - - - I

local garden soil P. grandiflora S S S S S S Y - S Y S Y Y - - - - - - - - I
optimised green roof substrate P. grandiflora S S S S S S S - S S S Y Y - - - - - - - - I

local garden soil -

USTW

S - - - - Y Y - - Y Y Y Y - - - - - - - - D
optimised green roof substrate - Y - - Y - Y S - Y S Y Y Y - - - - - - - - D

local garden soil P. grandiflora S - - - - - Y - Y Y - Y Y - - - - - - - - D
optimised green roof substrate P. grandiflora S - - Y - S S - Y S Y Y Y - - - - - - - D
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6.2.1. Substrate Properties

As illustrated in Section 5, water can be contaminated or purified as it moves through
the green roof substrate, which may differ based on the pollutant of interest [74]. Green
roof substrates may include some metals (e.g., Zn, Pb, and Fe), nitrogen, organic matter,
and other chemical components in different concentrations, depending on the composition
of the materials and ameliorants [109,110]. Some of these components may dissolve or be
discharged with the runoff, causing reduced water quality and increased turbidity [102].
The concentrations of the pollutants found in the runoff depend on the proportion of these
pollutants in the substrate [9,28,102]. In addition, the substrate’s material and composition
can affect the leaching amounts of the contaminants. For example, an increase in silting
components increases the leaching of nitrate-N, DOC, DON, and orthophosphate-P [36].
Using sand media instead of clay can boost ammonia loss [111]. Furthermore, the mag-
nitude of contaminants in the runoff is affected by soil microbes and their secretions and
metabolites [27,92,102,112]. The substrate’s depth can positively or negatively affect runoff
quality [110], depending on the pollutant type and if the substrate is a source of this
contamination or a sink [45,74,111]. Therefore, careful attention to substrate design and
composition and ongoing monitoring and maintenance can help improve water quality
management in green roofs.

6.2.2. Vegetation

Generally, the reviewed papers agreed that vegetation plays a functional role in
reducing the magnitude of pollutants in runoff [41,78,79], specifically when vegetated roofs
are compared with non-vegetated roofs [36,57,113]. Vegetation participates in removing
pollutants, as it acts as a particle trap for dust, airborne particulates, and biofilters [102,114].
In addition, vegetation supports microbial activity in the substrate layer, which can help
break down pollutants and improve runoff quality [115]. A few studies showed that
the pollution caused by green roofs is associated with the release of nutrients, which
increases if the uptake of the plants is limited [12,27,112]. Plants need nutrients for different
physiobiological processes, and these macronutrients can be accumulated through the
root system [116], although the retention ability varies between species [117]. Therefore,
plant selection should match the substrate composition and the added fertilisers [9,118],
considering that plant diversity can reduce some pollutants in the runoff in contrast to
monocultures [119]. Plants may also be a source of pollutants, as decaying plant litter, dead
roots, and the decomposition of regenerated roots can change the balance of the substrate
layer to increase pollutant sources, mainly microbes [27,112].

6.2.3. Other Factors

Green roofs can suffer from pollution due to the accumulation of airborne pollutants
from coal burning, vehicle exhaust, and waste combustion [27]. These pollutants can
accumulate on the surfaces of plants and substrates on green roofs through deposition
during rain events [24] or via gravity. Dissolved chemicals from fertilisers and pesticides
used for vegetation growth can also contribute to pollution [12]. The runoff water quality
from green roofs can vary according to the age of the roof, with newly constructed green
roofs having higher concentrations of nutrients that are reduced over time by rainfall
flushing, plant uptake, and biological activities [9,32,78,102]. Heavy metals tend to increase
in concentration within green roof layers during dry periods, and ageing green roofs can
release them [92]. Seasonal variations also affect green roof runoff quality, with significant
differences observed in nutrient concentrations between summer and winter. Therefore, it
is important to carefully select plants and fertilisers and consider environmental conditions
when designing green roof systems to maintain water quality [27,120].
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7. Techniques to Control Runoff and Water Consumption on Green Roofs

The techniques used to control runoff and water consumption on green roofs are
closely related, as they aim to increase water management sustainability and mitigate the
environmental impacts of urban development. Therefore, it is important to consider the
interdependence of these two factors when designing and maintaining green roofs.

7.1. Evaluating and Controlling Potential Evapotranspiration

ET is the process of water transpiring from the soil through direct evaporation and
plant transpiration [121]. ET rates are affected by various factors, such as climate conditions
(e.g., temperature, wind speed, and solar radiation), vegetation, and substrate and moisture
content [4,122]. ET reduces the available moisture content of the substrate, leading to
increased green-roof retention and detention capacity during rainfall events [4,50,122].
It is considered an effective mechanism in reducing runoff [122], and Ebrahimian and
Wadzuk [123] found that the annual green-roof retention capacity due to ET ranged between
11% and 77% of the total rainfall volume. Various substrate characteristics can affect water
retention capacity and ET rates [122]. The vegetation layer is also a crucial factor affecting
ET, with its availability increasing the ET rate [87]. Different plant species have varying rates
of ET; some species, such as Origanum onites, have a high ET capacity, while others, such as
turfgrass, have a moderate ET capacity [43,122]. Therefore, selecting the appropriate plant
species is essential for improving green-roof hydrological performance under different
climatic conditions and irrigation methods [43]. It is also important to consider both ET
and infiltration concurrently in the design of green roofs to improve their hydrological
performance [123]. Finally, adding artificial shading or trees on green roofs, specifically
in hot climates, may reduce the exposure of low canopy vegetation to the sun’s rays,
which can help reduce the green roof’s surface temperature and enhance water balance
efficiency [72,83,124,125]. Figure 8 shows the influence of different factors on ET that
designers must consider in the green roof design process.

7.2. Adapting Green Roof Layers and Considering Non-Traditional Green Roof Types

As mentioned in Section 5.3, green roof layers play an essential role in controlling
hydrological performance. Therefore, adapting these layers to the local rainfall intensity
and depth will increase the green roof’s hydrological performance. This includes selecting
the appropriate growing medium composition with the appropriate depth and moisture-
holding capacity [20,40,58,71–73], vegetation coverage that matches the anticipated ET and
water availability [21,69,71,80], and the appropriate drainage layer materials that retain a
sufficient amount of water to mitigate the need for irrigation [40,87,88], as well as reducing
the slope of the green roof to reduce runoff speed [10,66,87,92]. However, when traditional
green roof settings are insufficient to promote sustainable water management practices,
considering non-traditional green roof types, such as blue-green roofs, purple roofs, sponge
roofs, and constructed wetlands, may be highly beneficial for more sustainable water
management. Non-traditional green roof types have additional layers or modifications to
adapt to specific environmental challenges. For instance, a blue-green roof combines the
benefits of a traditional green roof with a water storage layer that allows for the controlled
release, storage, and filtration of rainwater, and it is effective in areas with heavy rainfall
or a high risk of flooding [87]. A purple roof is similar to a traditional green roof but
incorporates a drainage layer with low transmissivity and a void layer that can be tailored
to different depths to permit water storage for gradual release, and it is also suitable for
wet climates and drought-prone regions [126,127]. A sponge roof is a lightweight version
of a green roof due to incorporating a lightweight structure, such as mineral wool, in its
design, which can hold water and discharge it slowly [126]. Lastly, a constructed wetland is
designed to mimic the natural processes of a wetland and its capability to retain and purify
water [128,129].
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7.3. Controlling the Irrigation Regime

Irrigation is necessary to maintain the vitality of a green roof’s vegetation during the
anticipated dry weather period and plant establishment and to improve the green roof’s
thermal performance [95,130]. Installing an irrigation system during the green roof design
phase is less expensive than replanting dead plants [131]. However, a permanent irrigation
system may not be necessary after plant establishment if the green roof is appropriately
designed and considers all the factors mentioned in the previous sections, such as retaining
sufficient rainwater, growing medium type and depth, and plant selection [88,132]. When
the potential ET exceeds the monthly precipitation, an imbalance in the green roof’s hydro-
logical performance occurs in climates with extended dry weather periods, particularly in
hot weather. Therefore, installing an irrigation system is essential.

ET and weather conditions are critical factors when designing and controlling an
irrigation regime [122,133]. Predicting the ET of the current hour and calculating the
required amount of water for irrigation is essential for designing a precise irrigation
system to water the plants directly at their roots according to their needs [76,121]. In
addition, evaluating the current substrate moisture content and its suitability to support the
plants’ survival while waiting for the predicted next rainfall will maximise the green roof’s
retention performance [96,97]. One example of such a system is the artificial irrigation
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system developed by Bandara and Balasooriya [121], which measures the surrounding
climate status, calculates the average values and predicts the anticipated climatic status
to determine the required amount of water for irrigation. Although irrigation systems
are necessary to improve green roof performance from various aspects, the knowledge of
irrigation practices and specifications on green roofs is still limited [22].

7.4. Harvesting the Runoff

After all the above techniques are considered, runoff may still occur and harvesting
the runoff is the last technique that may be applied. The harvested runoff can be used
for irrigation and non-potable purposes [28,134]. Studies have shown that harvested
runoff may account for 34–92% of the total water consumption of an average household,
depending on a typical family’s demand [135]. Different methods can facilitate harvesting,
including installing tanks, cisterns, or rain gardens [33,136].

8. Techniques to Control the Runoff Quality from Green Roofs

As discussed in Sections 4 and 6, water sources and green roof layers affect runoff
quality. The best strategy to control the leaking of pollutants is to reduce runoff [8,9,58,92],
which provides a better chance that plants or biosorbents will take up these pollutants [137].
However, if the green roof design does not allow for hosting all the provided water, using
high-grade water sources and high-quality substrates may significantly help enhance runoff
quality [45,74,111]. In addition, it is important to acknowledge the possibility of leaching
pollutants and take steps to minimise their impact, ultimately enhancing the runoff quality.
The following subsections outline several practical approaches to accomplish this goal.

8.1. Phytoremediation

Phytoremediation is an efficient, cost-effective, and eco-friendly solution that uses
plants and their associated microbes to reduce the concentrations or toxic effects of pollu-
tants in the environment [138,139]. Phytoremediation techniques, such as phytoextraction
(Figure 9), phytofiltration, phytostabilisation, phytovolatilisation, phytodegradation, rhi-
zodegradation, and phytodesalinsation [139,140], can be used to improve the quality of
green roof runoff and the harvested water. For example, phytoextraction can remove heavy
metals and metalloids [139,141] through hyperaccumulator plants [142,143]. Phytofiltra-
tion filters contaminants from water sources using Spathiphyllum spp., for instance [144].
Phytostabilisation immobilises contaminants in the substrate by using plants such as Sem-
pervivum spp. [145]. Phytovolatilisation takes contaminants and releases them into the
atmosphere in a less harmful form using such plants as Lavandula spp. [146]. Rhizodegrada-
tion uses plants (e.g., Trifolium spp.) and their associated microbes to degrade contaminants
in the soil [147]. Phytodesalination removes salt from saline soils or water using plants
(e.g., ice plants) [148].

8.2. Biosorption

Biosorption is a bioremediation technique that uses inactive or dead biological materi-
als, such as algae, fungi, bacteria, and agricultural and industrial wastes, to absorb organic
and inorganic pollutants to improve runoff quality [139,149]. Many researchers reported
that adding mycorrhizal fungi to the substrate can effectively decompose, absorb, and
retain nutrients and metals [26,27,120]. Seaweed (which is classified as brown algae), red al-
gae, and green algae demonstrate significant performance in treating heavy metals [57,139].
Adding biochar to the substrate can increase the nutrient retention capacity and remarkably
decrease the leaching of total nitrogen, total phosphorus, nitrate, phosphate, and organic
carbon [27,117]. Expanded shale can increase the capacity for retaining P, NH4-N, and
metals [150]. Adding crab shells is also an excellent biosorbent treatment for various metals
and other pollutants [139]. Adding seashell media can help remove sulphide odours (rotten
eggs and rotten vegetables) and some faecal odours up to 99% [151].
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8.3. Controlling Fertilisers and Pesticides

Fertilisers and pesticides are often used to enhance vegetation performance and health.
However, they contaminate the runoff and harvested water. The negative impacts of fer-
tiliser and pesticide use can be reduced by avoiding application during the wet season and
just before rainfall occurs [111] and by using a controlled-release fertiliser [111,113], in ad-
dition to improving the knowledge of the plants’ nutrient requirements to develop a proper
fertilisation protocol suited to the various growth stages of the plants or to balance nutrient
losses. For example, plants only require phosphorus during the establishment stage, and
most plants require nitrogen during their rapid growth periods [111]. Chen et al. (2011) ap-
plied precise irrigation and synchronised nitrogen supplies to successfully decrease nutrient
loss to nearly zero [152], compared with the 127-kg N/ha loss in typical practices [9,111].

9. Discussion

This review aimed to explore the influencing factors and innovative solutions that
increase the sustainability of water management on green roofs. The study incorporated an
investigation of the state of the art and focused on the hydrological balance, water input
and output, key influencing factors, and techniques that enhance hydrological performance.
Most of the reviewed studies involved small experimental extensive green roof platforms,
and these types of experiments may over- or underestimate the performance of actual
green roofs [4,45]. However, such research can help provide insights into various green
roof settings, such as different slopes, vegetation, and substrate depth levels. The results
of these studies can help understand and evaluate the performance of green roofs, but
they should be used as guidance and not as facts to be applied directly to policies without
further investigation.

Green roofs can manage rainwater on buildings and support stormwater management
in cities if designed appropriately, but their performance is limited in extreme events
and conditions [21,39,64,65]. Enhancing rainwater retention on green roofs may help
reduce the negative impact of green roofs on water resources, as rainwater is considered
a renewable water source. This can be achieved by estimating the rainfall amount and
annual distribution and controlling the water storing capacity and consumption of green
roofs by amending green-roof settings or integrating the various technologies discussed in
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Section 7. Seeking non-potable sources, such as greywater, or harvesting enough rainwater
to be used for irrigation during dry weather periods is highly advantageous for improving
the sustainability of green roofs.

In addition, the water balance of a green roof depends on its configuration, design,
and hydrological loading ratio. The latter has a significant influence on ET, which is the
greatest water consumption factor for green roofs [123]. Many factors lead to increasing or
decreasing ET, as explained in Section 7.1, according to what is needed to serve the green
roof’s performance. Therefore, it is essential to set the appropriate objective of establishing
a green roof with the correct configuration of these controlling factors and to evaluate the
overall positives and negatives of the green roof. For instance, this assessment is critical
when considering a green roof for the thermal comfort aspect, as this performance depends
greatly on water consumption in the ET mechanism.

Furthermore, although only one research paper among the reviewed articles empha-
sised developing water management plans for green roofs [153], a comprehensive water
management plan is essential for successfully implementing sustainable green roof technol-
ogy. However, it is difficult to derive a good water management plan from the published
articles due to the enormous differences between the climate conditions in the various
observed zones and the different objectives for implementing green roofs. In addition,
no information about the acceptable thresholds for green roofs’ water consumption or
runoff in city regulations was found. Therefore, it is recommended that designers seek
modelling tools (e.g., EcoRoof in EnergyPlus) to assess the potential ET, required irrigation,
and anticipated runoff by considering substrate infiltration (which couples the soil matrix
and hydrologic aspects with the usage of rainfall records) and climate data for their design
strategies and water management plans for green roofs. In addition, cities should request a
water management plan as an approval requirement for green roof implementation. Such a
plan should be assessed based on the availability of water resources within the city and the
potential impact of green roofs on these resources. Lastly, city councils should be motivated
to collaborate with researchers to highlight the needed thresholds for green roofs’ water
consumption and runoff to develop the best practices regarding green roofs in cities.

Green roofs can function either as a sink or a source of pollutants, depending on
their specific locations, settings, and water sources. Therefore, green roof layers should be
modified to improve water quality or, at the very least, prevent a reduction in water quality
based on the factors discussed in this review and the solutions provided in Section 8. It is
important to note that identifying the sources and concentrations of pollutants and using
appropriate techniques are crucial for effectively enhancing water quality. Based on that,
the manufacturers of various green roof construction materials, particularly substrates,
should be urged to provide evaluations of their products’ impacts on runoff quality. Such
evaluations will aid in improving the overall assessment of green roof performance in
terms of water quality. City councils and building rating systems should incorporate a
request for an assessment of the impact on stormwater quality by the selected green roof
settings. This will motivate designers to enhance their green roofs’ sustainability, improve
rating systems, and facilitate city councils’ initiatives and incentives regarding green roofs.

9.1. Practical Implications and Proposed Framework

This review provided important information regarding the various influencing factors
and innovative solutions to help decision-makers undertake a sustainable water manage-
ment plan for green roofs. Therefore, based on the above, this section aims to synthesise
the existing knowledge to guide designers and policymakers to enhance their strategies
for managing water on green roofs. As a result, a sustainable water management frame-
work has been developed. The framework consists of seven stages followed by feasibility
assessment and decision-making, as presented in the following sub-sections.
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9.1.1. Proposed Sustainable Water Management Framework

1. Site assessment and planning:

a. Prioritise water management objectives: rank and prioritise water management
objectives based on their significance and feasibility for the project.

b. Integrate water management into site planning: ensure water management is
integrated with the overall site planning process, considering factors such as
building design, landscaping, and infrastructure.

c. Assess local regulations and permits: ensure compliance with local regulations
and obtain necessary permits and guidelines for water sources and management.

d. Comprehensive site assessment: conduct a thorough site assessment, including
climate conditions, rainfall patterns, access to sunlight, roof slope, neighbouring
buildings, pollutants, vegetation, and drainage systems.

2. Green roof design and configurations:

a. Select appropriate green roof type: determine the most suitable green roof type
based on site-specific factors and water management objectives.

b. Optimise water management design: design the green roof to optimise water
management, considering factors such as slope, drainage systems, substrate
composition, and vegetation selection.

c. Emphasise water conservation strategies: incorporate water conservation strate-
gies, such as using drought-tolerant plant species, mulching, retention layers,
and water-efficient fixtures.

d. Efficient drainage system: design an efficient and well-structured drainage
system to manage excess water and prevent waterlogging.

3. Irrigation design and management:

a. Estimate water demand: estimate the water demand for the site based on vegeta-
tion requirements, evapotranspiration rates, and irrigation needs.

b. Develop a smart irrigation plan: develop an irrigation plan that considers water
needs, availability, and conservation goals. Implement smart irrigation con-
trollers adjusting schedules based on weather conditions, soil moisture, and
plant requirements.

c. Efficient irrigation systems: implement efficient irrigation systems, such as drip
irrigation or sub-irrigation, and incorporate moisture sensors to optimise water
use and prevent overwatering.

d. Explore alternative water sources: encourage using greywater or recycled water
for irrigation, if feasible and permitted.

4. Excess and rainwater harvesting:

a. Assess the feasibility of rainwater harvesting: evaluate feasibility based on
rainfall patterns, roof area, and water storage capacity.

b. Design a rainwater collection system: design and implement a rainwater collec-
tion system, including gutters, downspouts, and storage tanks, considering the
water requirements of the green roof.

5. Runoff control and stormwater management:

a. Retain and gradually release water: implement methods to retain and gradually
release stored water from the drainage layer, reducing the burden on conven-
tional drainage systems.

b. Integrate with green infrastructure: incorporate green roofs with other green in-
frastructure elements, such as bioswales or rain gardens, to enhance
stormwater management.

c. Ensure a functional drainage system: design and maintain a well-functioning
drainage system to direct excess water away from the building and prevent damage.

6. Water quality management:
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a. Enhance water quality on green roofs: implement measures such as appropri-
ate vegetation, substrates, and filtration systems to enhance water quality on
green roofs.

b. Regular water quality monitoring: conduct regular monitoring and testing
of water quality parameters to ensure compliance with local regulations and
standards and implement required techniques to enhance the quality if needed.

7. Maintenance, monitoring, and improvement:

a. Develop a comprehensive maintenance plan: develop a comprehensive main-
tenance plan, including regular inspections, cleaning of drainage systems, and
vegetation management.

b. Monitor performance and consumption: monitor water consumption, stormwa-
ter runoff, and overall system performance to identify opportunities for improve-
ment and address any issues promptly.

c. Periodic inspections and adjustments: conduct periodic inspections to identify
and address potential issues and make necessary adjustments to optimise water
efficiency and sustainability.

d. Stay updated on advances: stay informed about advances in green roof technolo-
gies, water management strategies, and best practices through engagement with
research institutions and industry experts.

e. Stakeholder feedback and engagement: seek feedback from stakeholders, includ-
ing building owners, occupants, and facility managers, to understand their needs,
preferences, and concerns regarding water management. Involve stakeholders
throughout the process to ensure their support and participation.

9.1.2. Feasibility Assessment

1. Cost-benefit analysis: conduct a detailed cost-benefit analysis to determine the eco-
nomic feasibility of implementing the green roof water management system. Evaluate
installation costs, maintenance expenses, and potential savings in water bills or
stormwater management infrastructure.

2. Environmental impact assessment: assess the potential environmental benefits of
the green roof water management system, such as reducing stormwater runoff and
improving water quality. Consider the life cycle environmental impacts of materials
and maintenance practices.

3. Technical feasibility: evaluate the technical feasibility of implementing the required
systems, including green roof design, irrigation systems, rainwater collection and
drainage infrastructure.

4. Risk assessment and mitigation: identify and evaluate potential risks associated
with green roof water management, such as leakage, water damage, or increased
maintenance requirements. Develop mitigation strategies to minimise risks and
ensure long-term performance.

5. Social considerations: engage with stakeholders to understand their needs and concerns
related to water management, specifically for the water sources used for irrigation.

9.1.3. Decision-Making

1. Informed decision-making: based on the assessments conducted, stakeholder input,
and feasibility analysis, make an informed decision on the practicality of implement-
ing the green roof water management system. Consider alternative approaches or
modifications if necessary.

2. Scalability and adaptability: assess the scalability of the system to other projects
and consider adaptability to different contexts. Ensure that the framework can be
replicated and adjusted based on varying site conditions, regulations, and resources.

3. Continual improvement: continuously evaluate the performance of the green roof
system in terms of water management goals and objectives. Monitor water usage,
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rainfall, runoff and system efficiency to identify areas for improvement and implement
necessary adjustments.

4. Knowledge updates: stay updated on the latest advances in green roof technologies,
water management strategies, and best practices. Engage with research institutions,
industry experts, and relevant professional networks to stay informed and incorporate
new knowledge into the water management framework.

9.2. Limitation and Future Studies

The limitation of this study is subject to the existing literature in that the majority of
the reviewed studies were conducted on small experimental extensive green roof platforms,
which may over- or underestimate the performance of an actual green roof. Future research
should prioritise large-scale monitoring studies to assess the economic and social feasibility
of green roofs for water management. Additionally, it is crucial to investigate the impact
of green roofs on the broader urban water cycle and how they interact with local water
resource management policies. Further research should also explore the integration of green
roofs with other green infrastructure components, such as bioswales and rain gardens, to
develop a comprehensive approach to stormwater management in urban areas. Currently,
irrigation strategies and systems remain inadequately studied; thus, future research should
address this gap by exploring related systems and strategies. It is essential to note that
the research approach that views green roofs as a homogenous layer regardless of their
settings is overused. Consequently, a combination of various green roof types and their
different integration methods should be investigated to improve their sustainability and
introduce the best green roof settings and better practices. In addition, while plants on
green roofs can absorb pollutants, they can also shed plant materials, such as leaves,
dead roots, and the decomposition of regenerated roots, which can change the balance
of the substrate layer and increase pollutant sources. Further research is required to
assess the impact of the most commonly used plant species on green roofs on water
quality throughout their life cycles. Expanding the scope of research sites to include
large-scale green roof installations across diverse locations, climates, and building types
is also recommended. This will provide a broader range of conditions and enhance the
generalisability of findings. Additionally, conducting long-term monitoring studies of
green roofs will contribute valuable insights into their performance, effectiveness, and
long-term economic and social feasibility. Lastly, an analysis of the broader urban water
cycle is necessary to evaluate the overall impact of green roofs, including factors such
as stormwater runoff, groundwater recharge, and their compatibility with existing water
resource management policies. Integration with other green infrastructure elements, such
as bioswales, rain gardens, and permeable pavements, should be explored to develop a
comprehensive and resilient approach to urban stormwater management.

10. Conclusions

This review explored the factors influencing the sustainability of water management
on green roofs and the innovative solutions that can be implemented to improve their
hydrological performance. The review highlighted the need for the appropriate design,
configuration, and management of green roofs to enhance their water retention capabili-
ties, reduce their impact on water resources, and support city stormwater management.
However, it is essential to note that the performance of green roofs may be over- or un-
derestimated in small experimental platforms, and the results should be used as guidance
rather than direct facts for policymaking. The review also emphasised the importance of
developing comprehensive water management plans considering local climate conditions
and the objectives for implementing green roofs. Modelling potential ET based on substrate
infiltration and climate data can facilitate effective design strategies and water management
plans for green roofs. In addition, it is essential to consider the sources and concentrations
of pollutants in implementing green roofs, particularly in areas with poor air quality or
varying irrigation water quality. Furthermore, manufacturers of green roof materials should
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provide evaluations of their products’ impacts on runoff quality. This will influence the
designs, selections, or modifications of the layers of green roofs and the implementation of
appropriate techniques that improve water quality. Finally, policymakers should require
water management plans to be submitted for approval and develop suitable frameworks
for water management on green roofs for their cities based on the framework provided in
this study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/architecture3020017/s1.

Funding: This research received no external funding.

Data Availability Statement: The used data in this review is available in the Supplementary Materials.

Acknowledgments: The Author acknowledge each of Karine Dupre, Ruby N. Michael, Zhonghua
Gou, Ming Zhou, and Sylvie Chell for their kind feedback on the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Theodosiou, T. Green roofs in buildings: Thermal and environmental behaviour. Adv. Build. Energy Res. 2009, 3, 271–288.

[CrossRef]
2. Abuseif, M.; Dupre, K.; Michael, R. The effect of green roof configurations including trees in a subtropical climate: A co-simulation

parametric study. J. Clean. Prod. 2021, 317, 128458. [CrossRef]
3. Stovin, V.; Vesuviano, G.; Kasmin, H. The hydrological performance of a green roof test bed under UK climatic conditions.

J. Hydrol. 2012, 414, 148–161. [CrossRef]
4. Mentens, J.; Raes, D.; Hermy, M. Green roofs as a tool for solving the rainwater runoff problem in the urbanized 21st century?

Landsc. Urban Plan. 2006, 77, 217–226. [CrossRef]
5. Palla, A.; Gnecco, I.; Lanza, L.G. Hydrologic Restoration in the Urban Environment Using Green Roofs. Water 2010, 2, 140–154.

[CrossRef]
6. Teemusk, A.; Mander, Ü. Rainwater Runoff Quantity and Quality Performance from a Greenroof: The Effects of Short-Term Events.

Ecol. Eng. 2007, 30, 271–277. [CrossRef]
7. Carter, T.; Jackson, C.R. Vegetated roofs for stormwater management at multiple spatial scales. Landsc. Urban Plan. 2007, 80, 84–94.

[CrossRef]
8. Berndtsson, J.C.; Bengtsson, L.; Jinno, K. Runoff water quality from intensive and extensive vegetated roofs. Ecol. Eng. 2009,

35, 369–380. [CrossRef]
9. Berndtsson, J.C. Green roof performance towards management of runoff water quantity and quality: A review. Ecol. Eng. 2010,

36, 351–360. [CrossRef]
10. Getter, K.L.; Rowe, D.B.; Andresen, J.A. Quantifying the effect of slope on extensive green roof stormwater retention. Ecol. Eng.

2007, 31, 225–231. [CrossRef]
11. Hager, J.; Hu, G.J.; Hewage, K.; Sadiq, R. Performance of low-impact development best management practices: A critical review.

Environ. Rev. 2019, 27, 17–42. [CrossRef]
12. Tafazzoli, M. Investigating the Impacts of Green Roofs’ Vegetation Properties on Their Function in Controlling Urban Runoffs. In

Proceedings of the International Low Impact Development Conference 2018: Getting in Tune with Green Infrastructure, Reston,
VA, USA, 9 August 2018; pp. 176–183.

13. Schmidt, M. Main Cause of Climate Change: Decline in the Small Water Cycle. In Water Infrastructure for Sustainable Communities:
China and the World; IWA Publishing: London, UK, 2010; pp. 119–125.

14. Gill, S.E.; Handley, J.F.; Ennos, A.R.; Pauleit, S. Adapting Cities for Climate Change: The Role of the Green Infrastructure. Built
Environ. 2007, 33, 115–133. [CrossRef]

15. Kemp, S.; Blanuša, T. Hadley, Greywater impact on green roofs’ provision of ecosystem services. In Acta Horticulturae, Papafotiou,
M., Nektarios, P.A., Paraskevopoulou, A.T., Eds.; International Society for Horticultural Science: Leuven, Belgium, 2017; pp. 513–518.

16. Deksissa, T. GIS Based Ecosystem Service Analysis of Green Infrastructure. Int. J. Innov. Res. Sci. Eng. Technol. 2014, 3, 778–784.
[CrossRef]

17. Chand, J.; Jha, S.; Shrestha, S. Recycled Wastewater Usage: A Comprehensive Review for Sustainability of Water Resources.
Recent Prog. Mater. 2022, 4, 1–20. [CrossRef]

18. Volder, A.; Dvorak, B. Event size, substrate water content and vegetation affect storm water retention efficiency of an un-irrigated
extensive green roof system in Central Texas. Sustain. Cities Soc. 2014, 10, 59–64. [CrossRef]

19. Vesuviano, G.; Stovin, V. A generic hydrological model for a green roof drainage layer. Water Sci. Technol. 2013, 68, 769–775.
[CrossRef]

https://www.mdpi.com/article/10.3390/architecture3020017/s1
https://www.mdpi.com/article/10.3390/architecture3020017/s1
https://doi.org/10.3763/aber.2009.0311
https://doi.org/10.1016/j.jclepro.2021.128458
https://doi.org/10.1016/j.jhydrol.2011.10.022
https://doi.org/10.1016/j.landurbplan.2005.02.010
https://doi.org/10.3390/w2020140
https://doi.org/10.1016/j.ecoleng.2007.01.009
https://doi.org/10.1016/j.landurbplan.2006.06.005
https://doi.org/10.1016/j.ecoleng.2008.09.020
https://doi.org/10.1016/j.ecoleng.2009.12.014
https://doi.org/10.1016/j.ecoleng.2007.06.004
https://doi.org/10.1139/er-2018-0048
https://doi.org/10.2148/benv.33.1.115
https://doi.org/10.15680/IJIRSET.2014.0312006
https://doi.org/10.21926/rpm.2204026
https://doi.org/10.1016/j.scs.2013.05.005
https://doi.org/10.2166/wst.2013.294


Architecture 2023, 3 323

20. Zivkovic, P.M.; Jovanovic, D.G.D.; Stevanovic, Z.Z. The Impact of the Building Envelope with the Green Living Systems on the
Built Environment. Therm. Sci. 2018, 22, S1033–S1045. [CrossRef]

21. Naranjo, A.; Colonia, A.; Mesa, J.; Maury, H.; Maury-Ramirez, A. State-of-the-Art Green Roofs: Technical Performance and
Certifications for Sustainable Construction. Coatings 2020, 10, 69. [CrossRef]

22. Abuseif, M. The Thermal Effect of Various Local Park Settings: A Simulation-Based Case Study of Sunshine Coast, Australia.
Architecture 2023, 3, 195–212. [CrossRef]

23. Uyttendaele, M.; Jaykus, L.A.; Amoah, P.; Chiodini, A.; Cunliffe, D.; Jacxsens, L.; Holvoet, K.; Korsten, L.; Lau, M.; McClure, P.
Microbial hazards in irrigation water: Standards, norms, and testing to manage use of water in fresh produce primary production.
Compr. Rev. Food Sci. Food Saf. 2015, 14, 336–356. [CrossRef]

24. Pokryvkova, J.; Lackoova, L.; Fuska, J.; Tatosova, L.; Policht-Latawiec, A. The Impact of Air Pollution on Rainwater Quality. Rocz.
Ochr. Srodowiska 2016, 18, 303–321.

25. Ouyang, W.; Guo, B.; Cai, G.; Li, Q.; Han, S.; Liu, B.; Liu, X. The washing effect of precipitation on particulate matter and the
pollution dynamics of rainwater in downtown Beijing. Sci. Total Environ. 2015, 505, 306–314. [CrossRef] [PubMed]

26. Rowe, D.B. Green roofs as a means of pollution abatement. Environ. Pollut. 2011, 159, 2100–2110. [CrossRef] [PubMed]
27. Wang, H.B.; Qin, J.; Hu, Y.H. Are green roofs a source or sink of runoff pollutants? Ecol. Eng. 2017, 107, 65–70. [CrossRef]
28. Beecham, S.; Razzaghmanesh, M. Water quality and quantity investigation of green roofs in a dry climate. Water Res. 2015,

70, 370–384. [CrossRef]
29. Jongman, M.; Korsten, L. Irrigation water quality and microbial safety of leafy greens in different vegetable production systems:

A review. Food Rev. Int. 2018, 34, 308–328. [CrossRef]
30. Razzaghmanesh, M.; Beecham, S.; Kazemi, F. Impact of green roofs on stormwater quality in a South Australian urban environment.

Sci. Total Environ. 2014, 470, 651–659. [CrossRef]
31. LeFevre, G.H.; Novak, P.J.; Hozalski, R.M. Fate of Naphthalene in Laboratory-Scale Bioretention Cells: Implications for Sustainable

Stormwater Management. Environ. Sci. Technol. 2012, 46, 995–1002. [CrossRef]
32. Morgan, S.; Alyaseri, I.; Retzlaff, W. Suspended Solids in and Turbidity of Runoff from Green Roofs. Int. J. Phytoremediation 2011,

13, 179–193. [CrossRef]
33. Davis, A.P.; Hunt, W.F.; Traver, R.G.; Clar, M. Bioretention technology: Overview of current practice and future needs. J. Environ.

Eng. 2009, 135, 109–117. [CrossRef]
34. Grichting, A. A productive permaculture campus in the desert: Visions for Qatar University. Future Food J. Food Agric. Soc. 2017,

5, 21–33.
35. Zehnsdorf, A.; Willebrand, K.C.U.; Trabitzsch, R.; Knechtel, S.; Blumberg, M.; Muller, R.A. Wetland Roofs as an Attractive Option

for Decentralized Water Management and Air Conditioning Enhancement in Growing Cities—A Review. Water 2019, 11, 1845.
[CrossRef]

36. Aitkenhead-Peterson, J.A.; Dvorak, B.D.; Voider, A.; Stanley, N.C. Chemistry of growth medium and leachate from green roof
systems in south-central Texas. Urban Ecosyst. 2011, 14, 17–33. [CrossRef]

37. Pickering, C.; Byrne, J. The benefits of publishing systematic quantitative literature reviews for PhD candidates and other
early-career researchers. High. Educ. Res. Dev. 2014, 33, 534–548. [CrossRef]

38. Smith, A.E.; Humphreys, M.S. Evaluation of unsupervised semantic mapping of natural language with Leximancer concept
mapping. Behav. Res. Methods 2006, 38, 262–279. [CrossRef]

39. Baryła, A.; Karczmarczyk, A.; Bus, A.; Hewelke, E. Influence of environmental factors on retention of extensive green roofs with
different substrate composition. In Proceedings of the 1st International Scientific Conference on Ecological and Environmental
Engineering, Krakow, Poland, 26–29 June 2018.

40. VanWoert, N.D.; Rowe, D.B.; Andresen, J.A.; Rugh, C.L.; Fernandez, R.T.; Xiao, L. Green roof stormwater retention: Effects of roof
surface, slope, and media depth. J. Environ. Qual. 2005, 34, 1036–1044. [CrossRef]

41. Stovin, V.; Dunnett, N.; Hallam, A. Green roofs-getting sustainable drainage off the ground. In Proceedings of the Sixth
International Conference on Sustainable Techniques and Strategies in Urban Water Management, Lyon, France, 25 June 2007.

42. Brandao, C.; Cameira, M.D.; Valente, F.; de Carvalho, R.C.; Paco, T.A. Wet season hydrological performance of green roofs using
native species under Mediterranean climate. Ecol. Eng. 2017, 102, 596–611. [CrossRef]

43. Soulis, K.X.; Ntoulas, N.; Nektarios, P.A.; Kargas, G. Runoff reduction from extensive green roofs having different substrate depth
and plant cover. Ecol. Eng. 2017, 102, 80–89. [CrossRef]

44. Chowdhury, R.K.; Beecham, S. Characterization of rainfall spells for urban water management. Int. J. Climatol. 2013, 33, 959–967.
[CrossRef]

45. Seidl, M.; Gromaire, M.C.; Saad, M.; De Gouvello, B. Effect of substrate depth and rain-event history on the pollutant abatement
of green roofs. Environ. Pollut. 2013, 183, 195–203. [CrossRef]

46. Simmons, M.T.; Gardiner, B.; Windhager, S.; Tinsley, J. Green roofs are not created equal: The hydrologic and thermal performance
of six different extensive green roofs and reflective and non-reflective roofs in a sub-tropical climate. Urban Ecosyst. 2008,
11, 339–348. [CrossRef]

47. Li, W.C.; Yeung, K.K.A. A comprehensive study of green roof performance from environmental perspective. Int. J. Sustain. Built
Environ. 2014, 3, 127–134. [CrossRef]

48. Burszta-Adamiak, E. Abdef, Analysis of the retention capacity of green roofs. J. Water Land Dev. 2012, 16, 1–11. [CrossRef]

https://doi.org/10.2298/TSCI170531225D
https://doi.org/10.3390/coatings10010069
https://doi.org/10.3390/architecture3020012
https://doi.org/10.1111/1541-4337.12133
https://doi.org/10.1016/j.scitotenv.2014.09.062
https://www.ncbi.nlm.nih.gov/pubmed/25461032
https://doi.org/10.1016/j.envpol.2010.10.029
https://www.ncbi.nlm.nih.gov/pubmed/21074914
https://doi.org/10.1016/j.ecoleng.2017.06.035
https://doi.org/10.1016/j.watres.2014.12.015
https://doi.org/10.1080/87559129.2017.1289385
https://doi.org/10.1016/j.scitotenv.2013.10.047
https://doi.org/10.1021/es202266z
https://doi.org/10.1080/15226514.2011.568547
https://doi.org/10.1061/(ASCE)0733-9372(2009)135:3(109)
https://doi.org/10.3390/w11091845
https://doi.org/10.1007/s11252-010-0137-4
https://doi.org/10.1080/07294360.2013.841651
https://doi.org/10.3758/BF03192778
https://doi.org/10.2134/jeq2004.0364
https://doi.org/10.1016/j.ecoleng.2017.02.025
https://doi.org/10.1016/j.ecoleng.2017.01.031
https://doi.org/10.1002/joc.3482
https://doi.org/10.1016/j.envpol.2013.05.026
https://doi.org/10.1007/s11252-008-0069-4
https://doi.org/10.1016/j.ijsbe.2014.05.001
https://doi.org/10.2478/v10025-012-0018-8


Architecture 2023, 3 324

49. Li, Y.; Liu, J. Green roofs in the humid subtropics: The role of environmental and design factors on stormwater retention and peak
reduction. Sci. Total Environ. 2023, 858, 159710. [CrossRef] [PubMed]

50. Todorov, D.; Driscoll, C.T.; Todorova, S. Long-term and seasonal hydrologic performance of an extensive green roof. Hydrol.
Process. 2018, 32, 2471–2482. [CrossRef]

51. Zhang, Q.Q.; Miao, L.P.; Wang, X.K.; Liu, D.D.; Zhu, L.; Zhou, B.; Sun, J.C.; Liu, J.T. The capacity of greening roof to reduce
stormwater runoff and pollution. Landsc. Urban Plan. 2015, 144, 142–150. [CrossRef]

52. Burszta-Adamiak, E. Analysis of stormwater retention on green roofs. Arch. Environ. Prot. 2012, 38, 3–13. [CrossRef]
53. Carter, T.L.; Rasmussen, T.C. Hydrologic behavior of vegetated roofs. J. Am. Water Resour. Assoc. 2006, 42, 1261–1274. [CrossRef]
54. Santos, M.L.; Silva, C.M.; Ferreira, F.; Matos, J.S. Hydrological Analysis of Green Roofs Performance under a Mediterranean

Climate: A Case Study in Lisbon, Portugal. Sustainability 2023, 15, 1064. [CrossRef]
55. Ruangpan, L.; Vojinovic, Z.; Di Sabatino, S.; Leo, L.S.; Capobianco, V.; Oen, A.M.P.; McClain, M.E.; Lopez-gunn, E. Nature-based

solutions for hydro-meteorological risk reduction: A state-of-the-art review of the research area. Nat. Hazards Earth Syst. Sci. 2020,
20, 243–270. [CrossRef]

56. Bengtsson, L. Peak flows from thin sedum-moss roof. Nord. Hydrol. 2005, 36, 269–280. [CrossRef]
57. Vijayaraghavan, K.; Raja, F.D. Pilot-scale evaluation of green roofs with Sargassum biomass as an additive to improve runoff quality.

Ecol. Eng. 2015, 75, 70–78. [CrossRef]
58. DeNardo, J.C.; Jarrett, A.R.; Manbeck, H.B.; Beattie, D.J.; Berghage, R.D. Stormwater mitigation and surface temperature reduction

by green roofs. Trans. Asae 2005, 48, 1491–1496. [CrossRef]
59. Wang, J.; Garg, A.; Liu, N.; Chen, D.; Mei, G. Experimental and numerical investigation on hydrological characteristics of

extensive green roofs under the influence of rainstorms. Environ. Sci. Pollut. Res. 2022, 29, 53121–53136. [CrossRef] [PubMed]
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