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Abstract: The intensity and frequency of extreme rainfall events have increased in North America and
the world due to climate change. Extreme rainfall events, characterized by a heavy volume of rainfall
in a short duration, have triggered the onset of urban flash floods. Over the years, flash flooding has
been reported in different cities in Canada, which resulted in many losses. Subsequently, different
green roofing systems have been adopted to control urban stormwater runoff as part of Nature-Based
Solutions (NBS) to mitigate urban flood and build a flood-resilient city. Currently, no specific widely
recognized standard or code is dedicated to determining the hydrological performance of green
roofs as a whole system. Moreover, there are no test protocols to regulate the design of green roof
systems in the market. A comprehensive literature review examines existing research methods
adopted to evaluate influencing parameters affecting the hydrological performance of NBS-CR. The
results indicate several limitations in experimental and field investigations. Consequently, to address
these limitations, it is essential to formulate a multi-functional work plan to develop a standardized
test method that can become a common platform for the roofing industry to test and quantify the
hydrological performance of their systems.

Keywords: nature-based solutions; commercial green roofs; standards; hydrological performance;
experimental tests; field investigations

1. Introduction

The intensity and frequency of extreme rainfall events have increased in North America
and the world due to climate change since the 1950s [1]. Over the past years, extreme
rainfall events, which are characterized by a heavy volume of rainfall in a short duration,
have triggered the onset of urban flash floods. This is because, during heavy rainfall,
the stormwater drainage system can become overloaded. Aged infrastructure in Canada,
built before the 1940s and making up approximately 23% of Toronto’s infrastructure, is
the most vulnerable [2]. Older infrastructure comprises a combined sewer system where
one pipe conveys both sewer and stormwater, increasing the risk of an overflow. The
situation is aggravated in the presence of clogged catch basins or large surface areas of
impervious roads. Climate changes generally account for monthly variations in a combined
sewer system. However, during extreme rainfall events, which typically peak in the spring
(April and May) and Fall (October and November) seasons, the rainfall runoff exceeds the
drainage systems’ (pipes) capacity, causing a combined sewer overflow (CSO) [3]. Thus,
the potential risk of flash floods and erosion significantly increases during the spring and
fall seasons.

Over the years, flash flooding has been reported in different cities in Canada, which
resulted in many losses. For example, Toronto, Ontario recorded the most expensive flash
flood event in 2013 (Table 1). The total loss cost is reported as one billion CAD for a rainfall
intensity of 51 mm/h that lasted for two hours. In the summer months of July and August
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of 2023, widespread flash flooding caused significant damage (eroded roads, toppled trees,
power outages, and displaced people from their homes) in several cities in Canada, such as
Nova Scotia, Halifax, Ottawa, and Montreal.

Table 1. Extreme rainfall events insured losses [4].

Cost (Canadian Dollars) Intensity Duration

Canadian City Date (Insured) (mm/Hour) (Hour) Depth (mm)
Thunder Bay May 2012 240 million 16.7 6 100
Hamilton July 2012 104 million 46.7 3 140
Toronto July 2013 1 billion 51.0 2 102
Burlington August 2014 166 million 25.0 8 200
Windsor and Tecumseh September 2016 178 million 50.0 4 200
Windsor and Tecumseh August 2017 178 million 59 48 285
Toronto August 2018 169 million 36.0 2 72

In September 2023 in Massachusetts, United States, rainfall was 300% above average
volumes, destroying homes, commercial buildings, and infrastructure. In the northern
cities of Italy in Europe, a flash flood occurred in May 2023, leading to significant losses.
An accumulated rainfall of 900 mm was estimated within twenty-four hours. This accounts
for an annual rainfall that occurred within one day.

This shows that extreme rainfall events become more frequent due to climate change
and urbanization [5], instigating the need to take more active measures in stormwater man-
agement to be more prepared for extreme rainfall events. A low-impact development (LID)
practice (e.g., vegetative roof assembly—VRA, blue roofs, blue—green roofs, purple roofs)
to control urban stormwater runoff as part of a natural-based solution (NBS) is adopted
to mitigate urban flood and build a flood-resilient city. Green roofs can be implemented
on existing and new roofs. They primarily comprise a Built-in-Place Vegetative Assembly
(BVRA) or Modular Vegetative Assembly (MVRA). Several studies illustrate many benefits
of installing a green roof system, e.g., reducing runoff, improving air quality, reducing
urban heat islands, and prolonging the roof’s service life [6], as shown in Figure 1. Green
roofs are Nature-Based Solutions (NBS) and Sustainable Urban Drainage Systems (SUDSs).
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Figure 1. Multiple benefits of adopting LID practices to control runoff as part of NBS.

Nonetheless, to overcome barriers and challenges in determining the effectiveness of
NBS in stormwater management, a unified standard test protocol must be established to
evaluate the hydrological performance of green systems considering climate change while
meeting structural requirements and Authority Having Jurisdiction (AH]J’s) requirements.

Currently, no specific widely recognized standard or code is solely dedicated to de-
termining the retention performance of green roofs as a whole system. Moreover, there
are no test protocols to regulate the design of green roof systems in the market. However,
several guidelines and publications offer recommendations and best practices for achieving
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effective retention performance. Some of these include FLL Guidelines for the Planning,
Execution, and Upkeep of Green-Roof Sites. Although primarily focused on green roof
planning, construction, and maintenance, the German FLL guidelines touch upon stormwa-
ter management. While they do not explicitly define retention performance standards, they
offer guidance for achieving effective stormwater retention [7], specifying requirements
for runoff coefficients based on structural thickness, bulk materials, and roof pitch. They
specify annual water retention in percentage and runoff coefficients for extensive and inten-
sive green roofs and also specify the maximum water storage/retention for extensive and
intensive green roofs. It is important to note that these guidelines are specific to German
conditions and regulations. Advancements in green roof technology and environmental
standards have since evolved. As a result, this guideline does not provide guidance for the
retention/detention performance of green roofs, blue roofs, or blue-green roofs at extreme
rainfall events.

Before implementing a green roof, it is essential to acknowledge that guidelines may
vary based on location, climate, and local regulations. Local municipalities or authorities
typically set codes and regulations and may outline requirements or recommendations for
managing stormwater on green roofs. Depending on where you are situated, regulations
regarding building codes and the management of stormwater might encompass rules
concerning the performance of water retention. These regulations are generally established
by local government bodies or relevant authorities, which could specify the requirements
or recommendations for managing stormwater in the context of green roofs, such as the
Toronto Green Roof Standard 2021 [8].

Moreover, there are no test protocols to regulate the design of green roof systems in
the market. System regulations are significant in developing uniform design and testing
requirements considering climate change while meeting structural requirements to miti-
gate urban flooding. Moreover, regulations improve system quality, increase consumer
availability, and accelerate mitigation efforts.

The existing ASTM standards (ASTM E2397/98/99) [9,10] provide a standard test
method for a single module but do not address the whole system performance or quantifi-
cation. It should be noted that the hydrological performance of a vegetative roof system
can not be determined based on a single module.

The National Building Code of Canada (NBCC) [11] provides climatic data on rainfall
intensities for different zones in Division B, Appendix C. Division B, part 4 of the NBCC [11]
specifies structural loads for conventional structures, establishes requirements for ponding
instability checks due to rain loads, and specifies roof slope requirements and secondary
drainage requirements. If a flat roof is too flexible, rainwater will not accumulate evenly
over the roof but will flow to form ponds in a few local areas. This may lead to an instability
similar to buckling, which can cause the roof to fail due to local overloading. There is
potential for the primary drainage system for a roof to become blocked due to freeze-thaw
conditions. Roofs in these areas should be designed accordingly.

NBCC [11] provides a reference for a guideline on the vegetative roofing system and
the performance of protective materials to the German Landscape Research, Development
and Construction Society (FLL) [7] and the National Roofing Contractors Association.
On the other hand, the National Plumbing Code [12] provides drainage requirements
(primary and secondary), specifications for the drainage system’s capacity, and procedures
for calculating hydraulic loads and drainage sizes. Both codes do not provide guidance on
the hydrological performance of the NBS-CR.

The current gap is that design guidelines and best practices recommend optimizing
these factors to improve runoff reduction and overall hydrological performance. Although
research studies, industry guidelines, and local stormwater management regulations can
provide valuable guidance for assessing and improving green roof systems’ runoff perfor-
mance, no single standard is dedicated explicitly to the runoff performance of different
NBS-CR assemblies. Therefore, the primary objectives of this research are to investigate
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parameters influencing the hydrological performance of NBS-CR and the methods adopted
to investigate the NBS-CR performance. This is achieved as follows:

(i) Conduct, in laboratory, experimental tests to investigate parameters influencing the
hydrological performance of NBS-CR and evaluate performance;

(ii) Review field monitoring studies to investigate parameters influencing the hydrological
performance of NBS-CR and evaluate performance;

(iii) Identify research gaps and research limitations;

(iv) Provide future recommendations.

1.1. Structure of the Literature Review

This paper presents a literature review conducted in a critical and systematic analysis
of existing research and literature on the quantification of green roof performance. This
literature review aims to identify gaps in the literature and synthesize relevant findings.
The benefits of adopting a green roof system to mitigate urban flooding and adapt to climate
change to build resilient cities are widely established in research. However, this review
aims to identify the best strategies to identify parameters influencing the quantification of
NBS performance. This paper reviews different systems of NBS on commercial roofs (CR).
This paper analyzes the findings from experimental and field research studies to quantify
the hydrological performance of NBS-CR and identify trends, patterns, contradictions, and
gaps in the literature. The review focuses on publications from 2000 to 2024. Studies related
to numerical modeling, water quality, or soil erosion were excluded. The findings were
evaluated and categorized. Subsequently, research limitations of the methods were identi-
fied. Finally, this paper makes recommendations to address these limitations (Figure 2).
This literature review is structured by addressing the following;:

1.  Studies addressing the influencing parameters: (i) Climatic characteristics, (ii) Perfor-
mance indicators;

Background of NBS-CR;

Review of experimental studies on parameters influencing retention performance;
Review of field investigations on parameters influencing retention performance;
Gap in the knowledge;

Conclusions;

References.

NN

E- = Define the Problem: Urban flash flooding

i » Identify the primary questions: Standard test? common platform?

i = Define the scope and boundary of the research (methods and timeline):
i experimental and field testing or monitoring from year 2000 -2024

i
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= Develop a review strategy as follows:

= Perform a comprehensive search of existing international and national
protocols/standards

® Search existing publications (e.g., databases, citations)

= Screen the content of studies (titles and abstracts followed by full
content)

= Select studies focused on experimental testing (laboratory or field) or
field monitoring

= Eliminate studies (thermal performance, water quality, modelling,
sedimentation) based on relevance and quality

1
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From selected publications:

Analyse! = Assess procedures and methods used

= Interpret the outcome of the selected studies based on methods used
= Assess the validity and relevance of the results

= Summarize procedures and findings

= Tdentify gap and limitations

e

® Re-summarize procedures, findings

= Report results, gaps and limitations (Experimental, field, and
standards), durability
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establish a common platform with industry collaboration

Update

Report

Figure 2. Flow chart of the critical review.
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1.2. Background on NBS-CR

Within the NBS-CR, different concepts of retention and detention systems are available
in the North American market, e.g., traditional Green Roof (GR), Sponge Roof (SR), Blue
Roof (BR), Blue-Green Roof (BGR), and Purple Roof (PR) that claim to have the capacity to
control water runoff generated by rainfall storms. Different components and combinations
are available in the market, and we want to investigate them in our project towards standard
development.

In general, these systems can be categorized into (i) traditional vegetative systems
where rainwater percolates through the system and drains out upon reaching field capacity
(GR); (ii) retaining (storing water volume) systems that have higher capacity than a standard
roof to retain water, which are equipped with control devices (orifices or weirs) to manage
water retained or detained (BR); and (iii) detaining (controlling water volume released)
systems where a detention layer is added to slow down and control runoff volume (BGR
and PR). Blue—-green roofs (BGR) integrate the concepts of both GR and BR, retention and
detention, respectively. Purple roofs (PR) are also a retain and a detain system similar
to BGR; nonetheless, they have a light system that retains less water and delays outflow
by 8-24 h, making them potentially superior systems for extreme back-to-back rainfall
events [13].

It is essential to understand that the amount of runoff controlled depends on the design
of the NBS-CR, how it performs, and the function it serves. Thus, a roof designer must
establish a connection between local climatic conditions, climate change, plant resiliency,
crop coefficient, and NBS-CR performance to optimize the design of a stormwater manage-
ment system, as shown in Figure 3. Crop coefficient is used to predict evapotranspiration.
It is defined as the ratio of the actual plant evapotranspiration to a reference plant evapo-
transpiration (k) [14]. The goal is to design a resilient system capable of withstanding a
changing environment while maintaining its functionality throughout its service life.

------------------------------------------------------------------

| Output Performance
! Indicators

sTemperature

Climate Change/

Scaling

+Evapotranspiration Conditions ~.Ii ¢ Attenuatio I‘
[ET)

ot Chvaroiogical T
*Frequency and Intensity L ET Hvd rologlcal
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— S - Performance | Runoff Volume |
NBS-CR System [l M

N
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=Vegetation Type
=Drainage/storags layer

Figure 3. Parameters influencing the hydrological performance of NBS-CR.

Several research studies investigated the hydrological performance of extensive green
roofs in the field through field monitoring of buildings’ rooftops by utilizing the rooftop
surface [15-21] or by building multiple individual platforms [22-25]. On the other hand,
few studies conducted experimental work using an artificial rain simulator with predeter-
mined rain characteristics [19]. Research emphasizes critical parameters influencing the
hydrological performance of different roofing systems (retention, detention, and retention
and detention), as shown in Figure 4.
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Figure 4. Characteristics of different roofing systems used on commercial buildings.

2. Review of Experimental Studies on Parameters Influencing Retention Performance

Several experimental studies [26-31] utilized an artificial rain simulator to test specially
designed small-scale roofing platforms that incorporate a drainage system. In general,
an artificial rain simulator is employed because it enables controlled and methodical
assessments of rainwater management, plant development, and various environmental
aspects commonly linked to green roofs.

The primary emphasis in these experimental investigations is placed on assessing the
hydrological effectiveness of various GR system configurations with different soil com-
positions across diverse conditions. This aimed to drive enhancements in the design and
functionality of tested systems for increased sustainability and more effective stormwater
management. The most employed metric for quantification of the hydrological performance
is the water retention capacity of GR is runoff reduction (RR) [32]. The runoff coefficient
(RC) indicates the green roof system’s capacity, while the hydrograph provides insights
into its runoff response.

Findings suggest that the retention capacity of the GR system is influenced by several
contributing interrelated parameters, such as rainfall characteristics (rain depth, intensity,
frequency, and duration) [28,30,33] and the initial moisture content (IMC) and antecedent
dry weather periods (ADWPs) [30]. Moreover, the GR is influenced by vegetation type,
substrate type, substrate depth, storage capacity, and slope of the green roof [22,34,35].
The following sections summarize existing literature on the hydrological performance of
NBS-CR using in-laboratory (rain simulator) experimental testing.

2.1. Influence of Rain Characteristics

Researchers [27,28,30,33] investigated the influence of rainfall intensity on the hydro-
logical performance of NBS-CRs.

The author [33] investigated the hydrological performance of a GR by exposing the
system to predetermined rainfall intensities of 1.8 mm/min and 3.5 mm/min for 15 min.
The rainfall intensities were based on a statistical study.

This study investigated the influence of rainfall intensity, frequency, and duration on
the hydrological response. This was achieved using a rain simulator sized 5000 x 1000 x
1000 mm (16.4 x 3.3 x 3.3 ft) and equipped with overhead 60 nozzles/m? constructed in a
laboratory in Germany. The slope of the roof surface was 2% and 9%. The substrate depth
was 100 mm. The simulated tests were completed within four days. The interevent (time



Water 2024, 16, 706

7 of 24

between each test) was 3, 18 and 24 h. The results of this study indicate that extensive green
roof has a mitigation capacity depending on the initial moisture content of the substrate
before the start of a rainfall event. However, the hydrological response is diminished
following back-to-back rainfall events due to substrate saturation. The green roof runoff
increased from 4% to 73% between the first day of testing, when the substrate was dry, and
the following day’s test after only a 3 h inter-event period.

A reduction in the peak runoff intensity was detected only in the dried condition.
It was concluded that, following a series of heavy rain events, the extensive GR lost its
ability to function effectively due to substrate saturation. On the other hand, increasing the
system slope to 9% did not significantly affect system performance, similar to the findings
by [26,34].

The retention performance of GRs was experimentally investigated by [19]. The au-
thors investigated the influence of variable rain intensities and the growing media’s IMC
on the roof’s hydrological performance. The green system was tested at rainfall inten-
sity between 0.8-2.5 mm/min for 30 and 90 min rainfall considering temperature scaling
(1.4 climate factor). The growing media comprised sedum plants with an added layer of
lightweight expanded clay beneath the substrate. The layer of expanded clay detains water
for an extended period, improving the system’s ability to attenuate runoff, delay water
flow, and reduce peak flow during heavy rainfall events. The results indicated that the
hydrological performance of the roof was highly affected by the growing media’s IMC for
short- and long-duration rain events. For example, the IMC, in this case computed based
on water balance, increased from a field capacity of 15 mm to 55 mm, and the centroid
delay decreased from 20 min to 5 and 10 min. The peak attenuation was 93%.

The main goal of [30] was to experimentally determine the runoff coefficient using
a rain simulator capable of replicating intense rainfall events at rates of 1.8 mm/min
(110 mm/h) and 2.5 mm/min (150 mm /h) based on the local climate of Rio de Janeiro in
Brazil. Weather data (temperature, instant rain, and cumulative rain) were collected over
24 h and 96 h between February and July 2017 to study the influence of local climate on
the retention performance of GR. The highest cumulative rain was 122 mm at 34 °C in
June. Five platforms sized 2000 x 890 mm (6.6 x 2.9 ft), with heights between 240 and
280 mm (less than 1 ft), were constructed and placed outdoors. The base of the platform
had a slope of between 3 and 4%. The drainage system directs water into a gutter. The
experimental program comprised system calibration followed by testing. The experimental
results indicated that intense rainfall events have a shorter start runoff time [30]. For an
intense rainfall event of 1.9 mm/min (116 mm/h), the runoff start time was 6 min, while
for a 2.4 mm/min (145 mm/h) runoff start time was 5 min.

Moreover, ADWPs and rainfall intensity influence the retention performance. The
retention capacity of the GR is higher after a drier day compared to a wet one. Interestingly,
the author found that the retention capacity of GR increases with increasing rainfall intensity.
For example, the retention volume of GR is 68-82% for a rainfall intensity of 1.9 and
2.4 mm/min (116 and 146 mm/h).

The green roof performance was experimentally investigated by [28]. A rain simulator
1000 x 1000 x 700 mm (3.3 x 3.3 x 2.3 ft) equipped with a drainage pipe was used to
simulate seven natural rainfall events between May and September in Korea. The simulated
rainfall events ranged from 0.01-0.13 mm/min (0.4 mm/h to 7.6 mm/h), referenced as
E1-E7. The results indicated that they were 42.8-60.8% effective in reducing runoff for
200 mm soil depth and 13.8-34.4% effective in reducing runoff for 150 mm soil depth. This
indicates that deeper soil substrates (200 mm) exhibit twice the retention capacity compared
to substrates with a depth of 150 mm. Moreover, the growing media (type and particle
distribution size) could limit the retention capacity of the GR system in accordance with the
inherent field capacity of the growing medium. Increased ADWPs between heavy storm
events improve water retention capacity. Otherwise, the green roof system alone may not
effectively reduce water runoffs during back-to-back or intense rainfall events.
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The authors of [27] conducted experimental work on a small-scale rain simulator
sized 500 x 500 x 200 mm (1.6 x 1.6 x 0.7 ft). The authors categorized rainfall events
into summer and spring—fall for the experiments using a statistical analysis of historical
rainfall events in Korea between 1999 and 2011. The highest rainfall intensity amounted
to 0.3 mm/min (20 mm/h) in the spring and fall 0.6 mm/min (40 mm/h) in the summer.
The rainfall conditions are not equivalent to a flash flooding event. The ADWP ranged
from half a day to 5 days. The soil layer had a depth of 100 mm (4 in). The substrate was a
mix of different percentages of perlite, cocopeat, and charcoal topped with Sedum grass.
Underneath the soil layer was a textile and low drainage plate. The results showed that GR
had a good retaining capacity during the summer (higher rainfall intensity) but no runoff.
However, runoff was dependent on rainfall intensity and total rainfall depth. The retaining
capacity was 29 mm and 27 mm when rainfall intensity was 0.25 and 0.3 mm/min (15 and
20 mm/h), respectively. As rainfall intensity increased above 0.3 mm/min (20 mm/h), the
retaining capacity decreased.

2.2. The Influence of Substrate Characteristics

Green roof substrates have different storage capacities, defined as field capacity. More-
over, the soil hydrological state of the soil is influenced by substrate composition and
particle size distribution. During frequent and intense rainfall events coupled with low
evapotranspiration conditions, substrates reach their field capacity, leading to unfavorable
conditions for vegetation thriving. Therefore, choosing an appropriate vegetation type
for a specific climate is crucial for sustaining the GR system. According to [36], Sedum
and meadows have proven effective in retaining water, making them resilient in arid
climates. Sedum inherently stores water within their cells, reducing evaporative water.
According to German roof greening guidelines (FLL) [7], a suitable air-to-water ratio plays
a significant role in extensive roofing. The guideline specifies that growing media should
have a water-holding capacity of at least 25% (v/v). The annual water retention of 60%
for extensive and semi-extensive green roofs. Growing media depth should not exceed
200 mm (semi-intensive GR type) to prevent exceeding the structural capacities provided
by building code requirements [7]. For intensive NBS-CR with an overall depth higher
than 200 mm, it is necessary to assess the structural capacity of the roof system to ensure
that it can support the NBS-CR.

This section reviews literature that focuses on the effect of substrate characteristics on
hydrological performance. Several studies [27-29,31,34,35,37] have found that substrate
characteristics that include substrate depth, substrate type, vegetation type, and mois-
ture content (initial moisture content—IMC and field capacity—FC) have a significant
influence on the hydrological performance of NBS-CR. In a general trend, as rainfall in-
tensity increases, the retaining capacity of the GR decreases [19,27,28,33-35,37]. Several
authors [19,34,37] emphasized that it is essential to recognize that the system’s effectiveness
in flood control may greatly rely on the soil field capacity and physical characteristics
(substrate depth, vegetation type) on the hydrological performance of GRs [27,28,34,35],
including the influence of the IMC [19].

One study [34] investigated the effect of vegetation type (Radix Ophiopogonis, Iris,
Sedum Spectabile) and depth of growing media substrate (50, 100, 150 mm), IMC, structure
slope (2,7, 12%) and rainfall intensities (mean low: 0.3 mm/min, mean high: 0.7 mm/min)
on hydrological performance. Ten platforms sized 1000 x 1000 x 300 mm (3.3 x 3.3 x 0.9 ft)
were constructed from stainless steel frames. Rainfall simulators were used to simulate rain
depths ranging from 17 to 30 mm over 30 to 60 min, corresponding to rainfall intensities
lower than 1 mm/min. The IMC of the soil was monitored using a series of embedded
moisture sensors. The results shown in Figure 5 illustrate a strong relationship between
retention capacity and lag time and the antecedent moisture condition. As the IMC of the
substrate increased from 25 to 44%, the system capacity to retain water decreased from
55% to 15%. Moreover, the time to runoff is decreased from 26 to 6 min. In this study,
substrate depth did not result in a significant change in system retention capacity. The
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type of vegetation used, such as Radix Ophiopogonis, had lower runoff retention than
the Sedum Spectabile vegetation. The retention capacity and delay of the onset of runoff
are higher at low intensities (mean 0.34 mm/min) than at high-intensity events (mean
0.7 mm/min). On the other hand, there is a slight decrease in retention capacity following
slope increases from 2% to 12%.

K0 30

LM-2.00x y=48.56-96.67x

R=0.41, p<0.001 R'=0.38, p<).001

60

40

204

Runoff retention (%)

20

Time to runofT (minutes)

b2 ] 25 3 35 40 45 20 25 30 35 40 45

Antecedent moisture condition (%) Antecedent moisture condition (%)

Figure 5. Relationship between retention and antecedent moisture content (%)—(a), time to runoff
and antecedent moisture content (%)—(b) (Reproduced from [34]).

Moreover, the selection of vegetation species influences the GR system'’s retention
capacity [27-29,31,35].

This author [35] conducted experimental work in the UK during the summer to
investigate the influence of vegetation type (Heuchera micrantha, Salvia officinalis, and
Stachys byzantine) on the retention performance of GR. Two rainfall events were applied
at saturated and unsaturated conditions at 0.5 mm/min (9 mm of rain in 20 min) intensity.
The author accounted for the effect of different evapotranspiration rates depending on the
vegetation type in a controlled laboratory environment. This was achieved by varying
ambient temperature and humidity conditions in the lab. The results indicated that Stachys
and Salvia exhibited the highest ET, then Heuchera, while Sedum had the lowest ET. In all
trials, the bare substrate consistently showed the lowest ET. Vegetation species exhibiting
high ET rates, such as Salvia and Stachys, could retain 72% water due to ET effects compared
to 46% retention for sedum plants.

Also, ref. [29] investigated 18 constructed GR modules sized 1150 x 1150 mm (3.8 x 3.8 ft)
under a canopy sized 2800 x 5000 x 250 mm (9.2 x 16.4 x 0.8 ft) that excluded natural
rainfall events to measure the water balance in Australia. Different vegetations were used
for the growing media employed in this study: (1) bare unplanted substrate (as a control);
(2) Sedum pachyphyllum; (3) Lomandra longifolia; (4) Dianella admixta; (5) Stypandra
glauca; and (6) a mixture of Lomandra longifolia, Dianella admixta, and Stypandra glauca.
The rainfall intensity was 0.8 mm/min (49 mm/h), equivalent to a 1% annual exceedance
probability for Melbourne. A total of 92 rainfall events were simulated for 15 months of
the study, and data were collected for 65 of these events. The ADWPs in the simulated
rainfall experiment were 0, 2, 4, 6, 9, and 12 days. Rainfall was experimentally simulated
using overhead nozzles 1300 mm high from the modules. The moisture content of the
soil was measured gravimetrically before a rainfall event and 24 h after the rainfall event,
along with ET quantification. This was considered an experimental limitation because it
did not allow ET quantification on the day of the rainfall event. The results indicated that
the retention performance of a GR was not only influenced by rainfall intensity (although
it is a significant driver for water retention) but also by the type of vegetation selected.
The variations in water retention among plant species became noticeable during more
substantial rainfall events. Modules planted with S. glauca and the mixed variety exhibited
lower retention than those with L. longifolia.

Results indicate that different vegetation types inherently have different capacities to
hold/store water (maximum water storage capacity). Some species have a higher capacity
to deplete stored water. The amount of available water storage prior to a rainfall event
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determines the retention capacity of the GR Shallow-rooted Sedum plants, which tend to
enhance maximum water capacity.

Experimental tests were conducted by [31] using a rainfall simulator in a hot tropical
climate in Brazil. A uniform rainfall intensity of 2.5 mm/min (150 mm/h) was applied
for 7 min over three module systems comprising two trays sized 500 x 500 x 200 mm.
The tested systems comprised different vegetated soils, bare soil, and fiber-cement roof
sheets for wet and dry soils exposed to the environment. Vegetation type comprised a
mix of succulent species: 70% Callisia repens (turtle vine), 15% Portulaca oleracea (yellow
purslane), and 15% Aptenia cordifolia (baby sun rose). A 5-7-day rainfall is considered a dry
condition. A sample of 50 cm? soil was collected for laboratory gravimetric measurements.
The results indicate that GRs are less efficient in retaining water during wet conditions;
however, they are a good option when intense rainfall occurs during extended dry periods
compared to a conventional roof. The author found that bare soil was drier as it drains
faster than vegetative soil. Succulent vegetation loses less water and, hence, retains less
water. This emphasizes the importance of understanding the types of vegetation species
used in a particular climate where frequent rainfall occurs.

This authors of [37] conducted experimental work investigating the hydrological
performance of extensive green roofs. The test was conducted in a controlled laboratory
environment without consideration of the evapotranspiration process. The experimental
work uniformly simulated two rainfall events recorded on 12 March 2005, and 13 March
2005. The experimental tests included (i) low rainfall intensity using unsaturated substrates,
(ii) high rainfall intensity using substrates that are initially saturated, and (iii) low-intensity
initially saturated. Gravimetric measurements of the moisture content of the growing
media were conducted to determine the substrates’ saturation level. Moreover, a rainfall
event of 2.5 mm/min (150 mm /h) was applied within 6 min, corresponding to the value
used in drainage requirements for New York City (NY), USA. For each test, the growing
media was at field capacity. The findings demonstrated that water was entirely discharged
within 24 h after a heavy rain event, suggesting that the system lacked the capacity to
retain water.

A summary of experimental studies investigating parameters influencing the retention
performance of NBS-CR based on experimental investigation is summarized in Table 2.

Table 2. Review of experimental studies on parameters influencing the retention performance of
NBS-CR.

Climate Conditions.

Rain Simulator

Ref. Variable Location (Small Scale) Rain Intensity, I, Findings
The mitigation capacity of the GR
. . . system depends on IMC, EC., and
X{;ﬁéﬁﬁﬁgﬁiﬁt:{lﬁggﬁe Extensive GR. 5000 x 1000 x 1.8 mm/min (9 mm/5 min) ADWPs. GR’s ability to retain water
[33] Rain intensity . - oy 17 mm/5 min diminishes following back-to-back
very cold winter). Quinto 1000 mm with 300 nozzles h 4 .
Vicentino, Italy 18 or 24 h FLL events due to saturation. Lower
4 retention following intense
rain events.
Hydrological performance is highly
affected by the growing media’s
0.8-2.5 mm,/min between IWC for short and long-duration
[19] IMC, Rain intensity Norwegian cities Extensive GR. Sedum, 30-90 min rain events. The IWC increased from
expanded clay layer, 130 mm 574 min, 6 h a field capacity of 15 mm to 55 mm,
’ and the centroid delay decreased
from 20 min to 5 and 10 min. Peak
attenuation was 93%.
Extensive GR. 5 modules 1.8-2.5 mm/min GR reduces lag time in intense rain
The tropical Savanna sized 2000 x 890 mm placed (1'10_'1 50 mm,/h) events but does not affect peak
monsoon climate. (Heavy outdoors. The bottom 1.8 (115 mm /h) runoff reduction. ADWPs lead to
[30] Rain intensity rain from March to drainage is into two taps 6.7 days higher retention capacity. Retention

December). Rio De
Janeiro, Brazil

towards a gutter and a
pliviometer. The gutter slope
is 0.3%.

2.4 mm/min (145 mm/h), 4
to 14 days

capacity is higher at higher rainfall
intensities, 68 and 82% for 116 and
146, respectively.
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Table 2. Cont.

Climate Conditions.

Rain Simulator

Ref. Variable Location (Small Scale) Rain Intensity, I, Findings
Factors influencing hydrological
performance substrate material,
Extensive GR. 10-platforms substrate depth, slope. Higher
sized 1000 x 1000 x 300 mm. retention capacity is observed for

Combination of cold Raised above ground by Low: 21 mm. 60 min substrates that have higher field

Rain intensity desert, cold semiarid, 500 mm. Drainage: middle of 034 .mm /miél ’ capacity. Radix Ophiopogonis had
[34] Substrate temperate continental, and  drainage layer connected by Hieh: 20 mm., 30min lower runoff retention compared to
depth type. cool continental climate. a pipe 25 mm.Substrate 0 6gm.m /min ’ ’ the Sedum Spectabile vegetation.

Gansu, China depth: 50, 100, 150 mm, Type: ’ Higher retention lag time for

Radix, Sedum, Iris. Roof low-intensity events. A slight

slope: 2,7,12% decrease in retention capacity
following slope increases from 2%
to 12%.

Extensive GR.18 modules

gizfizrgj(\)/: ;tlaSt(i)oIrTsI‘nil) Rainfall depth is the main driver for

bare un-pla r%te d subs‘tra te water retention. However, proper

A temperate oceanic (control); (2) Sedum .sehectlon 01;}‘1] egettatlt(? n species ¢

Plant type climate (warm summers, pachyphyllum; (3)Lomandra 0.8 mm/min (49 mm/h), 1AUEnaes the TELention capacity.
[29] . . EACNa A High ET reduces retention. Species
Wet/dry mild winters). Melbourne,  longifolia; (4) Dianella ADWP (0, 2,4, 6,9, 12 days) 4 h ity of
Australia admixta; (5) Stypandra roots reduce the storage capacity o
lauca: (,6) mixture of the substrate. Limitations: ET was
%oman/ dra longifolia not quantified on the day of the
Dianella admixta and experiment.
Stypandra glauca
GR is less efficient in retaining water
during wet conditions. Bare soil was
The tropical Savanna Extensive GR. 6 modules drier as it drained faster compared
Rain Intensity monsoon climate. (Heavy sized 500 X 500mm on Intense rainfall, 2.5 mm/min  to vegetative soil. Succulent
[31] Plant type rain from March to rooftop (6% slope). Runoff is (155 mm/h) and 7 min. vegetation loses less water and
Wet/dry December), Rio De Janeiro, P (57 s10p€). Wet and Dry soil conditions retains less water. Emphasize proper
. controlled using a stopwatch. . X .

Brazil selection of vegetation species for a
particular climate where frequent
rainfall occurs.

Stachys and Salvia exhibited the
highest ET, then Heuchera, and
Sedum had the lowest ET. Bare
Vegetation tvpe Maritime climate Extensive GR Heuchera substrate showed the lowest ET.
[35] an(cgl ET YP! Yorkshire, UK . micrantha, Salvia officinalis, 0.5 mm/min (9 mm/20 min) Vegetation species exhibiting high
’ and Stachys byzantine ET rates, such as Salvia and Stachys,

could retain 72% water due to ET
effects compared to 46% retention
for sedum plants.
Increase ADWP, improve retention

Humid continental climate ~ Extensive GR.1000 x 1000 x E1-E7 from (0.04 to capacity, and decrease delayed time

[28] Substrate depth with dry winter. 700 mm, Substrate depth 150 013 mm /mini (td). High I has a negative relation
Seoul, Korea or 200 mm. ’ with delayed time. GR is effective
for low-I events.
Extensive GR. 500 x 500 x . . . . S
. . Humid continental climate 200 mm. Drainage: four at Sprlng—lfall. 2-20 mm/h. . As rainfall mte_n §1ty mcrea‘sed above
[27] Rain intensity drv winter. Seoul. Korea the corners and one at the ADWPs: 1-5 days Summer: 20 mm/h, retaining capacity
y : ’ 2-40. ADWPs 0.5-3 NE. decreased.
center base.
The tropical Savanna Extensive GR.4 platforms Uniform rainfall, Low I, short
. . - P 1220 x 61 mm. One control duration. HighI. 1h Retention capacity is reduced
[37] Rain intensity. FC. climate Monsoon q . durati 4 . followi . infall
limate, Brazil and 3vegetation. uration. 0.3-0.4 mm/min ollowing an intense rainfall event.
¢ ’ Sedum plants. (18 to 25 mm/h).
X ET significantly reduces runoff.
L . Mild Oceanic, Controlled field test. GR. . Runoff initiates once FC. is reached.
[26] Rain intensity, slope Sedum moss, 300 mm 0.4,0.8, 1.3 mm/min

Augustenborg, Sweden

substrate, Slopes 2, 5, 8, 14°

The roof slope does not influence
the runoff.

3. Review of Field Investigation Studies on Parameters Influencing Retention Performance

Rainfall events are defined as having an inter-event dry period of at least 6 h, following
an approach widely used for green roof retention analysis [15,23,32]. A rainfall event is any
rain event (>1 mm) separated by a six-hour dry period.

3.1. Influence of Roof System Configuration and Regional Climatic Conditions

Researchers [17,21,38-41] found that the hydrological performance of a roof depends
on the installed roof configuration and regional climatic conditions (oceanic, Mediterranean,
temperate zone, subtropical, Nordic region, humid continental) that the roof is exposed to.
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For example, BGRs, are integrated roofing systems that incorporate both vegetative
(green) and water-retention (blue) components. The storage component of the BGR is
considered a water source (passive irrigation) of the vegetative layer through capillary
action [20]. This system outperforms a standard GR in extreme rainfall events or back-to-
back events. It is worth noting that the longest field monitoring was conducted by [21,38,39]
as follows.

In an oceanic climate, ref. [21] conducted six years of field monitoring of a full-scale
BGR in Hamburg, Germany. Hamburg has an oceanic climate. Less runoff was observed
during the summer periods. The author recorded one heavy-intensity rainfall event in
which the system had a high retention capacity, resulting in less runoff and higher detention
times. Over time, there was growth in the vegetation biodiversity due to water storage,
which sustained water availability during dry periods. Moreover, BGR contributed to the
increase in the evaporative cooling process. The author attributed this improvement to the
application of a detention system. In general, ref. [42]’s research showed that designing a
slope-free BGR reduces the runoff coefficient.

In the Nordic climate zone in four cities in Norway, ref. [38] conducted field monitoring
of a full-scale extensive green roof for three to eight years. Each city has a different climate:
Bergen and Sandnes are classified as temperate oceanic climates and have mild winters with
few frost days and precipitation, mainly rain throughout the winter. Oslo has an inland
climate with warmer summers and colder winters, which are classified as a warm-summer
humid continental climate. Trondheim has cooler summer temperatures and is classified as
a subpolar oceanic climate. The author found that increasing the substrates’ field capacity
increased the system'’s retention capacity. The author stressed the limitation associated with
the event-based characterization of the retention performance of GRs in different regions
due to event irregularities and the challenge of capturing a heavy or extreme rainfall event.

In a humid continental climate with four distinct seasons, ref. [39] examined the
effects of rainfall, evapotranspiration (ET), ADWP, and seasonal variation on the retention
performance of an extensive green roof on a commercial building in Syracuse, NY, USA.
The results indicated that the GR performance was unaffected by ADWP exceeding two
days. The monitoring period was extended from June 2010 to November 2013. This study
defined evapotranspiration as the evaporation of the soil surface and transpiration from
the sedum stomata (ET), according to [43].

In the Mediterranean climate in Palermo, Sicily, Italy, ref. [41] conducted a field
study to monitor the hydrological performance of BGR (69 m?). The investigation was
carried out for 434 days (14 months) from December 2020 to February 2022. The average
annual precipitation was 817 mm, with approximately 76% of the total annual precipitation
occurring in autumn and winter. Specifically, the average monthly precipitation in winter
amounts to around 104 mm. The results of this study are limited to 54 rainfall events
with rainfall depth over 4 mm, which does not explain the hydrological performance of
the BGR in the case of a heavy event that occurs alone or back-to-back. However, the
results underscore the significant influence of rainfall characteristics, initial soil moisture
in the green layer, and the initial water storage in the blue layer on the system’s ability to
retain water.

In a humid subtropical environment in Penrith, Australia, ref. [13] collected data
for one year from April 2021 to May 2022, during which the city experienced multiple
floods. Perth has a humid subtropical climate. This study concluded that purple roofs
outperformed all other tested systems. The onset of runoff (lag time) was delayed by 773,
211, and 86 min for small, medium, and large rainfall events, respectively, compared to a
conventional roof, and 110, 59, and 14 min, respectively, compared to a GR, as shown in
Figure 6. The findings indicated that the purple roof was an effective alternative to the GR
system during extreme events (>50 mm) or when the substrate was saturated, contrary
to the GR system, where its performance diminished when it reached capacity. During
extreme events (five occurred within the monitoring time), the lag time was 553 and 74 min
for purple roofs, respectively, compared to conventional and green roofs. Reductions in
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runoff for the purple roof compared to conventional and green roofs were 88% and 55%,
respectively.

35 105
Swt|@ | e P N I T Y spuppn e pp——
=
g Z 75
£ g Rainfall total
£20 £ 60 — = = Runoff (traditional)
g s — * = Runoff (purple} 3 45 — -+ Runoff (green)
= ~ - = Runoff (green) = ~ = Runoff (purple)
= 10 e E 30
E - = = Runoff (traditional) £ mim e m
= 3 Rainfall total 2 15 L
= . f— e —
0 g b
0 25 50 75 100 125 150 175 200 225 250 0 100 200 300 400 500 600 700 800
Time (min) Time (min)
360 Rainfall total 855
= = = = Runeff (traditional) = 760
230 T Runoff (green) =) - ST ToTIS
£ 280 [ — - Runoff (purple) & 665
g 240 g 570
= 20 =475
20 - 2
= 160 L = 380
2 1y e £ 285 Rainfall total
= = © = = = Runoff (traditional )
g 80 3 190
= @ = ~ = Runoff (green)
o < 95 —_ I
40 S 93 Runoff (purple)
0 — ] . ]
0 250 500 750 1000 1250 1500 0 150 300 450 600 750 900 10501200
Time (min) Time (min)

Figure 6. Rainfall and runoff from different roofs over time during a (a) small rainfall event of 4.6 mm,
(b) medium rainfall event of 14.5 mm, (c) large rainfall event of 42.9 mm, and (d) extreme rainfall
event of 118.2 mm (reproduced from [13]).

In Michigan, USA, ref. [40] constructed twenty-one roof platforms, each measuring
1220 x 1220 mm (4 X 4 ft). The platform slope is 2%. The authors constructed different roof
systems, including a LiveRoofStandard (S), LiveRoof Standard and RoofBlue RETAIN (SB),
LiveRoof Lite (L), LiveRoof Lite and RoofBlue RETAIN (LB); Substrate and Rockwool (R),
RoofStone Pavers (RS); Membrane only (M); Gravel Ballast (G); and Gravel and RoofSponge
(GR). Natural rainfall was recorded for eight months. The percent of retention is illustrated
in Figure 7. Figure 7 illustrates that the retention performance of the different roof systems
is reduced as the rainfall depth increases.
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Figure 7. Retention percent (%) of each roof system based on natural rainfall for eight months
(reproduced from [40]).

In the Mediterranean climate in southern Italy, a study [44] investigated the retention
performance of BR on a building rooftop. The BR covered an area of 4600 x 5720 mm
(15.1 x 18.8 ft) with 64 tray modules spaced at 400 mm. The trays size were 645 x 417
x 115 mm (2.1 x 1.4 x 0.4 ft). The results indicated a reduction of 34% and a mean peak
attenuation performance of 60% compared to a conventional roof. Although the author
outlines the benefits of BR on hydrological performance, the effect of site characteristics
and the scale/configuration of the plot on performance remains unclear.

In the humid subtropical climate of Nanjing, China, ref. [45] monitored extensive
GR covered with sedum vegetation from May to November 2016 (6 months). The other
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collected data for 71 rainfall events. There were 20 days with more than 25 mm of rain,
eight days with more than 50 mm events, and one day with a rain depth of 152 mm
(July). The resulted indicated that the retention performance was variable from 11 to 100%
depending on the intensity of the rain. Retention decreased with the increase in rainfall
from 97% for a very small event to 14% for a heavy event. Monitoring limitations due to
malfunction restricted recording of heavy rainfall events. The author also emphasized the
importance of ADWPs proceeding with rainfall events in increasing the system’s retention
rate. The author did not investigate the impact of vegetation type, Sedum, in a humid
subtropical climate.

Ref. [17] conducted a comparative study on BGRs exposed to heavy rainfall events
(1 and 1.5 mm/min) in a temperate climate. The BGR had an overall surface area of 285 m?.
It comprises several platforms sized 500 x 500 x 200 mm (1.6 x 1.6 x 0.7 ft) and blue roofs
installed on the rooftops of buildings in Seoul, Korea. Both types of roof configurations
were exposed to actual rainfall events. For blue roof, the maximum rainfall event recorded
was 1.5 mm/min (90 mm/h), while the BGR was 1 mm/min (60 mm/h) in July 2014.
The findings indicated that the BGR outperformed the blue roof in effectively managing
prolonged rain events. Nonetheless, the blue roof is a more cost-effective choice when
compared to the green-blue roof and is a suitable option for retrofitting in urban areas.

During high-intensity events, water infiltrates the soil faster, resulting in the soil
reaching field capacity faster. As field capacity is reached, surface runoff will occur [46]. In
green roofs, evapotranspiration is very high, significantly reducing runoff [47]. The authors
of [47] investigated the effect of evapotranspiration (ET) on the water retention capacity
of green roofs for over 29 months. The author monitored the moisture content of the
substrates of four extensive green roofs in the UK. The substrate’s moisture content varied
seasonally during dry periods due to ET. Rainfall runoff is reduced during summertime
due to increased evapotranspiration [26]. Systems with vegetative layers had a higher
water loss rate than non-vegetated systems.

3.2. The Influence of GR System Characteristic

Increasing the depth of the substrate was investigated by [25]. The authors investigated
the effect of different depths (100, 200, 400 mm) of vegetative substrates under extreme
rainfall events on hydrological performance. A total of 21 small-scale platforms sized
500 x 500 x 500 mm (1.6 x 1.6 x 1.6 ft) with drainage layer and filter fabric atop a steel
base. The platforms were implemented on a rooftop in South Korea, two vegetation
(vegetated or non-vegetated) and control (plot with standard frame only). South Korea
has a humid continental climate characterized by hot and humid summers and cool, dry
winters. The annual precipitation ranges from 1100 to 1360 mm, with approximately 50%
of this precipitation occurring during the summer months from June to August.

Data were collected for 40 rainfall events with a cumulative precipitation of 440 mm.
The monthly rainfall rates for June, July, and August were roughly 63, 93, and 284 mm
per hour (1, 2, 5 mm/min), respectively. This corresponds to 9, 14, and 17 mm of monthly
rainfall. The findings suggest that when it comes to enhancing runoff performance during
severe rainfall events, greater substrate depth has a more significant impact in reduc-
ing runoff rate than the vegetation type, similar to findings by [20]. Nevertheless, the
type of vegetation employed will play a role in counteracting the acidity of rainwater,
thereby improving water quality. Water retention increases with the increase in substrate
depth. Substrate retention was found to be 1.6-3.6% higher than the use of a drainage
layer/protection mat. The author [48] also investigated the impact of 75 mm and 125 mm
substrate depth on the GR hydrological performance in the Mediterranean climate in Port-
land, Oregon, USA, for one year. The authors found that retention is highly influenced by
rain depth and length of the ADWP. The difference in retention performance was more
significant for small rain events and long ADWP. The authors found that for large events
higher than 35 mm, there was no significant change in the hydrological performance of the
roof when the substrate was deeper (75 to 125 mm).
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Ref. [20] investigated the influence of substrate type and thickness, drainage layer
thickness, and orifice size on the retention performance of BGR and BR. The researchers
aimed to measure and compare various parameters related to stormwater retention, such as
rainfall runoff, evapotranspiration, and water storage capacity. The authors assessed green
roof discharge during seasonal (spring-fall 2021) rainfall events to quantify the amount
of water retained by GR, BR, and BGR using different substrates: organic FLL soil. An
intensive farm is divided into three plots that grow produce annually. It is comprised of
28 platforms separated by pathways. Each platform measures approximately 19,000 mm
(62.3 ft) in length and 760 mm (2.5 ft) in width, while the paths between them are about
450 mm wide. The substrate is 250 mm in depth. The utilization of passive irrigation
through the drainage layer has been demonstrated to enhance and maintain the growth
of farms. Although various plant species from different families were planted in each
examined plot, their hydrological performance remained consistent across all plots. This
suggests that the predominant factors influencing performance were the high-quality
organic substrate and the extended drainage layer rather than the specific choice of plants.

In a continental climate in Toronto, Ontario, Canada, ref. [49] monitored the perfor-
mance of three systems GR, BGR, and BR. The authors investigated the retention perfor-
mance of GR and BGR installed with high organic substrates or FLL substrates designated
as GR-organic and GR-FLL, respectively, in all grown Sedum plants. The green roof fa-
cility layout comprises an array of rows with multiple green beds. Six modules sized
2400 x 1200 mm (7.9 x 3.9 ft) were monitored and analyzed. The author examined the
thermal and discharge performance of the system. The study’s objective was to examine
the impact of multiple design variables (substrate thickness and type) on green roofs’ re-
tention/detention performance based on seasonal fluctuations. The author recommends
assessing the trade-off between the benefits of stormwater management and thermal per-
formance in selecting the substrate type and type of plants it can support, considering
local climate conditions. This is because seasonal temperature fluctuations influence the
retention of different growing media. For example, organic-based substrates can retain
more water than FLL substrates, which may not be suitable for growing drought-tolerant
plants. Moreover, high retaining water substrates may create thermal fluctuations within
the thin roof layers. BGR with organic substrates had a 63% retention capacity compared
to 43% of the GR. On the other hand, utilizing FLL-inorganic substrates for BGR did not
increase the retention capacity of GR. Blue roofs had a slightly higher retention capacity
(52%) using small orifices of 2.4 mm.

In a monsoon climate in Beijing, China, ref. [29] investigated, via 3-year field mon-
itoring of the influence of two substrates, depths of 100 mm and 150 mm, the system
performance of a green roof. The author also investigated the frequency of light rainfall
events <10 mm. Six platforms were 1000 x 1000 mm (3.3 x 3.3 ft) in size and raised from
the ground by 1219 mm (4 ft). Runoff from the green modules drains through a pipe into a
tipping bucket system. The depth of the growing media (local soil, engineered soil, and
lightweight medium) was 100 mm and 150 mm, respectively. The results indicated no
significant difference in performance between the two systems under light rain (<10 mm)
and short antecedent dry weather periods (ADWPs). Rainfall intensities were from 0.04 to
2.76 mm/min, and maximum rainfall events were (0.2 mm to 131.6 mm). The limitation of
this study is that the investigation is confined to a specific climate zone characterized by
short ADWP periods and the frequent incidence of light rainfall events (<10 mm). More
extended periods of monitoring, which are challenging and time-consuming, are required
to cover variability in rainfall events and the potential occurrence of an extreme event.

In a subtropical climate in northeastern Italy, ref. [50] constructed 36 platforms raised
1000 mm (3.3 ft) above ground for a full surface area of 0.44 m? for two years (2014-2016).
The objective was to investigate the effect of different vegetation types (herbaceous peren-
nial (HE), Sedum (SE), and suffruticose (SF)), substrate types (120 mm in depth volcanic
substrate (VS), 120 mm in depth recycled substrate (RS)), and drainage (PL)/storage layers
(ML) on the hydrological performance of GR. According to [51,52], monthly evapotran-
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spiration and crop coefficient were calculated. Runoff for VS is higher than RS and not
affected by PL or ML. However, using different vegetation species, the ML reduced runoff
more than the PL. For rainfall events higher than 25 mm, retained rainfall volume varied
(20-80%) depending on the rain depth and the ADWPs. The lowest retained volume of
33 mm was recorded after two weeks of rain of 124 mm. Retention capacity (85-95%) was
higher for a medium rainfall event of (10-25 mm). Low rainfall events (less than 10 mm)
had 100% retention. Regarding plant species suffruticose (SF), plants reduced runoff by
15.2% compared to Sedum (SE) plants.

Ref. [22] examined four substrate compositions and thicknesses in a field experiment
(40 and 80 mm decomposed granite (CDG) and 40 and 80 mm Rockwool layers. Sixteen
platforms sized 1100 x 1000 mm (3.3 x 3.3 ft), including a rock wool layer, were constructed
atop a rooftop in Hong Kong and monitored over ten months. The rainfall events were
classified into three categories (light, medium and heavy). Extreme events (typhoon-
related) were excluded from this study. Incorporating a rockwool layer as a substitute for
soil substrate renders the overall system lighter and maximizes the retention capacity of
green roofs. The retention capacity of the system is further improved when a rainfall event
is proceeded by a dry period. The effectiveness of this new detention system in enhancing
performance is most pronounced when the system reaches its field capacity following a
series of consecutive rainfall events.

In the maritime climate in Yorkshire, UK, ref. [36] examined the contribution of
the substrate type and depth on the retention performance of GR. The platform size is
1000 x 1000 mm (3.3 x 3.3 ft) using different substrates such as coarsely crushed brick,
coarsely crushed tiles, and Lytag of 75 and 150 mm substrate depths. The mean rainfall
depth was 4 mm for a total rain depth of 155 mm between December 2009 and June 2010.
The retention capacity of the roof system is affected by the choice of substrate, which in
turn depends on the substrate’s water-holding capacity. The soil’s water holding capacity
and particle size distribution were determined for each growing medium. Substrates with
greater water holding capacity resulted in increased water retention within the system.

3.3. The Influence of Rainfall Characteristics in Different Climatic Regions

The hydrological performance of the GR is influenced by rainfall characteristics such
as rainfall intensity and duration [23,53-55] and IMC [18,32].

In a humid continental climate in Syracuse, NY, USA, ref. [18] found a substantial
impact of rainfall intensity on runoff and the influence of initial soil moisture content on the
retention performance of a green system. Ref. [18] investigated the hydrologic performance
of an extensive GR (substrates thickness less than 150 mm) with Sedum vegetation. The
authors instrumented the roof with moisture sensors to measure seasonal moisture changes
while the field capacity of the substrate was determined in the lab. The available water
retention capacity is the variance between the substrate’s current soil moisture level and
maximum capacity. Data were collected between October 2014 and July 2016 (21 months).
The retention depth was determined by subtracting the runoff depth from the rainfall
depth. Initial soil moisture was calculated as the mean of the four sensors during the
time step just before the commencement of precipitation. Summer recorded the highest
intensities of rainfall events (8 mm/h) at a lower frequency than spring (5 mm/h) and
fall. The highest rates of evapotranspiration were estimated during the summer and fall
seasons. These results showed that evapotranspiration plays a crucial role in restoring
the retention capacity between rainfall events, similar to the findings of [46]. The results
ascertain findings indicating that a rainfall event’s size influences retention rates [23].
Hence, several researchers [18,25] suggest that long-term monitoring is required to capture
seasonal fluctuations [38].

The impact of different climatic conditions on the retention performance of green roofs
was investigated by [16] in three cities in Canada (London in Ontario, Halifax in Nova Scotia,
and Calgary in Alberta). These cities have different weather conditions (humid-continental,
humid-maritime, and semi-arid-continental). Water storage and evapotranspiration were



Water 2024, 16, 706

17 of 24

monitored continuously. The results indicated that drier regions, i.e., Calgary, have greater
cumulative retention (67%) compared to London (48%) and Halifax (34%). Retention
performance is most influenced by climate in the case of moderate-sized storms. This is
attributed significantly to the occurrence of initial moisture conditions of the substrate
prior to rainfall events. The IMC is affected by weather characteristics (relative humidity,
temperature, net radiation). Therefore, IMC can serve as a performance metric applicable
to any climatic condition. Field monitoring results demonstrate that collecting IMC data
after a rainfall event might be the most effective way to gauge a system’s retention capacity.
Ref. [16] found that drier climates have higher water retention than wet climates. Thus,
accounting for the initial moisture content and the extent of how much water is retained
mainly depends on the GR system response. For larger events (>45 mm), the average
retention of green roofs ranged between 16 and 29% in all cities. Green roofs comprising
modular live roof setups with 150 mm growth media depth were placed atop buildings
in each designated city. Field monitoring extended from September 2012 to November
2014. In conclusion, longer dry periods led to higher retention capacity in Calgary city
except in isolated large events that led to drainage. Thus, the author concludes that IMC
should be utilized as a retention indicator in performance evaluation for different climatic
regions. When the substrate of a green roof reaches its field capacity, it constrains the roof
system’s retention capacity. Therefore, assessing the IMC for various types of rainfall events,
including extreme ones, is vital. The overall retention was considerably more significant
on the green roof in the semiarid climate (75%) than in the maritime climate (43%). This
disparity was primarily attributed to elevated evapotranspiration between storms on the
semiarid roof, leading to a more extensive restoration of substrate retention capacity [16].
The study assessed performance considering climatic variations but did not incorporate
the rise in the frequency and intensity of rainfall events attributed to climate change. The
results showed that retention capacity is decreased for significant events.

In the Mediterranean climate in Adelaide, South Australia, ref. [32] investigated the
retention performance continuously for two years in a dry climate for two types of green
roofs: intensive (media depth: 300 mm) and extensive (media depth: 100 mm) in the
dry climate experienced. The results confirmed the effectiveness of utilizing any green
system configuration to improve hydrological performance compared to a conventional
roof system. The author examined the influence of different parameters (rainfall depth,
intensity, ADWPs, and duration) on water retention. The author used a multiple variable
regression analysis to assess roof performance, considering all influencing parameters.
Higher ADWPs between rainfall events give enough time for the growing media to dry,
increasing its water storage capacity. This, in effect, decreases runoff volume due to the
increased retention capacity of the growing media and increased evapotranspiration process
in warm conditions, similar to the findings of [55]. The retention coefficient is reduced as
rainfall depth increases in large rainfall events (>20 mm).

In a humid subtropical region in NY, USA, ref. [55] monitored three (3) different
systems of GR systems between 2011 and 2012: (i) a vegetated mat system installed, (ii) a
built-in system, and (iii) a modular tray system. In NY, rainfall events such as 3 mm/h
may lead to CSOs [56]. This highlights the importance of the regional conditions where
the GR system is installed. In NY, where the infrastructure is old, both the wastewater and
stormwater runoff are conveyed into one pipe such that a rain volume of 1.3 mm can cause a
CSO. The findings of this study indicated that a roof system’s retention and peak attenuation
depend on the rain event. As the total rainfall volume increased, the peak attenuation
decreased. Green roofs can withstand light rainfall (<5 mm), especially after dry periods.
However, as rainfall volume is above 10 mm, the influence of IMC, substrate field capacity,
and evapotranspiration on retention performance becomes prominent. Also, retention
performance is affected by system installation and the overall storage capacity of the GR
system. The same installation in different locations will yield performance variations.

In the subtropical region in Auckland, New Zealand, ref. [15] instrumented six hy-
draulically independent areas on a full-scale field rooftop. Cumulative precipitations were
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collected for 12 months. This study’s findings revealed that the soil’s Initial moisture con-
tent, coupled with low evapotranspiration, led to low retention and had the most significant
influence on the retention capacity of the system. On the other hand, seasonal variations
did not impact the runoff response. The system was capable of regulating runoff response
throughout the year efficiently.

In Michigan, USA, ref. [54] quantified the effects of the variable roof slope on the
hydrological performance of GR. The hydrological performance of 12 platforms sized
244 x 244 mm (8 x 8 ft) of extensive green roofs was examined. The platforms were con-
structed atop rooftops with four slopes (2%, 7%, 15% and 25%). Some studies [53,57] found
that as the slope increased, the retention values decreased. This effect was particularly
pronounced for slopes ranging from 2% to 15% and from 2% to 25%.

A summary of all literature reviews on the parameters influencing the retention

performance of NBS-CR following field investigation is summarized in Tables 3-5.

Table 3. Review of field studies on parameters influencing retention performance (2021-2023).

Ref. Variable Climate/Location NBS-CR Details Rainfall Intensity =~ Month Findings
Purple effectively mitigates
. . performance, especially during
Rain intensities (S}lllt?tgﬁlpr;clfg scfllrrrrllrarf:r cool GR, PR, conventional, Categorized heavy and extreme events or when
[13] Roof system to mild winter) ’ small-scale: raised platforms rainf§11 13 the substrate reaches capacity
y Svdne Austraiia sized 1200 x 6000 x 150 mm during back-to-back events.
yaney, Runoff reduction was 88 and 55%
compared to conventional and GR.
- . Mediterranean climate o Emphasige Fhe i‘nﬂgencg of raﬁnfall
Rain intensities (Hot-dry summer. BGRs, Full-scale rooftop 2% 54 events over characteristics, initial soil moisture
[41] IMC, roof mil d—we}:t winter) ’ monitoring (69 m?). Vegetative 4 mm rain depth 14 in the green layer, and the initial
system Palermo, Sicily, Ttal layer and storage layer P water storage in the blue layer on
’ Yy the system’s ability to retain water.
Oceanic climate . Growth in the vegetation
[21] Roof system, (wet-windy, mild winter) BGR§ Fqll—scale rooftop Rain depth 7 blof:hversrcy_ due to water storage,
long term Hambur éerman " monitoring >0.2 mm which sustains water availability
& y during dry periods
Macedonia’s climate .
A (warm, dry summers and . 'Ramfa'll' Lo
Pipe sizing the autume: s, cold winters Extensive GR, sloped intensities for all Reduction in water runoff by 16%
[58] drainage heavy sn,o wiall) Mace do impermeable smooth roof. Flat three roofing NA compared to conventional roof
system de Cavaleiros, Northeast roof scenarios were system.
Portugal 4 ’ <2 mm/min
Small-scale: 21 platforms (1220
x 1220 mm). LiveRoofStandard
(S), S and RoofBlue RETAIN
Humid continental (SB), LiveRoof Lite (L), L and B Categorized The retention performance for
[40] Roof systems climate. East Lansing, (LB); Substrate and Rockwool rainfgll 8 different GR systems is reduced as
MI, USA (R), RoofStone Pavers (RS); the rainfall depth increases.
Membrane (M); Gravel Ballast
(G); and G and
RoofSponge (GR).
BGR, BR., GR. Small-scale. Six Organic-based substrates can
Continental climate (dry modules sized 2400 x 1200 mm Maximum rainfall ret§in more water than FLL
[49] Substrate type. climate, hot summers, on the rooftop sectioned into depth 47 mm. 3 substrates, which mav not be
System type very cold winter) three systems with a middle P N b itable for . may
Toronto, ON, Canada drainage hole. Substrate depth June-November. Zul ab.e for growing
100 mm GR, 50 mm BGR rought-tolerant plants.
BGR. BR.. GR Full scale. Rooftt_)p performance: mean
Inter’lsiverrooftop farm-3 plots retentlo{l, peak atter}uatloné and
Plant species. Continental climate. (11 x 20 m). Continuous beds From?7 mum to peak f}e ay ranges of 85-88 A)’.
[20] Roof 103 mm rain 5 82-85%, and 7.7-8 h. Influencing
oof systems Toronto, ON, Canada (19,000 mm long by 760 mm denth p the hich-qualit
wide) separated by a 450 mm p periormance were the hgh-qua ity
path. Soil depth 250 mm organic substrate and the extended
' drainage layer.
Extensive GR small scale.
Hot, humid summers, Twenty-one platforms (500 x Higher substrate depth has a more
[25] Substrate depth cool-dry winters. 500 x 500 mm), nine vegetation ~ Extreme rainfall 3 significant impact in reducing
: P (Monsoon climate in and nine no vegetation, three 63,93,284 mm/h runoff rate than the vegetation
Korea control. Soil depth of 100, 200, type.
and 400 mm
. Rain 0.2 to No significant difference in
[24] Substrate Monsoon-influenced fi);tef:dnilgOeOGxRi goco;lirzgg ‘rﬁfrsl 132 mm, intensity: 7 performance between the two
depth, type climate. Beijing, China 0.04 to systems under light rain (<10 mm)

Substrate depth: 100, 150 mm.

2.76 mm/min.

and short ADWPs.
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Table 4. Review of field studies on parameters influencing retention performance (from 2016 to 2021).

Duration

Ref. Variable Climate, Location System Details Rainfall Intensity (Month) Findings
Runoff for VS is higher than RS.
and not affected by PL. or ML.
Extensive GR. small-scale ML reduced runoff more than
in the field 3 6/platforms PL. Events > 25mm, retained
Plant species, . . (0.44 m?) raised 1000 mm . . rainfall volume varied (20-80%)
- Subtropical climate, . Variable rainfall depending on ADWPs.
[50] Substrate type, above ground. Middle 24 N . o
- Northeastern Italy R N events Retention capacity (85-95%) was
Drainage storage drainage hole. Volcanic hisher f di .
substrate (120 mm), ;gl erzor a meF 1un1 rain e\lzen;c/
recycled substrate (120 mm) of ( 0_. Smm). ror < Om’ 00%
retention. Species suffruticose
(SE.) reduced runoff by 15.2%
compared to Sedum (SE.) plants.
BR rooftop size: 4600 x BR had 34% runoff reduction
Mediterranean 5720 mm. 1.6% roof slope. 73 events.26 used and 60% peak attenuation
[44] Roof system (BR) Climate, Catania, 64 tray modules. Spaced at 169 mm /h ’ 24 compared to a conventional roof.
South Italy 400 mm. 645 x 417 mm. BR. was empty before successive
115 mm in depth. rain events.
Local climatic Extensive GR, Rooftop 88 g?e;eéiﬁrgin;iifi t}fee roof is
[19] Rain conditions Bergen, m?2, 2%, 1000 mm AG. GR Local climatic 12 Vafiables includin I:he initial
Intensity, IMC Oslo, Trondheim, underlaid with 200mm conditions . ’ % h
Norway. expanded clay moisture content of the
substrate.
Evapotranspiration Humid continental Extensive GR, Live roof ]cz:\fc};;)lti?)rlf Iijrir?;;(tjgrgayﬂsqz
[18] (ET)p P climate. New York, Setup 300 x 300 mm. >20 mm 11 events 21 retention itv b tx% n
NY, USA Substrate depth 150 mm etention capacity betwee
rainfall events.
Extensive GR. five-stor Retention performance was
roofton area 1’101 m2 y variable from 11-100%
divi de% info two ! depending on the intensity of
. . . ) N 16 days 2-10 mm the rain. Retention decreased
Extreme rainfall Humid subtropical independent sections: bare . : P
) . .. 13 days 10-25 mm, with the increase in rainfall
[45] event climate. Nanjing, and GR Pre-grown 6
. . 20 days >25 mm events. For heavy events>
(Monsoon) China vegetated (Sedum lineare) 74 50 50 . 149,
modules 300 x 500 x ays (>50 mm) mm, retention was 14%
110 mm. The substrate compared to a very small event
laver is '70 mm < 2 mm with a retention capacity
y of 97%.
Retention is highly influenced
by rain depth and length of the
Mediterranean climate Extensive GR, small-scale 5-10 mm and antecedent dry weather period.
[48] Substrate depth . 75 mm and 125 mm 12 The difference in retention
in Portland, OR, USA >35 mm events
substrates performance was more
significant for small rain events
and long ADWPs.
Increasing the field capacity of
the substrates was found to
increase the retention capacity
Subpolar/Oceanic Extensive GR, 16 of the system. Limitations in the
38] Field climate, continental, small-scale rooftop areas 1 mm/5 min to 3-8 event-based characterization of
- capacity island climate, (5-16m?2), 5.5-27% sloped 3.3 mm/5 min years the retention performance of
4-cities in Norway roofs GRs in different regions due to
event irregularities and
challenges in capturing a heavy
or extreme rainfall event.
Conventional roof (50 m?), BGR outperformed the BR in
BR (no vegetation) (50 m?) effectively managing prolonged
. Humid continental geta ’ . July (BR), rain events. Nonetheless, the
Different BGR . . BGR (vegetation and 60 mm/min (BGR), . .
[17] svstems climate with dry t ) ), Rooft 90 mm /min (BR) Sep (BGR), blue roof is a more cost-effective
Yy winter. Seoul, Korea storage ‘ayer), Rootop 2014 choice when compared to the

Area (285 m?), substrate
depth 200 mm

BGR and is a suitable option for
retrofitting in urban areas.
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Table 5. Review of field Studies on Parameters Influencing Retention Performance (from 2007-2016).

. Climate Conditions, . . . Duration ..
Ref. Variable Location System Details Rainfall Intensity (Month) Findings
Retention was more significant
Warm summer, cool Extensive GR, rooftop. Live gﬁrigﬁec(1;5lo?)t?§;er2:§?0 the
winter: London, ON. roof setup modules sized 100f in the r;aritirr{:)e climate
Extreme Temperatures: 300 x 300 mm. 1. Rain depth: 846 mm (43%). Due to elevated
[16] Roof system Calgary, Alberta. Conventional asphalt 2. 326 mm 24 - .
. . evapotranspiration between
Warm winter, Cool gravel ballast 3. white 1196 mm storms on the semiarid roof
summer: Halifax, membrane roof. Substrate . .7
Nova Scotia depth 150 mm leading to a more extensive
’ restoration of substrate retention
capacity.
GR: Three platforms sized Rainfall event'’s size influences
Rain Intensitv. Soil Maritime, moist, and 300 x 1000 mm. Substrate 4 Zf)ti?}ﬁ(s)r; ﬁteﬁ.ei\iggr\‘/g%itated
[23] ¥ Temperate climate, 80 mm. Sedum carpet, Rain depth <2 mm. ity th & il with
Type Sheffield, England Meadow flower, and years capacity than soil with grown
’ unvesetated ’ vegetation, reducing runoff due
& to evapotranspiration.
Extensive GR.16-raised Rockwool layer substitute to soil
Substrate Tropical climate platforms (1100 x zu:tsetrf tl? ftr:riirri(f:i;:ii?zues
oo (humid-hot summer, 1000 mm) placed outdoors, Y & .
[22] composition and . . . No 10 the retention capacity of GR. The
thickness cold, dry winter). rooftop. Drainage pipe, retention capacity of the system
Hong Kong, China Incorporate 40 mm . capacity th
rockwool panel is further improved when a dry
period follows a rainfall event.
Rain depth, . . Extensive GR intensive Higher ADWPS betwf:en rainfall
. Mediterranean climate, _ events give enough time for the
Intensity, ADWPs, - (Substrate depth = 300 mm) . . - .
[32] Duration Adelaide, South and extensive (Substrate Variable rain events 24 growing media to dry,
Australia increasing its water storage
Substrate depth depth = 100 mm) N
capacity.
3- GRs: (i) a vegetated mat 10 mm, the influence of IMC,
Humid continental system installed, (ii) a 04050 plus mm rain ~ Four substrate field capacity, and
[55] Roof systems climate New York, NY,  built-in built-place system, P evapotranspiration on retention
o depth seasons
USA and (iii) a modular tray performance becomes
system prominent
Substrates with greater
Substrate IMC and Maritime climate in GR Area, 1000 x 1000 mm December 2009-June water-holding capacity resulted
[36] were filled to a depth of 7
capacity Newport, UK 75 mm of soil 2010 in increased water retention
’ within the system.
Subtropical climate. GR. Full-scale rooftop in October {zfi(iosllc())vv\;/ree‘g:r[: g ;?I;ifg fatgntlhe
[15] Rain intensity Auckland, New the field 50- and 70 mm 2008-October 2009. 12 t siemificant infl
Zealand substrate depths Min 2 mm, most signiticant infiuence on
retention capacity.
GR. 12 platforms sized 244 1 5 04 As thg Slopellncrzased, thde Thi
x 244 mm (8 x 8 ft) of 6 ?{ents ; 1mm, rizenhon va ugs leaiease . This
[54] Roof slope Detroit, MI, USA extensive green roofs were medium (2-10 mm) 14 effect was pafr tlc‘i arly .
examined. Slope and 22 heavy > pronounced for slopes ranging
N 10 mm from 2% to 15% and from 2%

2%,7%,15%, and 25%

to 25%

4. Gap in Knowledge

A summary of gaps or limitations in knowledge is addressed below based on the
literature review conducted (Tables 2-5).

4.1. Limitations of Experimental Work
Based on the reviewed experimental studies, the following gaps/limitations were found:

1. Many experiments may have a limited duration, providing insights into short-term
hydrological behavior but not capturing the long-term dynamics and effects of green
roofs over an extended period;

2. The scale of experimental plots was primarily small, which does not directly reflect
real-world applications, affecting the accuracy of extrapolating results to larger areas
or different configurations. Thus, it is necessary to establish a correlation between the
length effect and runoff coefficient to relate experimental tests to real-life scenarios;

3.  Existing experiments did not fully capture diverse rainfall patterns, including extreme
rainfall events causing urban flash flooding, which are crucial for understanding the
resilience of green roofs under different weather conditions;



Water 2024, 16, 706

21 of 24

4. The experimental setting did not fully replicate interactions between green roofs and
surrounding structures, impeding a comprehensive understanding of their hydrologi-
cal impact in complex urban environments;

5. The absence of standardized methodologies for assessing and reporting hydrologi-
cal performance in green roof studies can make comparing results across different
experiments challenging;

6.  Green roofs evolve over time, and their hydrological performance may change with
plant growth, substrate settlement, and aging. Short-term experiments may not
capture the dynamic nature of these systems.

4.2. Limitation of Field Monitoring Studies

Despite the rising frequency and severity of extreme rainfall occurrences, monitoring
these events comprehensively within a limited local observational timeframe remains
challenging. Additionally, precipitation patterns exhibit significant variability from one
geographic region to another. Existing studies are influenced by the specific characteristics
of the green roof location, such as climate, soil type, and topography, limiting the gen-
eralizability of findings to other regions. While existing research primarily concentrates
on case-specific investigations or historical datasets, they offer limited insights into the
performance of roofs when considering future temperature projections.

Furthermore, field instrumentation often faces malfunctions, leading to the potential
oversight of several rainfall events. Prolonged monitoring periods can encompass a broader
range of rainfall intensities, facilitating a more robust correlation between system perfor-
mance and climatic attributes. Insufficient or incomplete data, particularly in real-world
scenarios, can hinder the comprehensive assessment of hydrological performance and limit
the accuracy of model predictions.

Hence, it is crucial to assess the effectiveness of NBS-CR through extended field
monitoring in diverse climatic regions. Furthermore, numerous influential factors interplay
and affect the hydrological performance of a green roof. These interacting and fluctuating
parameters are more manageable within a controlled laboratory setting. However, there is
no standardized test protocol to adopt.

4.3. Lack of a Test Protocol

Based on a review of existing standards, guidelines, and codes, which is detailed in
Section 1.1, the following findings are concluded:

1. Local authorities typically set codes that include requirements or recommendations
for managing stormwater on green roofs. Regulations may cover aspects such as water
retention performance, usually determined by local government bodies or relevant au-
thorities. These standards are compliance standards and not performance standards;

2. There are no test protocols to regulate the design of green roof systems in the mar-
ket. System regulations are significant in developing uniform design and testing
requirements considering climate change while meeting structural requirements to
mitigate urban flooding. Moreover, regulations will improve system quality, increase
consumer availability, and accelerate mitigation efforts;

3. The existing ASTM standards (ASTM E2397/98/99) [9,10] do not address the whole
system performance or quantification. Instead, these standards provide a methodol-
ogy to test a single module;

4. NBCC [11] provides a reference for a guideline on the vegetative roofing system
and the performance of protective materials to the German Landscape Research,
Development and Construction Society (FLL) [7] and the National Roofing Contractors
Association.
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4.4. Lack of Knowledge in the Long-Term Performance

There is a lack of knowledge of the long-term performance of NBS-CR over an ex-
tended period. It is therefore necessary to assess the durability and long-term effectiveness
of NBS-CR in managing stormwater.

5. Conclusions and Future Recommendations

Over time, various Canadian cities have experienced flash flooding, leading to substan-
tial losses. The total insured losses attributed to flash flood events in Canada prompted the
adoption of NBS-CR to manage urban stormwater runoff. This article offers a critical and
systematically conducted literature review, analyzing existing research on the parameters
influencing the hydrological performance of NBS-CR. The review aims to pinpoint gaps in
the literature and pertinent findings.

While research extensively establishes the benefits of employing green roof systems to
mitigate urban flooding and adapt to climate change for resilient city development, this
review focuses explicitly on the methods or test protocol adopted to quantify NBS-CR
performance through an analysis and synthesis of experimental and field research studies.

Research work identified several gaps in experimental testing, such as platform scale,
test duration, and rainfall characteristics. Moreover, the short duration of field monitoring
does not capture extreme rainfall events. Field instrumentations regularly suffer from
malfunctioning instrumentations (Section 4.2). There is a lack of a standardized test
protocol and durability of NBS-CR to quantify the hydrological performance of NBS-CR, as
detailed in Section 4.3.

To address this missing link in the evaluation of NBS-CR, it is necessary to develop
a multi-function work plan that will become a common platform among experts in the
industry. This will enable experts to test their systems to meet local climate conditions,
estimated climatic projections, structural requirements, and AHJ requirements. It is essen-
tial to establish an effective and viable testing methodology to investigate all influencing
parameters affecting the retention performance of the GR system. The testing system have
to be repeatable and with acceptable uniformity.

Addressing these limitations requires careful consideration in experimental design
complemented by modeling, long-term monitoring, and collaboration between researchers,
practitioners, and policymakers to develop comprehensive insights into the hydrological
performance of green roofs in various contexts. Consequently, it is essential to develop a
standardized test protocol that can become a common platform for the industry to test and
quantify the hydrological performance of their systems.
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