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Abstract: Numerous efforts have been undertaken by Asian countries to mitigate the adverse effects
of urbanization on stormwater management. However, traditional stormwater systems have become
overwhelmed due to extensive development, resulting in excessive runoff and frequent floods. As
a result, it is crucial to urgently adopt sustainable stormwater management practices (SSMPs) to
effectively control water quantity and quality. The goal of this study is to assess the viewpoints of
stormwater practitioners regarding green roofs, rainwater harvesting systems (RHS), grass swales,
rain garden/bioretention systems, and porous pavement using a SWOT analysis. This was accom-
plished by distributing questionnaires and evaluating previous studies. The survey showed that
participants mostly agreed with the strengths, weaknesses, opportunities, and threats factors related
to the chosen SSMPs. Overall, the respondents favoured the implementation of green roofs and grass
swales. Further assessments were conducted on these practices in other aspects, confirming that
green roofs are the most preferable SSMP for implementation in Asian countries.

Keywords: stormwater management practices; flood management; sustainability; Asian countries;
SWOT analysis

1. Introduction

While industrialization has brought remarkable economic growth and reduced poverty
in many nations, it has also given rise to negative environmental consequences. The expan-
sion of cities has resulted in the replacement of natural landscapes and permeable surfaces
with impermeable ones such as roads, buildings, housing developments, and parking lots.
This transformation has disrupted the hydrology of these areas [1]. The proliferation of
impermeable surfaces in numerous countries has reduced the capacity for rainwater to
infiltrate the soil, leading to water-related issues including floods [2,3]. According to a
study conducted in 2022, Asia, which is home to the world’s largest population, accounting
for approximately 61% of the global population (4.7 billion), faces significant challenges in
this regard. China is the most populous country globally, with 1.438 billion inhabitants,
followed by India (1.380 billion) and Indonesia (273 million) [4]. A lack of green spaces
worsens this problem, as areas with high population densities experience more frequent
instances of flooding.

Currently, there is growing interest among local governments and non-government
organizations in green or nature-based solutions for efficient and sustainable stormwater
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management to mitigate floods [5–8]. Conventional stormwater management systems
such as drainage (pipes and conduits) can capture and control stormwater; however, they
are less effective at improving water quality. They often focus on flood control and may
not adequately address the removal of pollutants and contaminants from runoff [9]. Ad-
ditionally, some conventional systems can hinder the natural infiltration of stormwater
into the ground, reducing groundwater recharge. This can have long-term implications
for local aquifers and water resources. Conventional systems may also not be adequately
designed to handle the increased frequency and intensity of storms associated with climate
change and may become overwhelmed during extreme weather events [9]. Due to these
drawbacks, many municipalities and organizations are exploring more sustainable and
environmentally friendly stormwater management alternatives, which aim to mimic nat-
ural processes and reduce the negative impacts of stormwater runoff. Thus, sustainable
stormwater management practices (SSMPs) are introduced to address the limitations of
conventional systems, replicating the natural hydrological characteristics of catchment
areas, and controlling hydrologic pre-development conditions.

SSMPs involve both stormwater quantity control to mitigate flooding and stormwater
quality control to treat and remove pollutants from runoff [10,11]. Considering the altered
characteristics of water catchment areas due to urbanization in Asian countries, it is vital
to incorporate quantity and quality control parameters into stormwater management
planning and design. Several studies have demonstrated the suitability of SSMPs, such as
green roofs, rainwater harvesting systems (RHSs), grass swales, rain gardens/bioretention
systems, and pervious pavements, for implementation across various sectors, including
commercial, industrial, and residential areas [12]. These practices have been investigated
extensively to assess their effectiveness in managing the hydrological and hydraulic aspects
of urbanization. The aim is to ensure that developing Asian countries have adequate
storage capacity to handle runoff and remain protected from overflow events.

In recent times, the utilization of green roof technology has proven to be successful in
addressing the issue of managing stormwater. Developed countries’ construction sectors
have witnessed significant growth in the adoption of green roofs, as this strategy not only
safeguards the local environment but also helps alleviate the detrimental impacts of global
warming [13,14]. Meanwhile, RHSs are commonly used as storage tanks to collect and store
runoff temporally [15]. The collected runoff can be utilized for various purposes, including
toilet flushing, irrigation, and more.

A grass swale is a natural landscape feature designed to promote the infiltration of
runoff into the ground and enhance the water quality [16]. Grass swales can be implemented
in various areas such as parks, residential pathways, parking areas, and more. In addition,
a bioretention system is a landscape feature comprised of multiple layers of filter media,
an overflow weir, various vegetation, and an optional underdrain while rain gardens are
smaller and less complex in design compared to bioretention systems. The purposes of
these practices are to collect and receive a significant quantity of runoff, which is then
stored in different layers before being evaporated through the vegetation [17]. Permeable
or porous pavements are specifically engineered to enhance the natural process of allowing
rainfall and runoff to seep into the ground, which consequently leads to a decrease in
the volume of water flowing over the surface [18]. This innovative pavement design
not only mitigates the potential for flooding and erosion but also brings about a notable
enhancement in the overall quality of water in the vicinity.

Thus, this study aims to assess the feasibility of implementing SSMPs, specifically
focusing on green roofs, RHSs, grass swales, rain gardens/bioretention systems, and porous
pavements by reviewing research articles centered on Asian countries. This study also aims
to identify the strengths, weaknesses, opportunities, and threats (SWOT) associated with
these practices. To achieve these objectives, a survey was conducted to gather stakeholders’
opinions on the performance of each selected practice. A questionnaire based on the SWOT
analysis was developed, and the most preferable SSMPs were proposed based on the survey
results. This study also aims to offer valuable insights for urban planners and policymakers,
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guiding them in conducting vital future research to propel the advancement of SSMPs in
Asian countries.

2. Literature Review
2.1. Flood Mitigation Measures

Floods have been a recurring natural phenomenon throughout history, affecting
various regions worldwide [19–21]. In recent times, the risks, frequency, and impacts of
floods have been on the rise in Asian coastal megacities [21–25]. In urban coastal areas,
various measures are being taken to reduce the risk of flooding. One of these measures
involves moving citizens and properties from areas with frequent flooding. For example,
the government of Indonesia is in the gradual process of relocating its capital from Jakarta
to a safer zone. However, densely populated and economically vibrant countries such
as China, Japan, South Korea, Vietnam, the Philippines, Thailand, and Singapore find
relocation to be impractical due to its high costs and resistance from individuals and
businesses [21]. Consequently, these cities face significant challenges in managing flood
risks while addressing their development needs. Table 1 provides a summary of the flood
management measures in selected Asian countries.

Table 1. Flood management measure(s) in selected Asian countries.

Country References
Flood Management Measure(s)

Control Alleviation Recovery

Malaysia

[26–28]

• Enhance the drainage
system

• Promote SSMPs

• Avoid construction in areas
that are susceptible to flooding

• Public awareness

• Implement recovery
measures to restore
normal conditions
immediately and
overcome the flooding
impacts

[29]

• Build Flood Control
Dams (FCD) to regulate
and control the flow of
water during flood events

• Introduce Integrated
River Basin Management
(IRBM)

• Implement Related Works
Poldering (Ring Bund) systems
by creating enclosed areas with
higher elevation

• Develop guidelines and design
standards for the resettlement
of populations in safer areas

-

Singapore

[25,30]

• The ABC Waters
Programme was initiated
in 2006

- -

[30,31]

• Initiate the
implementation of the
Source Pathway Receptor
(SPR) model

- -

[32]

• Construction of the
Alkaff Lake stormwater
retention pond

• Road raising and
improvement efforts

• Introduction of the Motorist
app aims to deliver real-time
alerts to motorists

• 400 water level sensors
are being installed
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Table 1. Cont.

Country References
Flood Management Measure(s)

Control Alleviation Recovery

Indonesia

[25] -

• Establishment of the Coastal
Defence Strategy in 2014 to
improve resilience

-

[33]

• Retention ponds are
being created to capture
and store excess
stormwater

• Improve management
practices in the
catchment area

• The introduction of a flood
forecasting and early warning
system is underway to provide
timely alerts

-

Thailand [25,34,35] -

• Early warning systems are
being installed to provide
timely alerts to communities

• Promote community awareness
and readiness through flood
education programs

-

Vietnam [25,36,37]

• Integration of flood risk
considerations into
land-use planning and
urban landscape design

• Adoption of a
combination of physical
(e.g., flood barriers) and
non-physical (e.g.,
floodplain zoning)
actions

• Implementation of early
warning systems and
preparedness measures

• Implementation of flood
governance frameworks and
policies

• Integration of
awareness-raising campaigns
and educational programs

• Improvements in water
supply systems and
health services to
address potential
disruptions during and
after floods

• Introduction of flood
insurance schemes to
provide financial
protection and aid in
recovery efforts

Philippines [38]

• Construction of drainage
channels and flood ways
and divert excess water
away from
vulnerable areas

• Development and
implementation of flood
warning systems

• Integration of flood avoidance
measures into
land-use planning

-

China

[25,39] -

• Ensuring timely and accurate
information is provided to the
public in Guangzhou

• Adoption of a climate
change resilience plan
in Guangzhou

[25,40] -

• The Shanghai Meteorological
Bureau has collaborated with
the Intergovernmental Panel
on Climate Change (IPCC) to
study climate projections

• Efforts have been made to
improve resilience measures
in Shanghai

-
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Table 1. Cont.

Country References
Flood Management Measure(s)

Control Alleviation Recovery

[41]

• Improve structural “hard”
measures to enhance their
effectiveness in managing
flood risks

• Implementation of
flood forecasting

• Promoting spatial planning
and zoning, watershed
management practices,
warning systems, and raising
awareness among the public

-

[42]

• Implementing measures
to return parts of flood
detention zones to rivers

• Reduce population density in
flood-prone areas through
large-scale relocations, moving
residents to safer locations

• Implementing
innovative farming
techniques that can
withstand and recover
from flood impacts

China [43] -

• Reconsidering the
demographic characteristics of
the population exposed to
flood risks

• Assessing income levels and
social vulnerability to develop
more effective flood risk
management strategies

• Increasing investment
in flood risk
management

South
Korea [44]

• Construction of dams and
ongoing river
maintenance activities

• Implementation of
multi-functional weirs

• Development of multi-regional
water supply systems and
industrial waterworks

• Establishment of flood control
or adjustment plans

• Enhancement of flood forecast
and warning systems

• Utilization of reservoir
simulation and flood
control
decision-making
processes

Japan [45]

• Implementing land-use
control measures, such as
zoning regulations and
development restrictions

• Developing models to estimate
flood damage, allowing for
better understanding of
potential impacts and assisting
in decision-making for flood
risk reduction measures

• Increasing investment
in SSMPs

• Conducting regular
inspection,
maintenance, repair,
and replacement work
on SSMPs

However, as indicated in Table 1, the current approaches tend to prioritize economic
losses while overlooking the importance of incorporating the natural environment in
flood management. Many Asian countries predominantly rely on non-environmentally
friendly engineering solutions and fail to incorporate a comprehensive range of climate
change practices [46]. While engineered flood protection measures are significant, evidence
suggests that the level of protection required for the environment is often financially
unfeasible [47]. Due to the cost constraints associated with engineered defences against
increasing flood risks, it is essential for Asian countries to develop sustainable strategies that
yield more effective mitigation results rather than relying solely on engineering procedures.

2.2. Sustainable Stormwater Management Practices (SSMPs)

To effectively manage stormwater, the catchment areas are divided into three parts:
the roof catchment area, the ground catchment area, and the artificial ground catchment
area [12]. These divisions help in planning and designing stormwater management strate-
gies to effectively manage runoff and reduce the risk of flooding in residential areas.
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Roof Catchment Area

Green roofs, which involve planting vegetation on rooftops, can help mitigate urban
heat islands, improve air quality, conserve energy, and enhance the aesthetics of cities.
In developing Asian countries, utilizing roof areas, particularly in high-rise buildings, to
implement SSMPs can be a valuable approach to addressing water-related issues. Roofs
can account for approximately 50% of the total area in buildings, making them significant
potential contributors to stormwater management [48]. Given the limited availability of
land, green roofs have emerged as a viable alternative to convert impermeable surfaces into
permeable ones [49]. Thus, the utilization of roof areas presents a promising opportunity to
optimize stormwater management in densely populated and rapidly developing regions.

While green roofs offer many environmental and aesthetic benefits, they also come
with some drawbacks and challenges [50,51]. For example, green roofs can be expensive
to install, primarily due to the need for additional structural support, waterproofing, and
planting materials. The initial investment can be a significant barrier for some building
owners. Additionally, green roofs require regular maintenance, including watering, prun-
ing, weeding, and pest control. Without proper upkeep, vegetation can become overgrown,
and a roof’s integrity may become compromised. Green roofs may also not be suitable for
all types of buildings or in all urban environments [52,53]. Factors like roof slope, access,
and local climate conditions can limit their applicability. Moreover, these roofs can be heavy,
especially when fully saturated with water. Not all buildings are structurally capable of
supporting the additional weight, necessitating costly structural modifications. Despite
these drawbacks, many of the challenges associated with green roofs can be mitigated
with proper planning, design, and ongoing maintenance. Careful consideration of local
conditions and expertise in green roof installation can help minimize these disadvantages
and maximize the benefits of green roof projects. Table 2 provides a summary of tests that
have been conducted to evaluate the performance of green roofs.

Table 2. Summary of green roof performances from previous studies.

Country References
Parameters

Water Quantity Water Quality

Malaysia

[14]

• The inclusion of creeping oxeyes in
stormwater management practices
resulted in a significant reduction in peak
flow, with reductions observed as high
as 41%

• Similarly, the incorporation of morning
glory also led to a notable decrease in
peak flow, with reductions observed of
approximately 15%

• The presence of creeping ox-eye
vegetation resulted in a notable
improvement in biochemical oxygen
demand (BOD) concentration, with a
reduction of 17%

• The inclusion of morning glory
vegetation demonstrated significant
effectiveness in reducing the chemical
oxygen demand (COD) concentration,
with reductions of up to 99%

[52]

• The study revealed that the
implementation of green roofs led to a
reduction in peak discharge of up to 26%

• This indicates that green roofs effectively
mitigated the volume and rate of
stormwater runoff during peak flow
periods, reducing the risk of flooding and
the associated impacts

-
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Table 2. Cont.

Country References
Parameters

Water Quantity Water Quality

[53] -

• The research findings indicated that the
implementation of green roofs resulted in
an average water quality index (WQI) of
92, classified as Class I

• This suggests that the runoff produced
from green roofs was clean and met the
desired water quality standards in
Malaysia

[54]

• The research findings showed that
Nephrolepis biserrate exhibited the greatest
reduction in runoff, with a significant
decrease of 133.4 mm, indicating its
effectiveness in reducing the volume of
stormwater runoff

• However, it also experienced the most
substantial water loss at a rate of 0.87 g,
suggesting that this vegetation type had a
higher rate of evapotranspiration, leading
to more water loss from the system

• On the other hand, Kaempferia galangal
demonstrated a runoff reduction of
100.5 mm, indicating its effectiveness in
managing stormwater runoff

-

[55]

• The research discovered that palm oil
clinker has excellent drainage capabilities

• It demonstrated higher hydraulic
conductivity values, ranging from 1550
cm/h to 1800 cm/h, compared to pumice,
which had a hydraulic conductivity of
1650 cm/h

-

[56]

• The research findings indicate that the
density of grass plays a significant role in
peak flow attenuation. It was observed
that areas with higher grass density
attained the highest level of peak flow
reduction, ranging from 51% to 67%

• All the vegetation employed in the study
demonstrated the ability to remove total
phosphorus (TP) at rates ranging from
20.11% to 89.10% and ammonia nitrogen
(AN) at rates ranging from 59.92% to
95.34%

• Based on its effectiveness in reducing
flow and removing pollutants, K. pinnata
is a suitable choice

Singapore

[57]

• Held on to 39% more rainfall (234 mm)
• Reduced the highest amount of water

flow by 64%
• The peak water flow happened

approximately 34 min later

-

[58] -

• Despite being located near an industrial
area, all the configuration units effectively
neutralized acid rainfall and removed
metals, except for iron (Fe)
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Table 2. Cont.

Country References
Parameters

Water Quantity Water Quality

[59] -

• At the onset of rain events, the
concentrations of most chemical
components were at their highest levels.
However, they gradually decreased in
subsequent rainfall

South Korea

[60]

• Green roofs have the capability to retain
approximately 65% more water in various
storm events

-

[61]

• Green roofs have the capacity to retain
varying amounts of rainwater runoff,
ranging from 10% to 60%, depending on
the intensity of the rainfall.

-

[62] • An average 20% reduction in runoff -

China

[63]
• Green roofs have a water retention

capacity ranging from 55% to 88% -

[64]

• After analyzing 19 rainfall events, green
roofs demonstrated an average runoff
retention rate of 77.2%

-

[65] -

• The percentage of ammonia nitrogen in
the runoff from green roofs is lower
compared to the percentage found in the
original rainwater

[66] -

• Green roofs effectively retained a
significant number of heavy metals,
including 97% of the copper (Cu), 96% of
the zinc (Zn), 92% of the cadmium (Cd),
and 99% of the lead (Pb)

[67]

• The peak runoff was reduced by 5.3%,
and the total runoff volume decreased
by 31%

• There was a reduction of 40.0% in total
suspended solids (TSS), 31.6% in total
phosphorus (TP), and 29.8% in total
nitrogen (TN)

Vietnam [68] • Reduce the peak flow by up to 50% and
increase total delay time by up to 30 min. -

Philippines [69] • Water retention capacity up to 75% -

Meanwhile, RHSs involve the gathering of water from surfaces that rainfall lands on,
which is then stored for future purposes [70]. There are primarily two distinct approaches
to rainwater harvesting: the rooftop method and the surface runoff method. The rooftop
method entails collecting rainwater from building rooftops, while the surface runoff method
involves capturing rainwater as it flows across various surfaces [70]. In Malaysia, the
performance of an RHS for a community consisting of 200 houses in Renggam, Johor was
investigated. The study found that an optimal storage tank size of 160 m3 was suitable
for a roof area of 20,000 m2, providing 60% reliability. Additionally, the proposed model
achieved significant water savings of up to 58% [71].
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In a study conducted in Selangor, Malaysia, the water quality of rainwater was assessed
to determine its suitability as an alternative source of drinking water. The physicochemical
quality parameters of the rainwater met the drinking water standards set by Malaysian
authorities, suggesting that it is suitable for consumption [72]. Other Asian countries
may consider this treatment in their efforts to determine the suitability of the harvested
rainwater as a drinking source according to their drinking standards. Therefore, regular
water quality testing is crucial for ensuring the safety of harvested rainwater, especially for
drinking purposes [72]. Common treatment methods include sedimentation, filtration, UV
disinfection, chlorination, and ozone treatment [73]. The choice of treatment method de-
pends on the specific water quality and local conditions. In summary, harvested rainwater
can be a safe and viable source of drinking water in Asian countries, but it requires care-
ful planning, proper infrastructure, regular maintenance, and adherence to water quality
standards. When done correctly, rainwater harvesting can help alleviate water scarcity and
provide a sustainable source of clean drinking water in many regions.

However, it is essential to consider the capacity of rain barrels to handle heavy rainfall
and sustain water storage for extended periods [73]. In the case of rooftop areas, rain
barrels may not be able to manage the water load for prolonged durations, posing risks
to the roof structure, especially in landed houses, and potentially leading to building
collapse. Therefore, careful consideration of the appropriate location for installing rain
barrels is crucial. Additionally, many Asian countries experience seasonal variations
in rainfall, with heavy monsoon rains followed by long dry spells [73,74]. This makes
it difficult to rely solely on RHSs for year-round water supplies, leading to potential
shortages during dry periods. The installation of RHSs can be expensive, especially for low-
income households in developing Asian countries. The cost of purchasing and installing
tanks, gutters, filters, and pumps may be prohibitive for some. However, despite these
drawbacks, RHSs remain a valuable and sustainable water management option in many
Asian countries [73,74]. To overcome these challenges, it is essential to raise awareness,
implement appropriate regulations, provide financial incentives, and invest in research and
development to improve the technology and efficiency of rainwater harvesting systems.
Table 3 summarizes the results of previous studies assessing the performances of RHSs in
various Asian countries.

Table 3. Summary of the rain barrel/RHS performances from previous studies.

Country References
Parameters

Water Quantity Water Quality

Malaysia [75] The peak discharge was
reduced by up to 10%

34% increment in domestic
water use

Thailand [76]
Four filters with filtration rates
of 1–1.5 m3/h are required for
all sizes of tank capacity

-

South Korea [77] Reduce flooding by 10% -

China [78] - Supply supplemental
drinking and irrigation water

Philippines [79] The reliability of RHS can meet
up to 37% of water demands -

2.3. Ground Catchment Area

In urban areas, it is crucial to give careful attention and care to sustainable stormwater
management practices (SSMPs) constructed on the ground due to the presence of complex
infrastructures. The ground catchment area plays a vital role in allowing runoff storage
and natural infiltration into the soil [80]. Several effective SSMPs that can be implemented
on the ground, including grass swales, bioretention systems, rain gardens, permeable pave-
ments, and rain barrels [12]. Implementing grass swales requires careful planning, design,
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and consideration of local conditions [81]. In Asian countries, where rapid urbanization
and increased development can strain natural resources and exacerbate environmental
challenges, the implementation of grass swales can play a vital role in addressing these
issues while promoting sustainable and resilient communities. However, grass swales
require space for construction, which may not always be available in densely populated
urban areas. Land acquisition or repurposing of existing areas may be necessary. Addition-
ally, the effectiveness of grass swales may vary seasonally, with reduced infiltration during
dry periods and increased runoff during heavy rains [82]. Despite these drawbacks, many
of these issues can be addressed through proper planning, design, and ongoing manage-
ment. Grass swales remain a valuable tool in sustainable stormwater management and
can be particularly effective when integrated into a broader green infrastructure strategy.
Table 4 summarizes the results of previous studies that evaluated the performance of grass
swales in various Asian countries. These studies examined the efficacy of grass swales in
improving overall stormwater management in urban regions.

Table 4. Summary of grass swale performances from previous studies.

Country References
Parameters

Water Quantity Water Quality

Malaysia
[83]

• The infiltration rate obtained was
1.8–2 cm/h

• The outflow collected at the swale
outlet achieved Class II based on the
Interim National Water Quality
Standards (INWQS)

[84] -
• Sand column improved the water

quality by 4% to 80%

South Korea [85]

• Grass swales demonstrated a reduction
in total rainfall runoff volume and peak
flow, particularly with an intensity of
approximately 30 mm/h

• On average, these swales showed a
rainfall runoff retention rate ranging
from 40% to 75% during small
storm events

-

China
[86] -

• The implementation of swales led to a
significant reduction in pollutant
concentrations, especially in the case of
suspended solids

[87] -
• COD removal rate ranged from 86.35%

to 51.72%

The bioretention system could prolong the time it takes for runoff to reach its peak
concentration, which in turn promotes enhanced infiltration. This is attributed to the
presence of clay in the soil configuration, which facilitates better water absorption and
retention within the system [88]. Rain gardens and bioretention systems operate on similar
principles but differ in their design requirements. Although rain gardens are smaller and
less complex in design compared to bioretention systems, this practice is still capable of
managing small catchment areas of less than two hectares, retaining a substantial amount
of runoff, and maintaining the natural condition of the area by reducing the flow rate, peak
flow, and total volume of runoff [12]. Selecting appropriate components for rain gardens
and bioretention systems is crucial to ensure their long-term performance.

Vegetation plays a vital role in enhancing the landscape value of an area [10,11]. Citi-
zens can also economically contribute by using vegetable-based plants for their rain gardens
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or bioretention systems instead of flower-based plants. Therefore, the implementation of
these practices should be encouraged, as they offer numerous benefits beyond stormwater
management purposes. While they offer several environmental benefits, these practices
require regular maintenance to function effectively [89,90]. This includes removing accu-
mulated sediment, weeds, and debris, as well as replenishing organic mulch. Neglecting
maintenance can lead to reduced efficiency and decreased pollutant removal. Additionally,
these practices may not perform consistently throughout the year, as their effectiveness
can vary with weather conditions, plant growth, and seasonal fluctuations in water flow.
However, these practices remain as valuable tools for sustainable stormwater management
and improving water quality. Properly designed, installed, and maintained, they can
offer a range of environmental benefits while addressing some of the challenges associ-
ated with urban runoff and pollution [89,90]. Table 5 summarizes the results of previous
studies that assessed the performance of rain gardens and bioretention systems in various
Asian countries.

Table 5. Summary of rain garden/bioretention system performances from previous studies.

Country Reference
Parameters

Water Quantity Water Quality

Malaysia

[91]

• The implementation of a bioretention
system led to a reduction in runoff volume
of approximately 15%

• Additionally, the system effectively
reduced peak flow by nearly 30%

-

[92] -

• The water samples collected from the study
area attained water quality index (WQI)
levels classified as Class I and Class II,
indicating good to moderate water quality

[93]
• The implementation of the system resulted

in a delay of outflow peaks of 52%, with a
minimum delay of 13 min

• Concentration: TP was reduced by 60% and
COD was reduced by 42%

• Total load: TP was reduced by 65% and
COD was reduced by 49%

[94]

• Resulted in a substantial reduction in water
volume, ranging from 58.6% to 67.9%.

• The peak flow was significantly reduced by
72.0% to 86.4%.

-

Japan [95]
• The overall runoff rate was measured at

13.78% during the study, with an average
rainfall intensity of 28.18 mm/h

• Achieved contaminant reduction for a
three-year return period

China

[96] -
• Average removal rates: TSS (81.34%), COD

(41.88%), TN (37.33%), TP (71.64%)

[97] -

• Successfully removed nitrogen (TN) at a
rate of 54.5%. This removal was attributed
to the combined effects of nitrogen
accumulation (18.3%) and denitrification
(36.2%)

Singapore [98]
• Achieved a per-event mass balance error of

0.3% and 5.1% for 80 events with varying
rainfall characteristics

-
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2.4. Artificial Ground Catchment Area

The artificial ground area refers to an area specifically created by humans to manage
stormwater. Permeable or porous pavements are designed to facilitate the infiltration
of runoff into the ground, resulting in reduced flow and improved water quality in the
surrounding area [99]. For instance, the upper surface of a parking lot can be constructed
using porous pavement to store water and mitigate runoff from nearby areas. Other suit-
able locations for implementing permeable pavements include driveways along roads and
sidewalks [12]. Previous studies have demonstrated the effectiveness of porous pavements
as a solution for water-related issues. However, it should be noted that porous pavements
may not be suitable for heavily loaded or highly trafficked areas [100]. Therefore, further
testing and improvements in porous pavement materials are necessary to broaden their
applications in artificial ground catchment areas. Additionally, while the characteristics
of porous pavement components have been extensively tested, there is a lack of testing
evaluating the performance of porous pavements in terms of water quantity and water
quality parameters, specifically in Asian countries. Thus, it is crucial to encourage more ex-
perimental or simulation work to assess the suitability of porous pavements for stormwater
management in Asian countries.

To further promote the implementation of SSMPs in Asian countries, several measures
can be taken [80,101,102]. One important step is streamlining the permitting processes asso-
ciated with SSMPs. Simplifying and expediting the approval procedures for implementing
these practices can help overcome bureaucratic hurdles and facilitate their widespread
adoption. Providing incentives or funding schemes can also incentivize individuals, com-
munities, and organizations to implement SSMPs. Financial support or tax incentives can
encourage stakeholders to invest in sustainable stormwater practices and overcome the
financial barriers associated with their implementation. Collaboration with local authorities
and government agencies is essential. By working together, suitable locations for SSMPs
can be identified and integrated into urban planning and development processes. These
proactive approaches ensure that stormwater management is considered from the early
stages of urban design, leading to more effective and sustainable outcomes [80,101,102].

Regular maintenance and operation of SSMPs is crucial to their long-term effectiveness.
Trained professionals should be responsible for the ongoing maintenance and monitoring
of these practices to ensure their optimal performance. This includes routine inspections,
cleaning, and repair work to guarantee their functionality and longevity. By implementing
these measures, financial and technical barriers can be overcome, suitable locations for
SSMPs can be identified, and the proper operation and maintenance of these practices
can be ensured [83,101]. This will contribute to effective stormwater management and
mitigation of flooding in Asian countries.

3. Methodology

SWOT analysis is a strategic method commonly used during project planning [103]. It
can also be applied to SSMs to provide solutions for sustainable development in managing
stormwater and encourage environmentally friendly practices in developing countries. In
the context of implementing SSMPs, a SWOT analysis can be used to assess their imple-
mentation potential and identify key factors influencing their success. SWOT analyses
consider both internal and external factors, which are further categorized into Strengths (S),
Weaknesses (W), Opportunities (O), and Threats (T). The selected sustainable practices are
reviewed based on previous studies [12]. Strength factors highlight the advantages and
positive aspects of implementing these practices for stormwater management, while weak-
ness factors identify the disadvantages or barriers associated with their implementation.
Opportunity factors highlight the positive opportunities that can arise from implementing
these practices in the future, while threat factors identify potential risks or challenges that
may occur. By referring to previous studies, a SWOT analysis provides valuable references
for identifying the relevant SWOT factors to be used in surveys. Identifying and analysing
these factors is an important part of project management and helps in developing strategies
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to maximize strengths and opportunities while minimizing weaknesses and threats [103].
Previous studies have shown that strength and opportunity factors reflect positive out-
comes in terms of the operation and performance of sustainable practices. On the other
hand, weakness and threat factors are often associated with knowledge gaps, a lack of
experts, cost estimation challenges, and community perceptions and acceptance.

Strength factors indicate a positive performance of SSMPs in terms of water quantity
and water quality control, while weakness factors highlight challenges related to knowledge
gaps, a lack of experts, and cost estimations. It is important to note that weakness factors do
not necessarily imply technical performance issues with the practices. Additionally, these
findings indicate that the implementation of SSMPs can lead to various benefits across
multiple aspects, which are categorized as opportunity factors. Threat factors primarily
stem from community perceptions and acceptance, rather than the risks associated with
the performance of the practices. By conducting a SWOT analysis, this study aims to
identify and evaluate the internal and external factors that can influence the successful
implementation of sustainable stormwater practices in Asian countries. This analysis pro-
vides valuable insights into the strengths, weaknesses, opportunities, and threats associated
with these practices, contributing to their effective implementation and overall stormwater
management. This understanding will help in developing strategies and recommendations
to maximize strengths and opportunities while addressing weaknesses and mitigating
threats, leading to the successful adoption of sustainable stormwater practices in the region.

3.1. Questionnaire Survey

The development of a well-designed questionnaire is a crucial step in addressing
research questions and testing research hypotheses [104]. In this study, a questionnaire
survey was conducted to collect data from a sample of individuals. The survey was
administered using an online platform, Google Forms, which allowed for easy distribution
of the survey link and monitoring of the responses by the authors. The questionnaire
was designed as a checklist, focusing on the selected sustainable stormwater management
practices (SSMPs) including green roofs, RHSs, grass swales, rain garden/bioretention
systems, and porous pavements. The questionnaire was structured into different sections
based on the SWOT categories. Each section presented a list of factors related to the
respective category, as summarized in Table 6.

To measure the respondents’ perspectives on the implementation of SSMPs in Asian
countries, a Likert Scale with a five-point response scale was employed. The scale ranged
from 1 (strongly disagree) to 5 (strongly agree). This measurement technique allowed the
respondents to indicate their level of agreement or disagreement with the given factors
for each SSMP. Additionally, the participants were encouraged to provide suggestions for
improvement related to each variable. The data collected through the questionnaire is
considered primary data and will be further analyzed to identify and propose the most
preferable SSMPs for implementation.

The questionnaire comprise six sections. By employing this questionnaire survey, this
study aims to gather valuable insights and opinions from the respondents regarding the
feasibility and desirability of implementing SSMPs in Asian countries.

Section A: Introduction—a brief description of this study. The objectives of the survey
are elaborated.

Section B: Respondent’s background—this section consisted of the respondent’s de-
mographics.

Section C, D, E and F: SWOT Analysis—these sections focus on the SWOT analysis
for the sustainable practices, i.e., green roofs, rain barrels, grass swales, rain gardens or
bioretention systems and porous pavements. Here, the respondents provided their feedback
based on a Likert scale from 1 (strongly disagree) to 5 (strongly agree).

To ensure a comprehensive and representative sample, the questionnaire was dis-
tributed to a range of stakeholders involved in stormwater management, including govern-
ment agencies and private contractors or consulting engineering companies. The careful



Sustainability 2023, 15, 15547 14 of 29

selection of these experts was based on their demonstrated expertise and extensive experi-
ence within the realm of stormwater management. It was a strategic decision to involve
such individuals, as their insights, opinions, and preferences hold immense value in the
critical assessment of the feasibility of implementing sustainable stormwater management
practices. Despite a concerted outreach to a multitude of companies, it is worth noting that
the level of participation in the survey was somewhat limited. While many organizations
were approached with an invitation to participate in this valuable research endeavor, only a
select few were willing to engage actively in the survey process. This selective participation
may stem from various factors, such as time constraints, competing priorities, or differing
levels of interest. This hesitancy may also have arisen since their engagement in SSMPs
remains somewhat modest. This context underscores the evolving nature of this critical
field and the need for continued efforts to engage stakeholders in the journey towards
a more sustainable and resilient stormwater management ecosystem. Nevertheless, the
insights garnered from the willing participants will undoubtedly contribute significantly to
advancing our understanding of sustainable stormwater management practices and the
challenges associated with their implementation.

Table 6. Scope of study for SWOT analysis in questionnaire development.

Helpful Harmful

In
te

rn
al

or
ig

in

Strength

S1: The system collects and temporarily
retains rainfall
S2: It promotes infiltration and slows down
the runoff
S3: The system treats pollutants and
enhances water quality
S4: It improves the aesthetic appeal of the
landscape
S5: Provides a cost-effective solution

Weakness

W1: Insufficient knowledge about the
benefits and implementation of SSMPs
W2: Limited availability of experts and
implemented projects
W3: Lack of available space to
accommodate SSMPs
W4: Limited policies and public awareness
W5: Financial constraints and challenges in
funding SSMPs projects

Ex
te

rn
al

or
ig

in

Opportunity

O1: Improve and upgrade existing
stormwater management infrastructure
and practices
O2: Develop effective solutions to address
and mitigate stormwater-related issues
O3: Foster active participation and
involvement of local stakeholders in
stormwater management initiatives
O4: Research and develop innovative
stormwater management procedures and
technologies
O5: Enable accurate estimation of the costs
associated with stormwater
management projects

Threat

T1: Ensuring compatibility and integration
of new SSMPs with existing systems
and practices
T2: Addressing resistance and reluctance to
adopt and accept SSMPs
T3: Addressing the challenges arising from
different guidance and criteria for
stormwater management
T4: Streamlining the process of obtaining
necessary permits and approvals for
implementing stormwater
management projects
T5: Promoting collaboration and fostering
cooperation among all the stakeholders
involved in stormwater
management initiatives

Determining the appropriate sample size for a research study is a crucial step in
ensuring the statistical validity and reliability of the results. Many formulae have been
introduced to determine the sample size, in which the specific formula used in the calcula-
tion can vary depending on the type of study, the research design, and the desired level
of precision. Therefore, the sample size for this study was determined using a simplified
formula, as shown below, taking into consideration a desired level of precision. In this
case, a precision level of ±5% was selected. By applying the give formula, a sample size
of 125 respondents was determined to be appropriate for this study [105]. By collecting
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responses from experts, this study aims to capture diverse perspectives and insights related
to sustainable stormwater management. The data obtained from the sample were analyzed
to evaluate the opinions, preferences, and recommendations provided by these stakehold-
ers, contributing to the identification of the most suitable SSMPs for implementation in
Asian countries.

n =
N

1 + N(e)2 (1)

where n = sample size, N = population size, e = level of precision.

3.2. Data Processing

Once the questionnaire survey was completed, an interpretation process was con-
ducted on the collected data to identify the range of factors related to each proposed
SSMP. Then, a normality test was conducted on the data before proceeding to the statistical
analysis. A normality test is a statistical procedure used to determine whether a dataset
follows a normal distribution [104]. Before conducting the normality test, a significance
level (alpha) that represents the threshold for significance should be decided. Common
choices are 0.05 or 0.01, which correspond to a 5% or 1% chance of making a Type I error,
respectively. A p-value associated with the normality test is the key indicator of whether
the data can be considered approximately normally distributed [104,105]. A p-value greater
than the significance level suggests that the data can be considered approximately normal,
while a smaller p-value indicates a departure from normality. In summary, normality tests
are essential tools for assessing whether a dataset can be reasonably assumed to follow a
normal distribution, which is a critical assumption in many statistical analyses.

4. Results and Discussion
4.1. Respondents’ Details

After the completion of the online questionnaire, a total of 125 respondents participated
in the survey. This indicates that the survey achieved 100% of the respondents that were for
the questionnaire distribution. The target population was successfully achieved, with an
equal distribution of respondents from both government agencies and private engineering
companies. As illustrated in Table 7, 50% of the respondents were from government
agencies, while the remaining 50% were from private engineering companies. This balanced
participation from both groups is important, as they are equally involved in various
stages of stormwater management systems including planning, design, management, and
approval processes. Meanwhile, the distribution of the working experience among the
respondents was quite even, in which most of the respondents (61.1%) had work experience
between 5 and 15 years, with 31.4% falling in the 5–10 years category and 29.7% in the
11–15 years category. Approximately one quarter of the respondents (26.3%) had less than
5 years of work experience, while only 12.7% had more than 15 years. It is noteworthy that
having respondents with different levels of work experience is important for this study. The
distribution of the respondents’ work experience was quite even; however, it is important
to consider whether the distribution accurately reflects the distribution of experience levels
in the field of stormwater management overall to avoid experience bias. Experienced
professionals in stormwater management offer valuable insights into the practical aspects
of the field. However, the participation of new graduates is equally important, as they bring
a wealth of theoretical knowledge on sustainability gained during their undergraduate
studies. The combination of practical experience and theoretical understanding can lead to
innovative and comprehensive approaches to stormwater management.
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Table 7. Demographic profiles of the respondents.

Sector Percentage

Government agency 50%

Private agency 50%

Designation Percentage

Developer 21.2%

Project Director/Manager/Assistant Manager 35.6%

Engineer/QAQC 43.2%

Working Experience Percentage

<5 years 26.3%

5–10 years 31.4%

11–15 years 29.7%

>15 years 12.7%

4.2. Intrepretation of the Data

Table 8 shows the interpretation of the results based on the calculation previously
referred to [106], while Tables 9–12 show the results for each factor.

Table 8. Interpretation of the results.

Description Range
Strongly Agree 4.21–5.00

Agree 3.41–4.20
Undecided 2.61–3.40

Disagree 1.81–2.60

Strongly Disagree 1.00–1.80
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Table 9 shows the results for the strength (S) factors. Factor S1, “The system collects
and temporarily retains rainfall”, refers to the ability of the selected SSMPs to capture and
store rainfall before releasing it into nearby streams [12,107]. Green roofs, grass swales,
and rain garden/bioretention systems utilize plants and soil to capture and store rainfall,
while porous pavements have voids that can hold water. RHSs can collect rainwater based
on their size and capacity. This feature helps to control the volume of runoff flowing
into water bodies such as rivers, reducing the risk of flooding and water-related prob-
lems. Factor S5, “Provides a cost-effective solution”, highlights the cost-effectiveness of
these practices in the long term, despite potentially higher construction costs, especially
for porous pavements [108]. By implementing these practices, the flow of runoff can be
controlled, minimizing issues such as clogging and flooding. The cost of repairing damage
caused by floods and compensating flood victims is often much higher than the initial
construction and maintenance costs of these practices. Therefore, implementing sustainable
stormwater management practices can help allocate budgets towards prevention rather
than remediation. Factor S2, “It promotes infiltration and slows down the runoff”, indicates
that the respondents agreed with the effectiveness of green roofs, grass swales, and rain
garden/bioretention systems in enhancing infiltration and slowing down the flow of runoff
on surfaces. These vegetation-based structures promote the infiltration of water through
the soil and help reduce the speed of runoff, allowing for better water management. The
presence of vegetation in these practices also contributes to factor S3, “The system treats
pollutants and enhances water quality”. Vegetation plays a crucial role in capturing and fil-
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tering out pollutants and sediments [10,11,54]. This aspect is important for maintaining the
quality of stormwater runoff and minimizing environmental impacts that lead to pollution.

Table 9. Strength (S) factor results.

Practices
Factors

S1 S2 S3 S4 S5

Green Roofs 4.01 4.03 4.14 4.15 3.69
Rainwater Harvesting

Systems (RHSs) 4.07 2.46 2.26 3.16 3.88

Grass Swales 4.09 4.10 4.21 3.97 3.81
Rain

Garden/Bioretention
Systems

4.12 4.19 4.21 4.21 3.74

Porous Pavements 3.85 3.35 2.31 3.59 3.77
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Table 10. Weakness (W) factor results.

Practices
Factors

W1 W2 W3 W4 W5

Green Roofs 3.86 3.87 3.77 3.94 3.97
Rainwater Harvesting

Systems (RHSs) 3.16 3.04 3.04 3.68 3.41

Grass Swales 3.57 3.61 3.39 3.82 3.75
Rain

Garden/Bioretention
Systems

3.96 3.96 3.84 3.97 3.86

Porous Pavements 3.56 3.63 3.27 3.85 3.86
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Agree 

Overall, the strength factors highlight the positive attributes and benefits of the selected
SSMPs in terms of managing stormwater, controlling runoff, improving water quality, and
ensuring cost-effectiveness. These factors demonstrate the potential of these practices
to contribute to sustainable stormwater management in Asian countries. Factor S4, “It
improves the aesthetic appeal of the landscape”, indicates that the respondents agreed that
sustainable stormwater practices, especially vegetation-based practices such as green roofs,
grass swales, and porous pavements, have the potential to enhance the aesthetic appeal of
the landscape of an area. By incorporating different types of vegetation, green roofs can add
visual appeal and improve the aesthetics of buildings [54]. Replacing concrete drainage with
grass swales can contribute to a greener and more natural landscape. Indeed, while porous
pavement is not vegetation-based, it is designed with special components that create voids
within the pavement. These voids allow water to flow through the pavement, promoting
stormwater infiltration and reducing runoff [101]. The design of porous pavement helps
mitigate the issues associated with traditional impervious surfaces by facilitating water
permeability and reducing stormwater runoff volume. This feature not only facilitates
stormwater management but can also contribute to an improved landscape aesthetic [101].
It is worth noting that while porous pavement can increase landscape value, it is not capable
of treating pollutants to the same extent as vegetation-based practices, as mentioned in
factor S3. The absence of vegetation in porous pavement limits its ability to naturally
filter and remove pollutants from stormwater runoff [102]. Similarly, RHSs primarily store
water rather than infiltrating it through the soil, which is why the respondents disagreed
with factor S2, “It promotes infiltration and slows down the runoff”, and factor S3, “The
system treats pollutants and enhances water quality”, for RHSs. Regarding factor S4, the
respondents were undecided about RHSs. This suggests that there is still uncertainty
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among the public regarding how to utilize RHSs for landscape purposes. This may be
due to unattractive design options for rain barrels and a lack of information regarding the
benefits of rainwater harvesting. Therefore, efforts should be made to improve the design
of rain barrels and effectively communicate the benefits of RHSs to enhance their appeal
and encourage their adoption. Overall, while all the selected SSMPs have the potential to
increase landscape value, there are variations in their ability to enhance infiltration, treat
pollutants, and improve water quality. The strengths identified in factor S4 highlight the
positive impact these practices can have on the visual aesthetics and overall landscape
value of an area.

Table 11. Opportunity (O) factor results.

Practices
Factors

O1 O2 O3 O4 O5

Green Roofs 4.13 4.11 4.16 4.21 4.17
Rainwater Harvesting

Systems (RHSs) 4.22 4.12 4.17 4.21 4.21

Grass Swales 4.10 4.18 4.16 4.21 4.19
Rain Garden/

Bioretention Systems 4.13 4.23 4.22 4.21 4.21

Porous Pavements 4.12 4.11 4.14 4.19 4.16
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Table 12. Threat (T) factor results.

Practices
Factors

T1 T2 T3 T4 T5

Green Roofs 4.07 3.97 4.00 4.03 3.96
Rainwater Harvesting

Systems (RHSs) 3.92 3.83 3.68 3.56 3.81

Grass Swales 4.02 3.86 3.91 3.94 3.96
Rain

Garden/Bioretention
Systems

4.03 3.91 3.97 3.95 4.00

Porous Pavements 3.99 3.91 3.89 3.97 3.77
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Agree 

Referring to Table 10, Factor W1, “Insufficient knowledge about the benefits and
implementation of SSMPs”, indicates that the respondents agreed with this factor for all
the selected sustainable stormwater management practices, except for RHSs. This suggests
that there is a general lack of knowledge and information regarding the implementation
and operation of practices other than RHSs. However, it is important to note that RHSs
obtained an “undecided” response for all factors except for factor W4, indicating that the
respondents may not have been aware that RHSs do not require detailed knowledge or
instructions for their implementation and operation. RHSs are simple structures that can
be easily managed by residents without the need for extensive expertise [15]. Factor W2,
“Limited availability of experts and implemented projects”, in the field of stormwater
management demonstrates that the respondents agreed with this factor for all the practices,
indicating that there was a perceived lack of experts and implemented projects in Asian
countries for green roofs, grass swales, rain gardens/bioretention systems, and porous
pavements. This suggests that there is a need to strengthen the availability of experts and
increase the number of implemented projects to showcase successful examples and build
expertise in these practices. Sharing information about existing projects and their outcomes
can help encourage the implementation of these practices and address the lack of exper-
tise [102,107–114]. Thus, the weaknesses identified for the selected SSMPs mainly revolve
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around the lack of knowledge, experts, and implemented projects. These weaknesses high-
light the need for increased awareness, knowledge dissemination, and capacity building in
implementing and maintaining these practices. Thus, there is an opportunity to foster the
successful adoption of SSMPs in Asian countries, promoting effective water management
and mitigating the impacts of urbanization and climate change if these weaknesses factors
are successfully addressed.

Factor W3 “Lack of available space to accommodate SSMPs”, received agreement from
the respondents for green roofs and rain gardens/bioretention systems. This suggests that
the respondents recognized the challenge of limited space for implementing these practices.
Green roofs are more suitable for high-rise buildings with flat roof designs, while rain
gardens/bioretention systems require appropriate land areas. To overcome this limitation,
authorities should actively monitor and utilize any unattended vacant areas or unused
spaces to maximize the implementation of SSMPs. It is worth noting that these practices
can be adaptable to various spatial constraints, and their implementation can be tailored to
suit the available space.

Factor W4, “Limited policies and public awareness”, regarding the importance of
stormwater management, received agreement from the respondents for all the practices.
This indicates that there was a consensus among the respondents that there is a need for
improved policies and increased public awareness regarding stormwater management. Ef-
forts should be made to educate the public about the importance of sustainable stormwater
practices and to develop policies that promote their implementation [80,101,102,107–114].
By enhancing public awareness and ensuring supportive policies, the implementation of
these practices can be encouraged and facilitated.

Factor W5, “Financial constraints and challenges in funding SSMPs projects”, received
agreement from the respondents for all the practices, except for RHSs. This suggests that
the respondents recognized the high construction and maintenance costs associated with
implementing sustainable stormwater practices. It is important for authorities to carefully
plan and consider the financial aspects of implementing these practices, ensuring that they
are financially feasible and sustainable in the long term [80,101,107–114].

Overall, the identified weaknesses (W1–W5) in implementing sustainable stormwater
management practices, as perceived by the respondents, include limited knowledge, lack
of experts and implemented projects, limited available space, limited policies and public
awareness, and financial issues. These weaknesses highlight the importance of knowledge
dissemination, capacity building, policy development, and financial planning to address
these barriers and facilitate the successful implementation of SSMPs in Asian countries.

Table 11 shows the interpretations of the opportunity (O) factors. Factor O1, “Improve
and upgrade existing stormwater management infrastructure and practices”, received
agreement from the respondents for all the practices, except for RHSs. This statement
suggests that the respondents were aware of the potential benefits of SSMPs in managing
stormwater efficiently. This understanding underscores the importance of implementing
sustainable stormwater management practices to achieve comprehensive and efficient
management of stormwater, ensuring the sustainable use and protection of water resources
in the face of urbanization and environmental challenges. In addition, implementation of
SSMPs can also lead to more efficient and effective management of stormwater, resulting in
improved overall system performance.

Factor O2, “Develop effective solutions to address and mitigate stormwater-related
issues”, received agreement from the respondents for all the practices. This indicates that
the respondents perceived the construction of SSMPs as a viable long-term solution to ad-
dress water-related issues and mitigate problems associated with stormwater management.
By adopting these practices, the resilience and sustainability of stormwater management
systems can be improved, leading to better management of water resources and reduced
negative impacts on the environment [101,102,107–114].

Factor O3, “Foster active participation and involvement of local stakeholders in
stormwater management initiatives”, received agreement from the respondents for all
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the practices. This suggests that the respondents acknowledged the importance of involv-
ing local stakeholders in the design and operation of SSMPs. Engaging stakeholders not
only promotes community participation and ownership but also provides opportunities for
professional development and career advancement for individuals involved in stormwater
management [101,102,107–114]. By fostering collaboration and involvement, the successful
implementation of these practices can be enhanced.

Factor O4, “Research and develop innovative stormwater management procedures
and technologies”, received agreement from the respondents. This indicates that the imple-
mentation of porous pavement has the potential to contribute to the development of new
procedures and planning routines for stormwater management. The success of porous pave-
ment can serve as a model for managing stormwater in areas with limited available space,
potentially providing alternative solutions to traditional vegetated structures [101,102]. By
incorporating innovative approaches and practices, stormwater management procedures
can be updated and improved to achieve better outcomes.

Factor O5, “Enable accurate estimation of costs associated with stormwater manage-
ment projects”, received agreement from the respondents. This suggests that the successful
implementation of green roofs, grass swales, and porous pavement can provide valuable
insights and data for estimating the costs associated with future construction of these
systems in urban areas. This includes not only the construction costs but also mainte-
nance and repair expenses, allowing for more accurate budgeting and financial planning of
stormwater management projects [80,101].

Overall, the identified opportunities (O1–O5) highlight the potential benefits and
positive outcomes associated with the implementation of SSMPs in Asian countries. These
opportunities include upgrading stormwater management systems, providing long-term so-
lutions, encouraging stakeholder participation, developing new procedures, and planning
routines, and enabling cost estimation. By capitalizing on these opportunities, authorities
and stakeholders can work together to enhance stormwater management practices and
address water-related challenges more effectively.

As referred to in Table 12, factor T1, “Ensuring compatibility and integration of new
SSMPs with existing systems and practices”, received agreement from the respondents.
This indicates that the public may perceive the implementation of SSMPs as a challenge
because they are comparing these practices with the existing conventional drainage systems.
The public’s familiarity with and adaptation to existing practices can create resistance to
change and hinder the acceptance of new practices. Factor T2, “Addressing resistance and
reluctance to adopt and accept SSMPs”, received agreement from the respondents. This
suggests that there may be reluctance among the public to accept and adopt sustainable
stormwater practices. This reluctance could be due to various reasons, such as a lack
of awareness, misconceptions, or concerns about the effectiveness or feasibility of these
practices [101,102,107–114]. Overcoming this reluctance requires efforts to educate and
engage the public, raise awareness about the benefits of sustainable stormwater practices,
and address any misconceptions or concerns.

Factors T3 and T4, “Addressing the challenges arising from different guidance and
criteria for stormwater management” and “Streamlining the process of obtaining necessary
permits and approvals for implementing stormwater management projects”, received
agreement from the respondents. This indicates that there are challenges related to the
regulatory framework and permitting processes for implementing sustainable stormwater
practices. The lack of standardized guidelines or criteria across different regions, as well as
the complexities involved in obtaining necessary permits or regulatory approvals, can create
barriers to the widespread adoption of these practices [102,107–114]. Streamlining and
simplifying the regulatory processes, providing clear guidelines, and fostering collaboration
between authorities and practitioners can help address these challenges.

Factor T5, “Lack of cooperation between participants in the operations”, received
agreement from the respondents. This suggests that the success of implementing SSMPs
relies on the cooperation and collaboration of various stakeholders involved in their opera-
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tion and maintenance. A lack of cooperation and coordination between these participants
can hinder the effectiveness and long-term sustainability of these practices. Encouraging
and fostering collaboration among stakeholders, including government agencies, private
contractors, and the public, is essential to overcome these threats.

Overall, the identified threats (T1–T5) highlight the potential barriers and challenges
associated with the implementation of SSMPs in Asian countries. These threats are pri-
marily related to public perceptions and acceptance, compatibility with existing practices,
regulatory complexities, and lack of cooperation among stakeholders. To address these
threats, it is important to raise awareness, provide education and outreach programs,
streamline regulatory processes, establish clear guidelines, and foster collaboration among
all participants involved in the operations of sustainable stormwater practices. By ad-
dressing these challenges, the implementation of these practices can be more effectively
and widely adopted, leading to improved stormwater management outcomes. Table 13
provides a summary of the interpretation of the Likert scale range for the variables for
each SSMP.

Table 13. Summary of the data interpretation.

Practices
Variables

Strength (S) Weakness
(W)

Opportunity
(O) Threat (T)

Green Roofs 4.00 3.88 4.16 4.01
Rainwater Harvesting

Systems (RHSs) 3.17 3.27 4.19 3.76

Grass Swales 4.04 3.63 4.17 3.94
Rain Garden/Bioretention

Systems 4.10 3.92 4.21 3.97

Porous Pavements 3.37 3.63 4.15 3.93

Sustainability 2023, 15, x FOR PEER REVIEW 15 of 29 
 

gained during their undergraduate studies. The combination of practical experience and 

theoretical understanding can lead to innovative and comprehensive approaches to 

stormwater management. 

Table 7. Demographic profiles of the respondents. 

Sector Percentage 

Government agency 50% 

Private agency 50% 

Designation Percentage 

Developer 21.2% 

Project Director/Manager/Assistant Manager 35.6% 

Engineer/QAQC 43.2% 

Working Experience Percentage 

<5 years 26.3% 

5–10 years 31.4% 

11–15 years 29.7% 

>15 years 12.7% 

4.2. Intrepretation of the Data 

Table 8 shows the interpretation of the results based on the calculation previously 

referred to [106], while Tables 9–12 show the results for each factor. 

Table 8. Interpretation of the results. 

Description Range 

Strongly Agree 4.21–5.00 

Agree 3.41–4.20 

Undecided 2.61–3.40 

Disagree 1.81–2.60 

Strongly Disagree 1.00–1.80 

   

Table 9. Strength (S) factor results. 

Factors 

Practices 
S1 S2 S3 S4 S5 

Green Roofs 4.01 4.03 4.14 4.15 3.69 

Rainwater Harvesting Systems 

(RHSs) 
4.07 2.46 2.26 3.16 3.88 

Grass Swales 4.09 4.10 4.21 3.97 3.81 

Rain Garden/Bioretention 

Systems 
4.12 4.19 4.21 4.21 3.74 

Porous Pavements 3.85 3.35 2.31 3.59 3.77 

   

Table 9 shows the results for the strength (S) factors. Factor S1, “The system collects 

and temporarily retains rainfall”, refers to the ability of the selected SSMPs to capture and 

store rainfall before releasing it into nearby streams [12,107]. Green roofs, grass swales, 

and rain garden/bioretention systems utilize plants and soil to capture and store rainfall, 

while porous pavements have voids that can hold water. RHSs can collect rainwater based 

Strongly Agree Agree 

Strongly Agree Agree 

Based on the Likert Scale interpretation, the respondents agreed with all the factors
for both green roofs and grass swales. This indicates that these sustainable stormwater
practices were viewed positively in terms of their strengths, weaknesses, opportunities, and
threats. However, it is important to note that green roofs and grass swales also encountered
weaknesses and threats, as identified through the survey. These weaknesses and threats
need to be addressed to ensure the successful implementation of these practices. To compare
these practices in terms of cost and other aspects, an evaluation of previous studies was
conducted. This evaluation aimed to identify the solutions for the weaknesses and threats
associated with green roofs and grass swales. Furthermore, the analysis also aimed to
determine the best practice between green roofs and grass swales for implementation in
Asian cities. The evaluation considered factors such as cost-effectiveness, performance
in water quantity and quality control, compatibility with existing practices, and public
acceptance. By conducting a comprehensive evaluation and considering these factors, a
decision can be made regarding the preferred practice to be implemented. This decision will
be based on the strengths, opportunities, and solutions provided by the selected practice,
as well as the potential to address weaknesses and threats effectively. The evaluation
and analysis provide valuable insights for decision-makers and stakeholders involved in
stormwater management, helping them make informed choices and develop strategies for
implementing sustainable stormwater practices in Asian countries.

4.3. Comparison between Green Roofs and Grass Swales

Green roofs and grass swales were first compared in terms of total cost by reviewing
the related literature. The total cost includes the construction cost and the maintenance
cost. The construction cost of sustainable stormwater practices includes all the expenses
associated with the installation process, starting from the foundation work to the cost
of planting vegetation. This encompasses activities such as site preparation, excavation,
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grading, installation of structural components, creation of detention or retention areas, and
the planting of vegetation or installation of green infrastructure elements [115]. It covers
the material costs, labor costs, equipment rental, and any additional expenses required for
the successful implementation of the SSMPs [115].

Due to the absence of specific guidelines on construction costs, the method and cost
of construction varied depending on the intended type, design, and size/capacity of
the practice being implemented. The cost estimation for the construction of sustainable
stormwater practices was derived from quotes provided by landscape design businesses
and values obtained from previous studies [116]. These sources were used to gather data on
the costs associated with the materials, labour, equipment, and other relevant expenses for
similar projects. By incorporating these quotes and values, a comprehensive cost estimation
was developed to provide an approximate budget for implementing sustainable stormwater
practices.

The construction costs for green roof installation include all the initial expenses associ-
ated with the process, such as waterproofing, structural components, planting of vegetation,
and labor costs [116]. These costs encompass the materials, equipment, and workforce
required to establish a green roof system. Additionally, maintenance costs are incurred for
the routine upkeep of green roofs to ensure their optimal functioning and longevity [116].
These maintenance costs cover activities such as regular inspections, weed control, irri-
gation, fertilization, pruning, and general maintenance tasks to keep green roofs in good
working condition. These maintenance costs are essential for preserving the functionality
and aesthetic appeal of green roofs over their operational lifespan [115,116]. According to
the study [115,116], the total cost is affordable according to the size and higher for a longer
lifespan, but the cost varies according to the country’s currency and economy. Additionally,
the estimated lifespan of green roofs in Asian countries ranges from 10 to 20 years. The
lifespan depends on various factors, including maintenance practices and the quality of
materials used during construction [115,116]. Based on the estimated total cost and lifespan,
green roofs can be considered an affordable solution for flood mitigation in Asian countries.
They offer a reasonable cost in relation to their lifespan, providing long-term benefits for
stormwater management. It is important to note that the actual costs may vary depending
on specific project requirements, site conditions, and market factors. Conducting a detailed
cost analysis and obtaining accurate quotes from local contractors is recommended for
each specific project. Overall, green roofs offer a sustainable and cost-effective solution for
stormwater management, contributing to flood mitigation efforts in residential areas in
Asian countries.

However, there are significantly fewer previous studies discussing the total cost of
implementing grass swale. Indeed, the implementation and research on grass swales may
be relatively less extensive in Asian countries compared to regions with cold climates. This
could be attributed to several factors, including differences in climate, cultural practices, and
urban development patterns. Grass swales are commonly used in regions with abundant
rainfall and permeable soil conditions, where they can effectively manage stormwater
runoff. In cold climate regions, grass swales are often utilized for their snow storage and
melting capabilities, which may require specific design considerations and maintenance
practices. Consequently, more research and cost analysis studies have been conducted
in these regions to evaluate the feasibility and cost-effectiveness of implementing grass
swales. It is essential to recognize the potential benefits of grass swales in Asian countries
and encourage further research and implementation to assess their feasibility, cost, and
effectiveness in managing stormwater runoff in specific local contexts. Therefore, green
roofs and grass swales were further compared in terms of their economic, environmental,
and social benefits to propose the best practice to be implemented in Asian countries.
Table 14 provides a summary of the benefits of green roofs and grass swales as referred to
previous studies [117,118].
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Table 14. General benefits of green roofs and grass swales according to the criteria [117,118].

Criteria
Practices

Green Roofs Grass Swales

Economic
Energy saving X X

Increased property value X X

Environmental

Stormwater management X X

Air quality X X

Urban heat island mitigation X X

Biodiversity X X

Social

Green space X X

Thermal insulation X X

Aesthetics X X

Table 14 shows that green roofs contribute to all the criteria, while grass swales are
lacking in some criteria. One of the important components of a building’s sustainable
design is its energy use for heating and cooling [119]. This shows that both green roofs and
grass swales have the potential to decrease the energy consumption of residential areas with
the help of the vegetation. In addition to the energy saving aspect, both practices contribute
to stormwater management, air quality, urban heat island mitigation, green spaces, and
thermal insulation. It can be considered that these benefits are contributed by the presence
of vegetation in both practices. In terms of stormwater management, vegetation-based
structures help to maintain water quantity control by infiltrating water through the soil to
slow runoff flow [10,11]. Meanwhile, in terms of water quality control, vegetation helps to
improve soil quality, which is important for the treatment of pollutants and sediments. In
addition, vegetation can reduce air pollution through its ability to influence the dispersal of
pollutants across an area. Through photosynthesis, plants can reduce atmospheric carbon
dioxide (CO2), which eventually helps to reduce greenhouse gases and their consequences
on climate changes [117]. Moreover, trees and other plants play a crucial role in cooling
the environment and mitigating the urban heat island effect [117]. Vegetation provides
shade and evapotranspiration, which helps to reduce surface temperatures and create a
more comfortable microclimate. Trees can significantly lower temperatures by providing
shade and blocking direct sunlight from hitting paved surfaces. The presence of vegetation
also helps to reduce energy consumption by decreasing the need for air conditioning in
buildings [118]. By incorporating more vegetation into urban areas, such as through urban
forestry, green roofs, parks, and street trees, cities can effectively combat the urban heat
island effect. This not only improves the quality of life for citizens but also contributes to
environmental sustainability and resilience to climate change.

However, although both practices contribute to the green spaces, only green roofs can
benefit the market value of a property via aesthetics, whereas grass swale fails to contribute
to both criteria [117]. This is because a variety of vegetation can be used to construct green
roofs, while most the grass swales are only composed of grasses. In the environmental
category, the results show that both green roofs and grass swales contribute benefits in
all aspects except for biodiversity. This is because, similar to the aesthetic point of view,
green roofs can be constructed using a variety of plants that may attract animals, whereas
grass is unable to do so. This evaluation demonstrates that green roofs are the best practice
to be implemented in Asian countries, as they contribute to many benefits. There is also
significant work to be done in Asian countries to evaluate the performances of green roofs
in many aspects compared to grass swales and other SSMPs. However, many efforts in
every aspect need to be conducted to overcomes the weakness and threat factors to achieve
successful implementation of green roofs. Table 15 summarizes possible alternatives to
overcome the policy barriers of implementing green roof according to the policies.
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Table 15. Summary of measures for overcoming barriers to green roof implementation [115–117,119].

Policy Categories Measures

Federal and state
policies

Cities must incorporate hydrological characteristics into their planning and
development processes

Conduct an audit of existing policies and standards and make necessary
amendments to include green roof implementation

Develop standardized guidelines and regulations at the national level for
the design and maintenance of green roofs

Introduce tax exemptions or credits at both the federal and state levels for
green roof materials and installations

Implement a uniform nationwide development threshold that would
activate mandatory green roof requirements

Create effective mechanisms at all levels to facilitate communication,
interaction, and coordination among government agencies as well as with

external stakeholders

Innovative
funding

mechanisms

Implement stormwater fees and explore the possibility of allowing trading
of stormwater allowances as revenue sources and incentive mechanisms

Issue municipal green bonds to finance environmentally friendly projects
and initiatives at the local level

Implement stable policies, such as a 10–15-year fee schedule, to address
uncertainties and incentivize private financiers to support green initiatives

Education,
awareness, award,
and recognition

Develop comprehensive education and outreach programs to increase
public awareness about the advantages of green roofs, the drawbacks of

conventional gray infrastructure, and how green roofs function

Promote and encourage universities to provide research opportunities and
academic courses specifically focused on green roof technologies and

practices

Implement dedicated training programs for skills and enhance the
knowledge of existing staff responsible for stormwater management and

other relevant functions

Create award and recognition programs that incentivize and promote
individual and social contributions towards sustainable initiatives and

environmental capital

5. Conclusions

The implementation of SSMPs aims to create a more environmentally friendly stormwa-
ter management system and improve water quantity and quality control. These findings
indicate that the strength factors of SSMPs lie in their ability to effectively control runoff
volume and treat pollutants. The weaknesses factors are primarily related to limited knowl-
edge, expertise, and cost estimation rather than performance issues. This suggests that
these shortcomings do not pose significant barriers to implementing SSMP alternatives.
Additionally, this study identified opportunities factors for achieving greater benefits in
various aspects through the implementation of SSMPs. The threat factors were primarily
influenced by community perceptions and acceptance. The questionnaire responses indi-
cated that respondents generally agreed with the SWOT factors for the selected SSMPs,
including green roofs, RHSs, grass swales, rain gardens/bioretention systems, and porous
pavements. Among these options, green roofs and grass swales received the most support
based on the respondents’ evaluations. Previous studies have also highlighted the numer-
ous benefits of green roofs over grass swales and other SSMPs, particularly in terms of
water quantity and quality control. Research in Asian countries has also been conducted to
evaluate the performance of green roofs compared to grass swales and other SSMPs. To
overcome barriers to implementing green roofs successfully, specific measures can be taken.
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Therefore, it is widely agreed that green roofs are the most favourable SSMP option for
Asian countries.
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