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a b s t r a c t

Green storm water infrastructure (GSI) or low impact development (LID) is an alternative land devel-
opment approach for managing storm water close to the source that has been recommended instead 
of the traditional storm water design. The main purpose of LID is to reduce the impact of develop-
ment on water-related problems through the use of GSI practices such as bioretention, green roofs, 
grass swales, and permeable pavements that infiltrate, evaporate, or harvest and use stormwater on 
the site where it falls. In recent years, more research has been carried out on GSI practices and the use 
of these practices has shown magnificent benefits in stormwater management. LID techniques have 
been successfully used to manage stormwater runoff, improve water quality, and protect environ-
mental and hydrological aspects of the developed areas. Bioretention cells have been effectively used 
in retaining large volumes of runoff and capturing pollutants on site. Pervious pavements have been 
extremely effective and efficient at infiltrating stormwater on site and storing large quantities of rain-
water. Sand ditches are a new water harvesting technique that is being used to significantly reduce 
runoff, soil loss and sediment loss and to increase infiltration. This paper highlights evidence in the 
literature regarding the beneficial uses of LID practices and encourages adopting these practices for 
environmental friendly construction and sustainable development in the world. In the end, some 
of recommendations for the implementation of LID practices to achieve multiple benefits are given.
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1.Introduction

For the last few decades, rapid urbanization and cli-
mate change around the globe has caused the disturbance 
of natural landscapes [1,10]. Original land cover of grass 
and forest is transforming into impervious surfaces such 
as building and roads [2–4]. This change in land use has 
resulted in increased velocity and volume of surface run-
off, decreased the time of concentration [5], and affects the 
water quality [6,7]. These adverse impacts of urbanization 
have led to the necessity for new, smart, innovative plan-

ning approaches which include smart growth, water sen-
sitive planning, green stormwater infrastructure planning, 
low impact development planning, and other ways to 
reduce negative effects of urbanization on natural hydrol-
ogy and landscape [8–10].

Green stormwater infrastructures (GSI) or Low impact 
development (LID), a new, innovative stormwater man-
agement approach for the land management and devel-
opment because it has ability to reduce runoff, soil loss 
and improve the water quality [5–7], and now it has 
become popular around the world [9]. The GSI concept 
was adopted many decades ago in USA, to mitigate the 
adverse effects of increasing urbanization and impervi-
ous surfaces [11]. The main purpose of GSI design is to 
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preserve the natural features as well as pre-hydrology of 
the site. Traditional stormwater treatment systems, which 
mainly collect runoff through pipe networks and deliver 
it to remote treatment facilities, contrast with the appli-
cation of LID which attempts to maintain the pre-devel-
opment runoff conditions in an area. Pervious pavements, 
rain gardens, bioretention areas, and bio swales all reduce 
the “effective impervious area” of a watershed and try to 
maintain natural hydrology [12]. 

 In the last few decades, different GSI practices have 
shown promising results and now many developed coun-
tries including the USA, Canada, Australia, Germany, 
Japan, Australia, and South Korea are adopting GSI tech-
nologies [8]. The benefits of LID practices at the micro-
scale have also been analyzed in numerous studies (e.g. 
[13–16]). This study attempts to elaborate on the following; 
(1) review the benefits of GSI strategies through some field 
and experimental studies, (2) introduce and explain differ-
ent GSI practices and (3) suggest opportunities for future 
research on LID practices. This paper explains the benefits 
of different GSI practices for the stormwater management. 
The global literature on GSI, sourced from multiple papers, 
books, technical reports, case studies, conference summa-
ries, design guidelines, and projects’ data, has been ana-
lyzed in this study. The information has been reported in 
different tables to show the reduction in runoff and water 
quality improvement associated with implementation of 
LID practices in different countries. To evaluate the per-
formance of these best management practices (BMPs), the 
GSI practices percentage removal metric has been reported 
[17,18].

2. LID concept

Low impact development (LID) is a new, innovative 
approach for stormwater management that seeks to miti-
gate the adverse effects of urbanization by maintaining the 
pre-development natural hydrology of a site using decen-
tralized, micro-scale control measures [9,19] by achieving 
water balance [20]. LID emphasizes the use of small scale, 
natural drainage features integrated throughout the urban 
area to slow, clean, infiltrate and capture the urban runoff 
and precipitation, thus reducing water pollution, replenish-
ing local aquifers, and increasing water reuse.

The main principles of LID are as follows [11,21]: 

•	 To manage the stormwater near to the source as much 
as possible with the help stormwater distribution 
approach 

•	 To minimize the impacts of development and maximize 
ecological benefits

•	 To integrate stormwater management strategies in early 
stages of construction in a particular area

•	 To encourage the environment friendly development 
•	 To promote the natural hydrologic features
•	 To reduce the construction and maintenance costs

 The main objectives of employing LID practice includes 
the runoff reduction, increase the time of concentration, 
groundwater recharge, stream protection, increase the infil-
tration and the water quality improvement by the removal 

of different pollutants through the mechanisms such as fil-
tration, infiltration and other biological processes [22]. Hunt 
et al. [22,23] published some examples of structural and 
non-structural practices that encouraged the main goals 
of LID. Structural practices include bioretention, stormwa-
ter wetlands, infiltration wells, level spreaders, permeable 
pavements, green roofs, grass / bio swales, vegetated filter, 
sand filters, smaller culverts, and water harvesting systems. 
Non-structural practices have the following purposes, i.e. 
minimization of site disturbance, preservation of natural 
site conditions and features, reduction and disconnection of 
the impervious surfaces, soil amendment, aerification, stra-
tegic grading, and minimization of grass lawns [22,23]. The 
main objective of GSI practices is to encourage the processes 
such as filtration, onsite storage and detention, infiltration, 
evapotranspiration, biodegradation precipitation, and per-
colation, among others, which reduce the need for central-
ized stormwater practices [8,17,24]. 

Fig. 1 shows how the urbanization affects our environ-
ment. Fig. 2 explains how urbanization affects the storm-
water runoff in an area. This also shows the change in 
runoff before and after urbanization in an area. Post devel-
opment rainfall runoff is greater in volume and peak flow 
with a lower baseflow, and reduced time to peak. A study 
of a 4047 m2 paved parking lot indicated that it generates 
16 times more runoff flow than a meadow of the same size 
and similar climate conditions [25]. Traditional stormwater 
management techniques mainly focused on the reduction 
of peak flow discharge rate from the site to avoid flooding 
[26]. The approach of peak runoff only collects runoff from 
different sources (e.g. pipes, gutters, curbs) and delivers it 
to remote locations for treatment or discharge; it neither 
reduces runoff volume, nor improves the water quality of 
an area [11,21,17]. This traditional approach also causes 
downstream water quality problems by transporting pol-
lutants into surface waters [8,17]. This approach is known as 
conventional development (CD), and it is still prominent in 
various urban areas where LID interventions are not imple-
mented already, or are hard to implement due to circum-
stances such as lack of knowledge about the LID practices. 
Conventional development (CD) is also known as end-of-
pipe practice, a traditional or centralized approach which 
just transfers pollution to another site. Examples of tradi-
tional stormwater techniques include centralized stormwa-
ter management ponds, conveyance piping systems, curbs, 
and gutter infrastructure. However, the GSI technology is 
less expensive than the traditional stormwater approach in 
the case of new development [27–30]. 

 The GSI approach is also mainly related to vol-
ume-based hydrology (VBH), a stormwater control tech-
nique that focuses on management of stormwater volume 
in an area [26]. The main function of VBH is reduction of 
stormwater volume which results in solutions to other 
water related problems (i.e., peak runoff reduction, peak 
runoff delay, pollutant removal, water velocity, and ero-
sion) [31,32]. GSI technologies are very popular and being 
used around the world due to their numerous benefits. 
Best management practices (BMPs) emphasizes the sound, 
sustainable, and decentralized stormwater and rainwater 
management [33–35]. Low impact development (LID) is 
a term frequently used in Canada and USA [9,36]. Similar 
technologies under the different names are described such 
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as Decentralized Urban Design (DUD) in Germany, Sustain-
able Urban Drainage System (SUDS) in UK, Water Sensitive 
Urban Design (WSUD) in Australia, Well-Balanced Hydro-
logical System (WBHS) in Japan and EcoRich City (ERC) in 
South Korea [37–39]. The main objective of all above men-
tioned is the sustainable development by considering the 
distribution approach.

3. LID practices

3.1. Green roof for architecture

A green roof is a roof that consists of vegetation that 
grows on very special designed substrate soil for the storm-
water runoff control. A green roof system is partially or 
completely covered with vegetation, laid over the water-
proof membranes, and is also used to control rainfall runoff 
in an area [8,41,52,45,48]. The rainwater can collect in green 
roof and reuses it for different purposes (e.g. toilet flush-
ing, irrigation purposes and washing) [8,40,52]. Green roofs 
are used for different purposes which include delaying 
the rainfall runoff, controlling runoff volume, improving 
air and water quality, increasing aesthetics, and reducing 
energy costs by Cooling mechanism [8]. These factors all 
help to avoid flash flooding in the urban areas.

 The main purposes of the green roofs in the quantita-
tive stormwater management are the reduction of outflow 
(volume retention) due to evapotranspiration and volume 
detain and store in green roof layers. For the stormwater 
management, it is interesting to study how green roods 
perform seasonally over the long period of time. Bengtsson 
[41] used the water balance approach to study green roof 
in Augustenborg, Sweden. From the results, it was found 
that annual outflow can be reduced approximately 64% due 
to evapotranspiration. Results from the Kohler et al. [42], 
evaporation from green roofs in Germany (5 and 12 cm 
depth) can reduce 60–80% runoff annually. Slope, depth of 
green roof and vegetation has great influence on the green 
roof runoff reduction performance [46,51]. Shafique et.al 
[52] investigated the performance of the green blue roof 

Fig. 1. Adverse effects of urbanization on the environment.

Fig. 2. Impact of urbanization on the hydrology at the catchment 
scale [25].
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at Seoul, Korea. From the result, the runoff retention was 
approximately 50% to 68% respectively. It may range from 
40% to 80% of the total rainfall volume reduction (see Fig. 3) 
with the actual magnitude of retention being a function of 
the structure of the green roof under the different climatic 
conditions [43,47,48,50–52]. Fig. 3, below shows that the 
green roofs have ability to retain the large amount of runoff 
which can reduce the chances of flash flooding and other 
water related problems [41,51,52]. 

The important factors that can affect the effective-
ness of the green roof are thickness of the media, type of 
plant cover, and the slope of the green roof. Many authors 
[45,51,43] explain that the slope of a green roof has a huge 
impact on the performance of the roof in stormwater man-
agement. Green roofs can be classified as “extensive” or 
“intensive” based on the thickness of the roof layers [53,54]. 
Extensive roofs are typically used for single family or res-
idential buildings, mostly planted with dense, low grow-
ing, and drought-resistant vegetation. In contrast, intensive 
roofs have a higher diversity of vegetation and are mostly 
used in the commercial areas [48,51,52,54]. Intensive green 
roofs are also known as garden roofs, which may have 
grass, trees, and drainage systems that can hold a large 
amount of water and reduce the runoff rate which helps 
to avoid flash floods. A large body of research on the per-
formance of green roofs for the stormwater quality and 
quantity has been well reported at different sites and under 
different climatic conditions (e.g. [55]). For example, Alsup 
et al. noted that green roof materials such as Axis, Arklayte, 
coal bottom ash, Haydite, lava rock, Lassenite, and com-
posted pine bark may act as sources for heavy metals in 
runoff [56]. In Sweden, from the different experiments, Ber-
ndtsson et al. reported that green roofs contribute moderate 
amounts of Cd, Cr, Cu, Fe, K, Mn, Pb, and Zn to runoff [57]. 
Some of the precaution in installing the green roof should 
be taken into consideration to minimize the potential pol-
lutant losses [58]. The most important factor in green roof 
design in locations where pollutant removal is the major 
goal is careful selection of green roof media for maximizing 
the performance of the system [47,52], as pollutant reten-
tion and release from the system strongly depends on the 

nature of any green roof media, and the amount of rainfall 
in that area [51,59]. After installation, proper maintenance 
is needed to reduce contamination of rainfall runoff from 
green roof media [47,29,51]. For example, the combination 
of green roofs and blue roof could be an alternative to avoid 
flooding and the best utilization of the water in urban areas.

 There are also two other types of roofs that are com-
monly being used in the urban areas.

3.1.1. Green-blue roofs and blue roofs

 Green-blue roofs have almost the same mechanism 
as green roofs for stormwater management. A green-blue 
roof consists of the same layers as a green roof but there 
are some open spaces available for the storage of water in 
the roof. In green roofs water is mainly captured in the soil 
media, while in green-blue roofs there is another layer to 
store water in addition to soil media. In Seoul, Korea the 
green-blue roof design has been successfully applied and 
has shown promising results for stormwater management. 
The construction cost of green roofs and green-blue roofs is 
higher than for blue roofs but they also have more benefits 
as compared to blue roof systems.

 Blue roofs are non-vegetated roofs that are used to 
detain rainwater on the rooftop. Weirs at roof drain inlets 
and along the roof can create temporary ponding and hence 
slow the release of stormwater from the roof which helps 
to reduce the peak rainfall runoff flow and speed in urban 
areas [60]. In this type of roof, a light colour water proof-
ing layer is usually provided because it helps reduce the 
temperature of the building. And the water-resistant layer 
is used to avoid the leakage of water into the building. The 
cost of blue roofs is less than green roofs. Blue roofs are the 
best option as the retrofitting in urban areas because we can 
apply it easily with less time and cost in an urban area. On 
the other hand, green roof has more advantages than the 
blue roof, suitable to apply in new constriction to achieve 
multiple benefits. Green blue roof is a new modified form of 
green roofs that have ability to store the runoff into the stor-
age as well in substrate layer [60]. In this way, large amount 
of runoff can retain to avoid the flash flooding problems in 

Fig. 3. Annual volume retention different green roof sites from a literature review. 
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urban areas [60]. There is a need to design a system in which 
the stored water from a blue roof can be used for the irriga-
tion of a green roof.

3.2. Bioretention and rain gardens for green areas

 Bioretention is the one of the most widely used GSI 
practice across the globe. The main benefits of bioretention 
includes: (1) runoff control by infiltration and ground water 
recharge, (2) pollutant removal from water runoff, and (3) 
reduction of peak flow and protection from stream scouring 
[61,62]. Bioretention are depressed areas in the landscape 
designed to retain and treat stormwater runoff at the site and 
reduce peak flow into the sewer system [46,47]. The main 
process in rain gardens is infiltration that is used to recharge 
the groundwater. Bioretention system can maintain infiltra-
tion rates for several years [63,65,66]. In some stormwater 
management the reducing the pollutants is often a goal, in 
that case bioretention is a best practice for these purposes. 
Bioretention can be applied at a suitable place in the city 
such as residential areas, commercial buildings, and parks 
[58,63]. These are typically planted with perennials grass, 
shrubs, or trees. Reduction in runoff volume and peak flow 
rate using bioretention systems is relatively well described 
for several countries (e.g. [14,63,65,55,71]) with a range of 
40–97% in Table 1.

When bioretention systems were applied at sites in 
Maryland and North Carolina, USA, the reduction of 
average peak flows by at least 45% were recorded during 
rainfall events [64]. Debusk and Wynn [66] constructed 
bioretention at Blacksburg, VA to analyze the runoff reduc-
tion. In a field study, when retrofit bioretention cells were 
applied at parking lots, runoff flow rates and volumes were 
reduced by 97% and 99% which indicated [66]. From the 
results, it is proved that the bioretention systems are useful 
system to reduce the runoff in an urban area. During the 
low volume rain events, infiltration and evapotranspiration 
are higher in rain garden that area without green infrastruc-
ture, this factor plays a very important role in runoff reduc-

tion [63]. Chapman and Horner showed that only 48–74% 
of runoff flows through bioretention systems into the sewer 
system with the remaining volume managed by infiltration 
and evaporation [76], and 20–50% through exfiltration and 
evapotranspiration processes [76]. 

 Bioretention and rain garden systems have been 
applied in many counties for years and have manifested 
promising results in runoff reduction and water quality 
improvement. Numerous studies from across the globe 
have accredited bioretention as a best management prac-
tice capable of reducing sediments and nutrients loads 
from 0 to 99% [61–75] in Table 1. Many other researchers 
[62–64, 72–75] have applied the bioretention technology 
to retain TN, TP, and TSS, and it has been shown as a best 
practice to retain TN, TP, TSS and other heavy metals as 
shown in Table 1. Davis AP, 2008 [14] constructed two 
bioretention cells at Maryland, USA to measure the per-
formance of this system. From the result, it is indicated 
that bioretention systems have ability to reduce TSS from 
54% and 59% respectively [14]. Bioretention systems are 
capable to reduce the TSS and heavy metals from the run-
off. Scientists have found that on average metals (Pb, Cu, 
Zn) reduction in bioretention varies between 30 and 99% 
in Table 1. Bioretention pilot-plants were used to remove 
almost 100% of lead (Pb), zinc (Zn), and copper (Cu) 
[62,64]. Prototype bioretention facilities monitored in the 
laboratory resulted in 88 to 97% of heavy metals captured 
in soil media and 0.5 to 3.3% of Zn, Cu, Pb, and cadmium 
(Cd) captured in different plant species from simulated 
runoff events [62]. A bioretention cell in an urban setting 
in North Carolina was studied from 2006 to 2007. Water 
quality samples were collected for different rain events 
and analyzed for some common heavy metals including 
Cu, Zn, and Pb. From the results, there were significant 
reductions in the concentrations of Cu upto 88–97%, Zn 
88–97 %, and Pb 88–97% respectively [62]. This shows 
that bioretention systems are the best stormwater man-
agement practices to enhance the water quality in urban 
areas.

Table 1
Percentage runoff reduction and pollutant removal by bioretention systems

Reference Experiment site Runoff [%] TSS [%] TN [%] TP [%] Zn [%] Pb [%] Cu [%]

Sun X, Davis AP, 2007 [62] Lab experiment, USA – – – – 88–97 88–97 88–97
Brown and Hunt, 2008 [63] Rocky Mount, NC 90 92 80 72 – – –
Hunt et al., 2008 [64] Charlotte, NC 60 32 31 60 32 77
Brown and Hunt, 2011 [65] Rocky Mount, NC 95 58 58 – – – –
Debusk and Wynn, 2011 [66] Blacksburg, VA 97 99 99 99 – – –
Hathaway and Hunt, 2011 [67] Wilmington, NC – 100 – – – – –
Trowsdale and Simcock, 2011 [68] New Zealand – 90 – – – – –
Khan et al., 2012 [69] Alberta, Canada – 99 92 95 – – –
Chen, 2013 [70] Lenexa, KS – 56 – – – –
Olszewski and Davis, 2013 [71] Silver Spring, MD 79 – – – – – –
Bakacs et al., 2013 [72] New Jersey, USA – 84–95 – – – – –
Geronimo et al., 2014 [73] South Korea – – 49–55 85–86 – – –
Guo et al., 2014 [74] Singapore – 93.4 59.8 92.7 – – –
Houdeshel et al., 2015 [75] Utah, USA – – 22 60 – – –
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Bioretention systems have ability to remove the bacteria 
from the runoff and hence improve the water quality [79,80]. 
Some scientists [77,78] have also studied the retention of bac-
teria in rain gardens at different places in the USA. An aver-
age retention of bacteria in bioretention systems ranges from 
70 to 99% in Table 1. In Maryland, USA, when iron-oxide 
coated sand media was used in bioretention cells a significant 
retention of Escherichia coli was observed, and retention of E. 
coli O157: H7 strain B6914 cells in the system showed 17% 
improvement [77,78]. Furthermore, the exposure of bioreten-
tion facilities to sunlight has shown an increase in microbial 
removal, which may play an important role in maximizing 
functionality of bioretention systems [80]. The composition 
of bioretention media plays an important role in the perfor-
mance of the system. Construction activities can also have 
great effect on bioretention performance. The performance of 
bioretention cells used in sandy soil was not satisfactory. For 
this purpose, its performance can be improved by adding the 
fly ash in low retention capacity soil [79]. The comparison of 
two excavation techniques (scoop and rake) of bioretention 
cells was also studied. It was found that the rake technique 
is preferable over the scoop method due to increased perfor-
mance of the system under dry soil conditions [81]. Factors 
such as design configurations, choice of vegetation sizing, 
siting considerations, and maintenance also play important 
and beneficial roles in the performance of bioretention sys-
tems (e.g. [64,65,72,74,77]). 

There are some concerns that we should consider before 
implementing biorentention infrastructure in any area. 
These concerns can be described as follows:

3.2.1. Soils characteristics

Soil has a huge influence on the performance of LID 
practices, particularly for bioretention and permeable pave-
ments. Before implementing LID the soil characteristics of a 
site should be studied well. Coarse grain soil with high infil-
tration rates has been shown to be the best and most suit-
able option for pervious pavements and bioretention cells, 
whereas soil with low infiltration rates has caused bioreten-
tion and pervious pavements to fail. However, researchers 
have shown that with proper design and installation, per-
vious pavements can be used with clay soils. Nowadays, 
the scientists are also trying to make best design practices 
by making better use of combinations of different infra-
structures that can work under different site conditions. In 
Georgia, USA, a permeable pavement was installed over 
well-drained soil that contained a clayey subgrade [82]. In 
the subgrade, below a 10- inch thick layer of open graded 
gravel, and an underdrain system was installed. As it con-
tained larger size media layer so there was only once run-
off observed for 1.85 cm storm events [82]. In bioretention 
similar practices can be used to enhance GSI functional-
ity. For example, in an area where the native soil may not 
have high infiltration capacity, a thicker reservoir of coarse 
aggregate beneath the pavement structure can be used to 
enhance the infiltration capacity [83]. These design prac-
tices enhance infiltration rates, store more water in the soil, 
and also increase the time of concentration that is necessary 
for stormwater management.

Over the last few years, different modifications in 
LID facilities have been successfully applied that have 

improved the functions of these facilities. For example, a 
horizontal terrace system equipped with drainage sand 
ditches was developed in Olszanka, Poland. This system 
uses two techniques for erosion control on steep slopes: 
increasing the infiltration into the soil and limiting the 
soil transformation [84]. A new technique, utilizing sand 
ditches for water harvesting, was developed in Jordan 
and the data was collected in field trials [85]. Total infiltra-
tion, total amount of runoff, sediment concentration, and 
sediment loss for the experimental plots were calculated 
after each storm during the winter season for the years 
of 2004 and 2005. Experimental results indicated that the 
sand-ditch technique significantly reduced runoff and 
sediment loss and increased soil moisture and infiltration 
as compared to control or compacted plots. The average 
rainfall runoff and sediment reduction in the sand-ditch 
plots were 46% and 61% compared to control plots. These 
results showed that the use of sand ditches is a better tech-
nique for rainwater harvesting than other systems using 
compacted soil [85]. 

3.2.2. Performance in winter

Winter performance is the ability of a system to perform 
in the winter; it demands huge attention when we want to 
apply bioretention cells or pervious pavements in a cold 
region. Many studies on pervious pavements and bioreten-
tion have been performed or are ongoing at different sites 
(e.g. New York, New Hampshire, Washington, Connecticut, 
and Ontario Canada). Information from manufacturers 
and researchers indicates that with proper installation and 
design, providing the proper base, the bioretention and per-
vious pavements systems will continue to infiltrate with-
out any problem. During the winter season when there is 
snow fall in an area use of sodium chloride (NaCl) on road 
surfaces is a common practice to prevent ice formation. We 
should consider the following two factors related to the use 
of salt on the road salt for de-icing purposes: (1) its effect 
on nearby plants and (2) the amount of runoff that will be 
produced after melting ice in that area. Rain gardens should 
be designed in such a way that excess water can easily flow 
to another path to be drained without causing flooding in 
that area. 

3.2.3. Selection of plants

 A frequent concern with bioretention cells and green 
roofs that has drawn more attention recently is the selec-
tion of the plants for a particular climate. Green infrastruc-
ture practitioners around the world have used bioretention 
systems and green roofs mainly for runoff control, water 
quality improvement, and infiltration capacity. Most of the 
research on LID has been conducted in cold regions (e.g., 
USA, Canada, Sweden). Currently there is less data on LID 
in Asian countries where climate conditions are totally dif-
ferent. This lack of data has created challenges in selecting 
plants for the green roofs and biorentention facilities imple-
mented in hot environments: (1) selection of plants for hot 
climate conditions, (2) identification of plants which can 
grow easily under different climatic conditions and can 
store plenty of water, and (3) types of plant that have higher 
evapotranspiration rates.
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3.3.  Grass swales or Bio swales for controlling stromwater 
runoff

Grass swales and bio swales are stable turf, para-
bolic, or trapezoidal open channels which are designed 
to convey runoff, control runoff, and improve stormwater 
through various processes. This type of system has gentle 
side slopes and is filled with erosion control material and 
flood resistant vegetation which infiltrate and filter storm-
water [86,88]. This practice is generally used to reduce 
conventional curbs and gutters for stormwater convey-
ance in urban areas [88,91]. From multiple experiments, it 
was shown that swale systems can work efficiently under 
different climate conditions [90,88,92]. There are differ-
ent types of infiltration swale systems that are being used 
which include grass swales, bio swales, bio filters, and fil-
ter strips. These systems can be used and adapted based 
on system requirements and desired conditions in urban 
areas. 

The main purpose of swales is to minimize and delay 
runoff by infiltration of stormwater into the soil and 
enhancement of water quality by capturing different 
pollutants [87–89]. Several researchers [86,88–92] have 
worked on swale system performance in urban areas. 
Backstrom [84] suggested that when the swale is filled 
with dense and fully developed vegetation the swale sys-
tem can achieve high removal efficiency, capturing up to 
99% of different pollutants such TSS, TKN, TP, TN, and Fe 
in the field. He also explained that the high reduction of 
pollutant loads by swale systems depends on many fac-
tors including sedimentation processes, swale length, size 
of the grass, high infiltration rates, and increased particle 
time in the swale [91,93]. Zhao, Jinhui, et al. 2016 [93] ana-
lyzed the results from the grass swale that is located at the 
Jiangsu Province, China. Grass swale covered an area of 
700 m2. From the experiments, grass swale has ability to 
remove 83.5 ± 4.5, TSS and 81.3 ± 5.8 % for TP respectively. 
Grass swales are a best stormwater practice in urban areas 
as they have low construction and maintenance costs 
and can transform impervious areas into pervious areas. 
Swales are the most commonly used in the treatment of 
runoff from highways, residential roadways, and in and 
around of parking lots. 

3.4. Pervious pavements for roads, sidewalks or parking lots 

Pervious pavements are currently the most widely 
used LID infrastructure in most developed countries [94, 
96,82,97,99,100]. Permeable or porous pavements are 
designed to temporarily store surface runoff, allowing 
slow infiltration into the subsoil [82,97]. There are different 
types of the permeable pavement systems which include 
porous asphalt, block pavers, porous concretes, and plastic 
grid systems [58]. Many researchers have studied porous 
pavements with results indicating that porous pavements 
reduce runoff and pollutant loads [82,94–101]. Average run-
off reduction by porous pavements at varies from 50 to 93% 
in Table 2

Other scientists [82,97–99] have used pervious pave-
ments in different areas, with results indicating successful 
reduction in rainfall runoff and elimination of the runoff 
generation in those areas (Table 2). Researchers have proven 
that porous pavements can be used to control small storms 
events more efficiently than other green stormwater prac-
tices, storm events usually less than 2 cm can easily in the 
pavements and also retain “first flush” runoff during larger 
storm events on clay soils [82]. Permeable pavements are 
also a very useful technique for removal of TSS, TKN, P, 
N and other heavy metals from runoff. Many authors [95, 
99–102] indicate that the water quality of runoff from per-
meable pavements is much better than from asphalt pave-
ments in the same urban area.

 In Table 2, removal of TSS, TKN, and other nutrients has 
been noted with the significantly reduction. Bean et al. [103] 
explained that the water quality of runoff is different for 
permeable pavements at two different sites. Results showed 
that the TSS, TP, NH3–N, and TKN concentrations were low 
at both sides, while the NO3–N concentration was high at 
the first site and only a low level of NH3–N was found at 
the second site area. Collins and James [103] found that high 
NO3–N concentrations in the two cases were due to aero-
bic conditions that may possibly contribute to nitrification 
within the pavements. An increased NO3–N concentration 
in water from the other permeable pavements sites was also 
found [104]. The amount of TSS, TKN, and other heavy met-
als in water depends on the number of factors. He et al. 2015 
[102] constructed porous concrete pavements at the Alberta, 

Table 2
Percentage of runoff reduction and pollutant retention by pervious pavements

Reference Experiment site Runoff 
[%]

TSS 
[%]

TN 
[%]

TP 
[%]

Zn  
[%]

Pb 
[%]

Cu 
[%]

Legret et al., 1996 [94] Nantes, France – 64 – – – 79 –
Dierkes et al., 1999 [95] Lab experiment, Germany – – – – 98 99 95
Fach S and Geiger WF 2005 [96] Lab experiment, Germany – – – – > 75 > 75 > 75
Dreelin et al., 2006 [82] GA, USA 93 – – – – – –
Gilbert and Clausen 2008 [97] CT, USA 72 – – – – – –
Kadurupokune 2010 [98] Melbourne, Australia 43–55 – – – – – –
Fassman and Blackbourn 2010. [99] Auckland, New Zealand 82 – – – 90 – 70
Myers et al.,  2011 [100] Adelaide, Australia – – – – 94.99 94.99 94.99
Mullaney et al., 2012 [101] Dundee, Scotland – 58 58 – 40–60 40–60 40–60
He, J. et al., 2015 [102] Alberta, Canada – 91–94.6 78–81 – – – –
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Canada. Different begging gravel layer from 100 mm to 
500 mm and surface layers were used to investigate the 
TSS and TP removal. Different lab and filed experiments 
were done to investigate the effect of changing begging 
layer and surface layers on the performance of porous con-
crete. Results indicate that that the removal of TSS and TP 
removal by changing the surface layer were much lower 
than the begging layer. The maximum removal OF TSS and 
TP were found as 91–94.6 and 78 to 81 respectively [102]. In 
addition, the conceptual model was also developed to sim-
ulate the porous concrete pavements hydraulic and water 
quality performance [102]. For example, if the water enters 
the permeable system from non-permeable asphalt roads or 
from industrial areas then the amount of these pollutants 
will be higher. A careful consideration of all these factors 
should be considered before applying permeable pavement 
in an area.

 A permeable pavement also helps in minimizing the 
amount of heavy metal in the water. In Table 2, the average 
metal reduction by using the permeable pavements has been 
reported from 22 to 90%. For these purposes, Fach and Gei-
ger [96], Myers et al. [100] used different types of permeable 
pavements to remove significant amounts of heavy metals 
(i.e. Cd, Cu, Pb, and Zn) from simulation rainfall events. 
However, Geiger et al. found that pollutants in runoff accu-
mulated in the upper layer of the permeable pavement and 
affected its performance [96]. Fassman and Blackbourn, 2011 
[99] estimated the copper, Zn and TSS removal from the per-
meable modular concrete pavers. Result indicated that these 
concrete pavers removed 70% of copper, 90% of Zn and 825 
of TSS as compared to road asphalt. Mullaney et al. 2012 [101] 
done experiments by using permeable interlocking concrete 
pavements (PICP). From the field experiments, PICP success-
fully reduced heavy metals from 40–60%. For the best perfor-
mance and long-term benefits, a detailed study of the site and 
a suitable place for the application of permeable pavement 
is required [105]. From several experiments, it was found 
that performance of permeable pavements was very weak in 
places with heavy traffic and with different oil particles [105]. 
Nowadays, a better design for the permeable pavements is 
demanded which has enough strength while also avoiding 
the clogging problems that are typical of permeable pave-
ment. The other types of pervious concrete are as follows:

3.4.1. Permeable plastic pavers

 Plastic grids are an alternative pavement, consisting of 
a durable interlocking plastic grid filled with grass, gravel, 
and earth fill materials. These are very porous, promote 
quick rainwater infiltration, and are also suitable for loca-
tions which require natural drainage at the source. The 
installation of plastic grids varies according to the manufac-
turer, but the most important thing is the base preparation 
that is mainly responsible for infiltration. In Washington, 
USA, two plastic grid structures Grasspave® and Gravel-
pave® were successfully applied and enhanced the infiltra-
tion in that area [106,107]. It was found that their infiltration 
rates were so high that no surface runoff was observed from 
these two systems [106]. When compared with the asphalt 
pavements, the results showed that the plastic grids are 
a best practice for infiltration and enhancement of water 
quality in the urban area [106]. 

3.4.2. Pervious concrete and pervious asphalt pavements

 Pervious concrete is also called porous concrete, per-
meable concrete, or no-fine concrete. It is a special type 
of concrete with a high porosity used for specific appli-
cations. This type of concrete has a special preparation 
mechanism in which no fine particles (i.e. sand and silt) 
are used. Skilled labour is required for the preparation of 
pervious concrete. Larger aggregate is used for this type 
of concrete to enhance the infiltration of water. It has been 
installed in many locations with results showing that this 
type of concrete is helps to prevent flooding and to restore 
the groundwater by infiltrating water in highly devel-
oped urban areas. In Florida, USA, when pervious con-
crete parking lots were combined with grass swales, the 
observed runoff was lower than the other an asphalt lots 
with swales, and cement lots with a swale [108]. Pollut-
ant export load from pervious parking lots with a grass 
swale was reduced for NO3–N, TSS, NH3–N, and TN by 
66%, 99%, 85%, and 42%, respectively, and metal load 
reductions were also more than 75% when compared to 
asphalt lots that without swale systems [108]. Pervious 
concrete is a structural LID best practice which is very 
helpful in reducing flooding and improving the water 
quality in an area. In Villanova University, United States, 
a large pervious concrete lot was installed [109]. In this 
pervious concrete pavement water from nearby concrete 
areas, rooftops, and grassed areas also contributed to run-
off. In runoff, the concentrations of chloride from pedes-
trian areas and the concentrations of copper in roof runoff 
were found to be high, but with proper design and main-
tenance the water quality from pervious pavements can be 
improved [109]. Pervious pavements were also used in the 
parking lot of the University of Jordan campus. The old 
asphalt pavements were removed and the new pervious 
pavements applied on an area of 2746 m2. The results indi-
cated that the pervious concrete infiltrated a large amount 
of the rainwater and eliminated flooding conditions in that 
area. This new area can collect about 392 m3 of stormwater 
which was very helpful in infiltrating the water and restor-
ing ground water [110]. 

 On the other hand, pervious asphalt is a variation on 
the typical hot mix asphalt (HMA). Pervious asphalt pave-
ments have little or no fine aggregate particles in HMA used 
as wearing course over a standard asphalt layer. In 1977 
scientists in Philadelphia, USA published the design for 
this type of asphalt pavements. This design has been used 
as a solid foundation for the design of porous pavements 
[107]. This mix is also known as open graded friction course 
(OGFC), and it has been used around the world because it 
can reduce noise and the risk of hydroplaning [108]. In the 
mix of the asphalt pavements, the OGFD material can be 
changed according to the requirements. Most of the research 
on asphalt pavements started with the United States Envi-
ronmental Protection Agency (EPA) projects implemented 
since the 1970s [109]. Due to their tremendous benefits in 
stormwater management and sustainable development, the 
research has spread to different regions of the world such as 
France and Sweden [91,109]. For example, when Legret and 
Colandini [91] did experiments on asphalt pavement, they 
found that approximately 96.7% of the storm water volume 
infiltrated in the soil below the reservoir structure. While, 
in Sweden [110], when pervious asphalt road section with 
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swales was used, the results found between 30 and 40% of 
rainfall ran off the site. 

3.4.3. Clogging of permeable pavements

 The most important factor that affects the perfor-
mance of permeable pavements is clogging. When the fine 
pore spaces in the upper surface of permeable pavements 
fill with sediments or other debris they cause clogging 
which affects the hydrological performance of the perme-
able pavements. Clogging usually occurs within 2 cm of 
the surface of the pavement and reduces the infiltration 
rate and volume of the permeable pavements [115]. Reg-
ular maintenance is necessary to maintain the infiltration 
capacity of permeable pavements [114]. The clogging pro-
gression rates are mainly dependent upon factors which 
include location, site characteristics, and rain events. 
Research to find best design practices that can eliminate 
or reduce the rate of clogging in permeable pavements is 
ongoing. In Australia, scientists designed permeable inter-
locking concrete pavements (PICP) to delay the effects 
of clogging by making more efficient use of the bedding 
aggregate used in PICP systems. In this experiment, lateral 
drainage slots were cut into the underside of PICP blocks 
to allow more sediment to filter through which diminishes 
the clogging problem. Eight different slot designs were 
tried in the study to determine which designs made the 
most efficient use of the bedding aggregate to filter sedi-
ment. The study results indicated that the eight drainage 
slot designs deposited significantly more sediment (by 
weight) beneath the pavers than the control pavement. 
This research suggests that PICP systems with drainage 
slots cast into their bases would take much longer to clog 
than unmodified pavers [116]. Repair and maintance are 
necessay for the permebale pavemnts system to avoid 
clogging problems for the multiple long term benefits 
[115,116]. 

3.4.4. Groundwater pollution

Groundwater contamination is also an important con-
cern in the stormwater management, where infiltration 
practices such as permeable pavements and bioretention 
are applied [117]. Research on this topic is well summa-
rized by EPA projects [118]. In residential areas pollutants 
are found in low concentrations in stormwater, whereas 
pollutant concentrations are high in commercial areas and 
the areas near petrol stations. Potential implementation 
sites should be studied well before applying LID practices 
[117]. Pathogens may be found in high concentration in 
rainwater and sometimes cannot be stopped by soil layer, 
affecting the ground water [118]. Fecal coliform bacteria are 
well retained by different bioretention systems in the previ-
ously mentioned research [118]. However, field research on 
the removal of TSS, TP, NH3–N, and TKN and heavy metals 
are well reported in the literature but field research on fecal 
coliform bacteria is lacking. Also, we should be concerned 
about concentrations of chloride in winter because the 
amount of chloride in water is larger during the winter sea-
son and it can easily travel to shallow groundwater posing 
threats to aquatic life [119]. As we know that LID promotes 
a distributed approach to treatment practices and it has the 

ability to treat bacteria, chloride, and heavy metals, these 
techniques should be applied in the cities to make them sus-
tainable and environmental friendly.

4. Low impact development practices are the sustainable 
practices

The sustainability of any activity can be assessed by 
three interrelated categories of benefits: social, economic, 
and environmental [120]. These are also referred to as the 
triple bottom line (TBL). A GSI/LID practice follows the 
triple bottom line (TBL) and hence making our cities sus-
tainable and resilient to climate change [124]. Low impact 
development LID/ Green stormwater Infrastructure (GSI) 
practices are the sustainable approaches that not only 
improve the water quality by managing the stormwater 
but also encourage redevelopment, provide recreational 
opportunities and help to achieve other social, econom-
ics, public health and environmental goals [121]. In urban 
areas GSI practices refers to those practices that control 
flood, by trees canopies, green areas and sensitive natural 
areas, such as parks and protected open spaces. However, 
several researchers [122–132] showed that the capacity of 
green infrastructure has capability to increase property 
values, neighborhood integration, and quality of life. GSI 
practices also play an important role in reducing urban 
vulnerability, enhancing quality of life, and urban ecology 
footprint. [124–132]. Providing equally-distributed ecosys-
tem services and enhancing the water quality lead to make 
our cities safe, sustainable and resilient to climate change 
[125,128,130,131]. In Washington, DC has estimated that 
installation of green-roofs on most eligible buildings almost 
reduces 6–15% reduction in the number of CSOs into local 
rivers and total volume reduction to CSO approximately 
26% [128]. In Washington, DC the value of the street trees 
is estimated about $10.7 million annually considering all 
benefits from trees. In Portland, USA the local government 
invested $8 million in green infrastructure to save $250 mil-
lion in hard infrastructure costs [128]. Green stormwater 
Infrastructure (GSI) is very useful approach to retrieve the 
natural hydrology of an area and resilient to climate change. 
Molla [130] also explained the GSI economical, social, and 
environmental benefits and also shows how GSI practices 
tries to improve the environment of an area. Krause et al. 
2010 [133] shows that the GSI practices protected the urban 
regions against floods and other negative effects of chang-
ing weather patterns. Because of this it can mintage the 
climate change effect and make the society safe and sustain-
able. GSI practices have ability to convert our grey infra-
structure to green infrastructure which helps to make our 
cities safe, sustainable and resilient to climate change. 

5.  Comparison of benefits of Grey and Green stormwater 
infrastructure

 Grey stormwater infrastructure majorly focuses on the 
flood protection rather than water quality enhancement 
[134]. Pipes and gutters usually used to collect surround-
ing water and throw to the far-off places [8,17]. In this 
approach, big water treatment plants used to improve that 
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needs energy and costs [8,134]. On the other hand, green 
stormwater infrastructure (GSI) or Low impact develop-
ment (LID) practices is the new approach that handle the 
stormwater near the source, mimic the natural hydrology 
and improves the environment of an area [5,7,11,135,136]. 
GSI provides many social, economic and environmental 
benefits [127,128,130,135]. GSI follows the triple bottom 
line approach and making the cities safe, sustainable and 
resilient to climate change. Benefits of green and grey 
stormwater infrastructure are given in the Table 3. GSI 
provides open green spaces, replenish the groundwater, 
improves the aesthetics; restore the wildlife habitat and 
recreational open spaces [130,135]. GSI are the best storm-

water management practices (BMPs) to make city safe, sus-
tainable and resilient to climate change. 

6. Recommendations for Implementing the LID practices

LID technology is the use of various structural and 
non-structural practices to manage stormwater runoff near 
to the source. Common misperceptions about LID are that 
it cannot work well at sites with poorly draining soils or in 
cold and arid areas [138]. Some of the recommendations for 
the implementation of the LID practices are as follow [137, 
138–141].

Table 3
Comparison of benefits Green stormwater infrastructure with Grey stormwater infrastructure 

Category Grey stormwater infrastructure Green stormwater infrastructure (GSI)

Definition Grey stormwater infrastructure is the 
system that use pipes/gutters for the 
stormwater management [8,17].  

GSI is a new stomwater management approach uses different green 
infrastructure that not only works for the stormwater management 
that can allow for the same level of ecosystem services as non-
disturbed, native settings, thus mimicking the efficiencies of 
ecosystems [134]. This system efficiently uses the land to make city 
sustainable. 

Function The main function of the Grey 
stormwater infrastructure is to collect 
the stormwater from an area and throw 
to the far-off places. To reuse the water 
big treatment plants used [8,17,134]. 

While green stormwater infrastructure green facilities such as green 
roofs, bioretention etc. used that control stormwater, infiltrate it into 
ground and store it to use for later purposes. The main function of GSI 
is to make city safe and resilient to climate change [135]. 

Benefits Social benefits [134]: 
This system provides no social and 
recreational benefit.

Social benefits [2,3]: 
•	 Improves	the	quality	of	life	and	aesthetics
•	 Improves	the	green	spaces
•	 	As	this	system	has	more	parks	and	green	spaces	etc.	more	people	

interact with each other that result in the improves health and social 
relation with each other

Economic Benefits [135]: 
Grey stormwater infrastructure has 
less operation and maintenance costs 
than green stormwater infrastructure. 
However, the life cycle cost and 
construction costs higher than green 
stormwater infrastructure.

Economic Benefits [134,236]:
•	 	Green	stormwater	infrastructure	reduces	the	hard	infrastructure	

construction costs.
•	 	Maintain	the	aging	infrastructures	and	increase	the	land	values	of	

that area
•	 	Reduce	the	energy	consumption	costs	and	encourage	the	economic	

development
•	 	It	reduces	the	costs	of	big	water	treatment	plants	thus	increase	the	

life cycle cost savings.
Environmental benefits [135,136]: 
One of main concern about the grey 
stormwater infrastructure is that this 
system considers very limited or no 
environmental benefits.  This system 
improves the flood protection.
It tries to protect the drinking water 
source protection but sometimes 
overflow degrade the water quality. 
This system does not consider to restore 
the wildlife habitat.

Environmental benefits [134–136]:
•	 	Green	stormwater	infrastructure	improves	the	air	quality	by	

reducing the carbon emission.
•	 	This	system	efficiently	uses	the	land	and	protects	the	surrounding	

from flood.
•	 	Improves	the	watershed	health	as	well	as	human	health
•	 	Protect	of	restore	the	wildlife	habitat
•	 	Reduces	the	chances	of	sewer	overflow
•	 	It	protects	the	drinking	water	source
•	 	This	system	meet	the	regulatory	equipments	for	receiving	water	
•	 	Replenish	the	groundwater	and	protect	the	water	underground
•	 	Green	stormwater	infrastructure	provides	the	additional	

recreational spaces
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•	 The function of green roofs, permeable pavements, and 
bioretention can be made more efficient by using sandy 
course media that provides better drainage in underly-
ing soils, designing larger surface areas for extra surface 
storage, and using vegetation that can withstand cold 
weather. 

•	 The site must be studied well before the application of 
GSI technology and information gathered should be 
used to determine a suitable combination of LID prac-
tices that should be applied. 

•	 LID practices can be used by employing sustain-
able plants that can withstand the hot as well as cold 
temperature.

•	 The use of under drains in poorly drained or clayey 
soils can allow LID practices to be used and take advan-
tage of these systems’ filtering capability.

•	 Cost is also a major concern in engineering designs, 
therefore the community developers may believe that 
LID practices create extra costs for a construction proj-
ect. This perception is a big barrier that can be tackled 
by giving information, knowledge, and training about 
the long-term benefits of LID practices to city and 
regional planners.

•	 Nowadays, the main issue that arises while applying the 
LID practices is the lack of cooperation and collabora-
tion between engineers (Civil Engineers, Transportation 
Engineers, Water Engineers, Land Engineers and LID 
experts). This issue should be eliminated by cooperat-
ing and collaborating for applying LID practices for the 
safe and sustainable city. 

•	 Another issue is the management of the LID facilities 
that can eliminate by co-operation and collaborating 
between the local government, stakeholders and local 
residents. They should decide who will take care the 
management of LID facilities after constructions.

7. Conclusions

GSI systems are different from the CD approach which 
seeks to route water off-site as fast as possible. Based on the 
literature, GSI practices have shown great potential for mit-
igating the effects of urbanization and land development 
on hydrology and water scarcity of an area. However, GSI 
is a relatively new suite of practices and is constantly devel-
oping. To date, the research on LID practices has not gone 
as far as the research on agricultural or traditional urban 
stormwater management practices. This paper has shown 
that LID practices are most effective for preserving the nat-
ural hydrologic function of a site, improving water quality, 
and retaining pollutants.

 On the other hand, there are certain situations where 
it may not be appropriate to use LID practices that rely on 
infiltration processes. Areas with more contaminant load-
ing such as recycling centres, gas stations, or brown field 
areas with high soil contamination may not be appropriate 
for infiltration because of the increased risks of contami-
nation of the groundwater. However, it is very rare case 
that an entire site is composed of such limiting conditions. 
We also need to find best practices for rainwater harvest-
ing and infiltration due to their numerous advantages in 

stormwater management. Several gaps expressed in the 
literature are reported in this review to build the foun-
dation for future research opportunities in LID research. 
Recommendations for LID implementation includes 
experimental data collection for evaluation of LID systems 
over different geographic locations, climatic conditions 
for the improvement of GSI techniques, and scaling of LID 
practice to larger scales. This review paper serves as quick 
review and an encouragement for the people to apply the 
LID practices. 

Acknowledgment

This research is supported by a grant (15technol-
ogy innovationC04) from Advanced Water Management 
Research Program funded by Ministry of Land, Infrastruc-
ture and Transport of Korean government.

Conflict of Interest 

The authors declare no conflict of interest.

References

[1]  US. EPA (US Environmental Protection Agency). Our built 
and natural environments: a technical review of the inter-
actions between land use, transportation, and environmen-
tal quality; 2001(4). https://www.epa.gov/smartgrowth/
our-built-and-natural-environments.

[2]  A.H. Elliott, S.A. Trowsdale, A review of models for low 
impact urban stormwater drainage,  Environ. Mod. soft., 22 
(2007) 394–405.

[3]  D.B. Jennings, S.T. Jarnagin, Changes in anthropogenic 
impervious surfaces, precipitation and daily streamflow dis-
charge: a historical perspective in a mid-Atlantic subwater-
shed, Landscape Ecol., 17 (2002) 471.

[4]  M.C. Maniquiz, S.Y. Lee, L.H. Kim, Long-term monitoring 
of infiltration trench for nonpoint source pollution control, 
Water Air Soil Pollut., 212 (2010) 13–26.

[5]  T.D. Fletcher, H. Andrieu, P. Hamel, Understanding, man-
agement and modelling of urban hydrology and its conse-
quences for receiving waters: A state of the art, Adv. Water 
Resour., 51 (2013) 261–279. 

[6]  T.J. Wright, Y. Liu, N.J. Carroll, L.M. Ahiablame, B.A. Engel, 
Retrofitting LID practices into existing neighborhoods: is it 
worth it?. Environ. Manag., 57 (2016) 856–867.

[7]  M.N. Danfoura, J.J Gurdak, Redox dynamics and oxygen 
reduction rates of infiltrating urban stormwater beneath low 
impact development (LID), Water, 8 (2016) 435.

[8]  A.J.M. kuss, J.J. Gurdak, Groundwater level response in U.S. 
principal aquifers to ENSO, NAO, PDO, and AMO, J. Hydrol., 
519 (2014) 1939–1952. 

[9]  L.S. Coffman, Low-impact development: an alternative storm-
water management technology. Handbook of water sensitive 
planning and design. Maryland: France RL. 97, 2002.

[10]  J.J. Gurdak, R.T. Hanson, T.R. Green, Effects of Climate Vari-
ability and Change on Groundwater Resources of the United 
States; U.S. Geological Survey: Lakewood, CO, USA, 2009.

[11]  T.R. Schueler, Controlling runoff: A practical Manual for 
Planning and designing Urban BPMs, Department of Envi-
ronmental program, Metropolitan Washington Council of 
Govenments, Washington, DC, 1987. 

[12]  D.B. Booth, C.R. Jackson, Urbanization of aquatic systems: 
degradation thresholds, stormwater detection, and the limits 
of mitigation, J. AWWA., 33 (1997) 1077. 



M. Shafiquea, R. Kim / Desalination and Water Treatment 83 (2017) 16–29 27

[13]  W.F. Hunt, W.G. Lord, Urban Waterways: Bioretention per-
formance, design, construction, and maintenance. North 
Carolina Cooperative Extension Service. AGW-588-05, 2006. 

[14]  A.P. Davis, Field performance of bioretention: Hydrology 
impacts, J. Hydrol. Eng., 13 (2008) 90. 

[15]  E.A. Fassman, S.J. Blackbourn, Urban runoff mitigation by a 
permeable pavement system over impermeable soils, Hydrol. 
Eng., 2010. 

[16]  B.G. Gregoire, J.C. Clausen, Effect of a modular extensive 
green roof on stormwater runoff and water quality, Ecol. 
Eng., 37 (2011) 963.

[17]  L.M. Ahiablame, B.A. Engel, Chaubey, Effectiveness of low 
impact development practices: literature review and sugges-
tions for future research, Water Air Soil Pollut., 223 (2012) 
4253–4273. 

[18]  J.K. McNett, W.F. Hunt, A.P. Davis, Influent pollutant concen-
trations as predictors of effluent pollutant concentrations for 
mid-Atlantic bioretention, J. Environ. Eng., 137 (2011) 790–799.

[19]  C.Y. Guo, Preservation of watershed regime for low impact 
development, (2009).

[20]  A.P. Davis, Green engineering principles promote low-im-
pact development, Environ. Sci. Technol., 39 (2005) 338–445.

[21]  DOD (Department of Defense). The low impact development 
manual, 2004: http://www.lowimpactdevelopment.org/
lid%20articles/ufc_3_210_10.pdf.

[22]  W.F. Hunt, R.G. Traver, A.P. Davis, C.H. Emerson, K.A. Collins, 
J.H. Stagge, Low impact development practices: designing to 
infiltrate in urban environments. Effects of urbanization on 
groundwater: an engineering case-based approach for sus-
tainable development, (2010) 308–343.

[23]  W.F. Hunt, L.L Szpi, Urban waterways, permeable pavements, 
green roofs and cisterns, stormwater treatment practices for 
low-impact development. NC State University and NC A&T 
University Cooperative Extension, 2006.

[24]  A.P. Davis, W.F. Hunt, R.G. Traver, M. Clar, Bioretention tech-
nology: Overview of current practice and future needs. J, 
Environ. Eng., 135 (2009) 109–117. 

[25]  J. Liu, D.J. Sample, C. Bell, Y. Guan, Review and research 
needs of bioretention used for the treatment of urban storm-
water, Water, 6 (2014) 1069–1099.

[26]  CEI (Comprehensive Environmental Inc.). City of Nashua, 
New Hampshire alternative stormwater management meth-
ods planning and guidance. Final Report, Part 1, March 2003. 

[27]  D.C. Penniman, M. Hostetler, T. Borisova, G. Acomb, Capi-
tal cost comparisons between low impact development (LID) 
and conventional stormwater management systems in Flor-
ida, Suburban Sustain., 2 (2013) 1.

[28]  U.S. Environmental Protection Agency, Reducing Storm 
water Costs through Low Impact Development (LID) Strate-
gies and Practices, EPA 841-F-07-006, December, 2007.

[29]  U.S. Environmental Protection Agency. Case Studies Analyzing 
the Economic Benefits of Low Impact Development and Green 
Infrastructure Programs, EPA 841-R-13-004, August 2013.

[30]  CNT (Center for Neighborhood Technology, The Value of 
Green Infrastructure: A Guide to Recognizing Its Economic, 
Environmental and Social Benefits. Center for Neighborhood 
Technology, 2010. Available: http://www.cnt.org/reposi-
tory/gi-values-guide.pdf. Accessed 11/7/2016.

[31]  A.J. Reese, Volume-based hydrology, Stormwater, 10 (2009) 
54–67.

[32]  T.N. Debo, A. Reese, Municipal Stormwater Management. 
CRC Press; 2002.

[33]  Chartzoulakis, Konstantinos, M. Bertaki, Sustainable water 
management in agriculture under climate change, Agricul-
ture and Agricultural Science Procedia., 4 (2015) 88–98.

[34]  Danfoura, N. Mays, J. Jason, Gurdak, Redox Dynamics and 
oxygen reduction rates of infiltrating urban stormwater 
beneath low impact development (LID), Water, 10 (2016) 435.

[35]  N.C.B. Moura, P.R.M. Pellegrino, J.R.S. Martins, Best manage-
ment practices as an alternative for flood and urban storm 
water control in a changing climate, J. Flood Risk Manag., 
(2015).

[36]  C.A. Zimmer, I.W. Heathcote, H.R. Whiteley, H. Schroter, 
Low-impact-development practices for stormwater: implica-
tions for urban hydrology, Canadian Water Res. J., 33 (2007) 
193–213.

[37]  S. Lloyd, Water sensitive urban design in the Australian con-
text, 2001. 

[38]  M. Scholz, P. Grabowiecki, Review of permeable pavement 
systems, Build Environ., 42 (2007) 3830–3836. 

[39]  D. Pezzaniti, S. Beecham, J. Kandasamy, Influence of clogging 
on the effective life of permeable pavements, Proc ICE-Water 
Manage., 2009.

[40]  C. Miller, Vegetated Roof Covers, A New Method for Con-
trolling runoff in Urbanized areas, Proceedings from the 
1998 Pennsylvania Stormwater Management Symposium, 
Villanova University, 1998.

[41]  L. Bengtsson, Peak flows from thin sedum-moss roof, Nord. 
Hydrol., 36 (2005) 269–280.

[42]  M. Köehler, Urban storm water management by extensive 
green roofs, In Proceedings of the World Green Roof Con-
gress/ Welt Gründach-Kongress, Basel, Switzerland, Septem-
ber 2005.

[43]  K. Scholtz-Barth, Green roofs: Storm water management 
from the top down, Environ. Design and Construction 
2001.

[44]  S.C. Centgraf, M. Schmidt, Water management to save energy. 
A decentralized approach to an integrated sustainable urban 
development, In Proceedings of the Rio5- World Climate and 
Energy Event, Rio de Janeiro, Brazil, February 2005.

[45]  E.S. Prowell, An analysis of storm water retention and deten-
tion pf modular green roof blocks, Master of Science Thesis, 
University of Georgia, USA, 2006.

[46]  N.D. Van Woert, D.B. Rowe, J.A. Andresen, C.L. Rugh, R.T. 
Fernandez, L. Xiao, Green roof stormwater retention: effects 
of roof surface, slope and media depth, J. Environ. Qual., 34 
(2005) 1036–1044.

[47]  T.L. Carter, C.R. Jackson, Vegetated roofs for storm water 
management at multiple spatial scales, Landsc. Urban Plan., 
80 (2007) 84–94.

[48]  D. Hutchinson, P. Abrams, R. Retzlaff, T. Liptan, Storm water 
monitoring two ecoroofs in Portland, Oregon, USA, In Pro-
ceedings of the Greening Rooftops for Sustainable Commu-
nities, Chicago, IL, USA, May 2003.

[49]  A. Moran, B. Hunt, J. Smith, Hydrologic and water quality 
performance from greenroofs in Goldsboro and Raleigh, 
North Carolina, In Proceedings of the Greening Rooftops for 
Sustainable Communities, Washington, D.C., USA, May 2005.

[50]  A. Palla, I. Gnecco, L.G. Lanza, Hydrologic restoration in the 
urban environment using green roofs, Water, 2 (2010) 140–
154.

[51]  D. Roehr, Y. Kong, Runoff reduction effects of green roofs 
in Vancouver, BC, Kelowna, BC, and Shanghai, PR China, 
Canad. Water Res., J. 35 (2010) 53–68.

[52]  M. Shafique, R. Kim, D. Lee, The potential of green-blue roof 
to manage storm water in urban areas, Nature Environ. Poll. 
Tech., 15 (2016) 715.

[53]  GRRP (Green Roof Research Program), The Green roof 
research program at Michigan State University, 2010. http://
www.hrt.msu.edu/greenroof/#Green%20 Roof%20.

[54]  F. Bianchini, K. Hewage, how “green” are the green roofs? 
Lifecycle analysis of green roof materials, Build. Environ., 48 
(2012) 57–65. 

[55]  D.B. Rowe, Green roofs as a means of pollution abatement, 
Environ Pollut., 159 (2011) 2100–2111. 

[56]  S. Alsup, S. Ebbs, W. Retzlaff, The exchangeability and 
leachability of metals from select green roof growth sub-
strates, Urban Eco., 13 (2010) 91–111. 

[57]  J.C. Berndtsson, T. Emilsson, L. Bengtsson, The influence of 
extensive vegetated roofs on runoff water quality, Sci. Total 
Environ., 355 (2006) 48–53. 

[58]  M.E. Diet, Low impact development practices: A review of 
current research and recommendations for future direc-
tions, Water Air Soil Pollut., 186 (2007) 351–363.



M. Shafique, R. Kim / Desalination and Water Treatment 83 (2017) 16–2928

[59]  K. Vijayaraghavan, U.M. Joshi, R. Balasubramanian, A field 
study to evaluate runoff quality from green roofs, Water Res., 
46 (2012) 1337–1345.

[60]  M. Shafique, D. Lee, R. Kim, A field study to evaluate run-
off quantity from blue roof and green blue roof in an urban 
area, Inter. J. Control Auto, 9 (2016) 59–68.

[61]  P.G. County, Design manual for use of bioretention in storm-
water management, 1993. http://water.epa.gov/polwaste/
npdes/swbmp/Bioretention-Rain-Gardens.cfm.

[62]  X. Sun, A.P. Davis, Heavy metal fates in laboratory bioreten-
tion systems, Chemosphere, 66 (2007) 1601–1609. 

[63]  R. Brown, W. Hunt, Bioretention Performance in the Upper 
Coastal Plain of North Carolina, In Low Impact Development 
for Urban Ecosystem and Habitat Protection, American Soci-
ety of Civil Engineers, Reston: VA, USA, (2008) 1–10.

[64]  W. Hunt, J. Smith, S. Jadlocki, J. Hathaway, P. Eubanks, Pollut-
ant removal and peak flow mitigation by a bioretention cell in 
urban Charlotte, N.C. J. Environ. Eng., 134 (2008) 403–408.

[65]  R. Brown, W. Hunt, Underdrain configuration to enhance 
bioretention exfiltration to reduce pollutant loads, J. Environ. 
Eng., 137 (2011) 1082–1091.

[66]  K. DeBusk, T. Wynn, Storm-water bioretention for runoff 
quality and quantity mitigation, J. Environ. Eng., 137 (2011) 
800–808.

[67]  J. Hathaway, W. Hunt, A. Graves, J. Wright, Field evaluation 
of Bioretention indicator bacteria sequestration in Wilming-
ton, North Carolina, J. Environ. Eng., 137 (2011) 1103–1113.

[68]  Trowsdale, A. Sam, R. Simcock, Urban stormwater treatment 
using bioretention, J. Hyd., 397 (2011) 167–174.

[69]  U.T. Khan, C. Valeo, A. Chu, B. van Duin, Bioretention cell 
efficacy in cold climates: Part 2—water quality performance, 
Canad. J. Civil Eng., 39 (2012) 1222–1233.

[70]  X.L. Chen, E. Peltier, B.S.M. Sturm, C.B. Young, Nitrogen 
removal and nitrifying and denitrifying bacteria quantifi-
cation in a stormwater bioretention system, Water Res., 47 
(2013) 1691–1700.

[71]  J. Olszewski, A. Davis, Comparing the hydrologic perfor-
mance of a bioretention cell with predevelopment values, J. 
Irrig. Drain. Eng., 139 (2013) 124–130.

[72]  M.E. Bakacs, S.E. Yergeau, C.C. Obropta, Assessment of car 
wash runoff treatment using bioretention mesocosms. J. 
Environ. Eng., 139 (2013) 1132–1136.

[73]  F. Geronimo, F. Kevin, C. Marla, Maniquiz-Redillas, L.H 
Kim, Fate and removal of nutrients in bioretention systems, 
Desal. Water Treat., 53 (2015) 3072–3079.

[74]  H. Guo, F.Y. Lim, Y. Zhang, Y. Lee, J.Y. Hu, S.L. Ong, G.S. 
Ong, Soil column studies on the performance evaluation of 
engineered soil mixes for bioretention systems, Desal. Water 
Treat., 54 (2015) 3661–3667.

[75]  C.D. Houdeshel, K.R. Hultine, N.C. Johnson, C.A. Pomeroy, 
Evaluation of three vegetation treatments in bioretention gar-
dens in a semi-arid climate, Lands. Urban Plan., 135 (2015) 
62–72.

[76]  C. Chapman, R.R. Horne, Performance assessment of a 
street-drainage bioretention system, Water Environ. Res., 82 
(2010) 109–119.

[77]  L. Zhang, E.A. Seagren, A.P. Davis, J.S. Karns, The capture 
and destruction of Escherichia coli from simulated urban 
runoff using conventional bioretention media and iron 
oxide-coated sand, Water Environ. Res., 82 (2010) 701–714. 

[78]  L. Zhang, E.A. Seagren, A.P. Davis, J.S. Karns, Long-term sus-
tainability of Escherichia coli removal in conventional bio-
retention media, J. Environ, Eng.,  137 (2011) 669–678. DOI: 
10.1061/(ASCE)EE.1943-7870.0000365.

[79]  W. Zhang, G.O. Brown, D.E. Storm, Enhancement of heavy 
metals retention in sandy soil by amendment with fly 
ash, Trans ASABE., 51 (2008) 1247–1254.

[80]  A.M. Hathaway, W.F. Hunt, J.D. Wright, S.J. Jadlocki, Field 
evaluation of indicator bacteria removal by stormwater 
BMPs in North Carolina, In World Environmental and 
Water Resources Congress 2009@ sGreat Rivers, ASCE, 
2009. 

[81]  R.A. Brown, F.H. William III, Impacts of construction activity 
on bioretention performance, J. Hydr. Eng., 15 (2009) 386–394.

[82]  E.A. Dreelin, L. Fowler, C.R. Carroll, A test of porous pave-
ment effectiveness on clay soils during natural storm 
events, Water Res., 340 (2006) 799–805. 

[83]  Bioretention manual. Landover, MD: Prince George’s County 
(MD) Government, Department of Environmental Protec-
tion, Watershed Protection Branch; 2002.

[84]  M.K. Widomski, H. Sobczuk, W. Olszta, Sand-filled drain-
age ditches for erosion control: Effects on infiltration effi-
ciency, Soil Sci. Soc. Am. J., 74 (2010) 213–219. 

[85]  M. Abu-Zreig, A. Tamimi, Field evaluation of sand-ditch 
water harvesting technique in Jordan, Agricult Water Man-
age., 98 (2011) 1291–1296. 

[86]  J.T. Kirby, S.R. Durrans, R. Pitt, P.D. Johnson, Hydraulic resis-
tance in grass swales designed for small flow conveyance, J. 
Hydraul. Eng., 131 (2005) 65–68. 

[87]  M.E. Barrett, P.M. Walsh, F. Joseph, J.r. Malina, R.J. Charbe-
neau, Performance of vegetative controls for treating high-
way runoff, J. Environ. Eng., 124 (1998) 1121–1128. 

[88]  Bedan, S. Erik, C.J. Clausen, Stormwater runoff quality and 
quantity from traditional and low impact development 
watersheds1. (2009).

[89]  Stagge, H. James, A.P. Davis, Water Quality Benefits of Grass 
Swales in Managing Highway Runoff, Proceedings of the 
Water Environment Federation 2006.

[90]  S. Fach, C. Engelhard, N. Wittke, W. Rauch, Performance 
of infiltration swales with regard to operation in winter 
times in an Alpine region, Water Sci. Technol. 63 (2011) 
2658–2656. 

[91]  M. Bckstrm, Sediment transport in grassed swales during 
simulated runoff events, Water Sci. Technol., 45 (2002) 41–48. 

[92]  M. Backstro, Grassed swales for stormwater pollution con-
trol during rain and snowmelt, Water Sci. Technol., 48 (2003) 
123–129. 

[93]  J. Zhao, Y. Zhao, X. Zhao, C. Jiang, Agricultural runoff 
pollution control by a grassed swale coupled with wet-
land detention ponds system: a case study in Taihu Basin, 
China, Environ. Sci. Poll. Res., 23 (2016) 9093–9104.

[94]  M. Legret, V. Colandini, C. Le Marc, Effects of a porous pave-
ment with reservoir structure on the quality of runoff water 
and soil, Sci. Total Environ., 189–190 (1996) 335–340.

[95]  C. Dierkes, A. Holte, W.F. Geiger, Heavy metal retention 
within a porous pavement structure, Proc. the Eighth Inter-
national Conference on Urban Storm Drainage. 1999.

[96]  S. Fach, W.F. Geiger, Effective pollutant retention capacity 
of permeable pavements for infiltrated road runoffs deter-
mined by laboratory tests, Water Sci. Technol., 51 (2005) 
37–45. 

[97]  K.A. Collins, W.F. Hunt, J.M. Hathaway, Hydrologic com-
parison of four types of permeable pavements and standard 
Asphalt in Eastern North Carolina, J. Hydrol. Eng., 13 (2008) 
1146–1157.

[98]  N. Jayasuriya, N. Kadurupokune, Comparative performance 
of permeable and porous pavements, in International Confer-
ence on Sustainable Built Environment (ICSBE-2010), Decem-
ber 13–14, Kandy, Sri Lanka 2010.

[99]  E. Fassman, S. Blackbourne, Urban runoff mitigation by 
a permeable pavement system over impermeable soils, J. 
Hydrol. Eng., 15 (2010) 475–485.

[100] B. Myers, S. Beecham, J.A. van Leeuwen, Water quality with 
storage in permeable pavement basecourse, Proceedings of 
the ICE-Water Management, 2011.

[101] J. Mullaney, C. Jefferies, P. Rikalainen, Pollution profiling 
and particle size distribution within permeable paving units 
– with and without a geotextile, Manage. Environ. Qual., 23 
(2012) 150–162.

[102] J. He, J. Huang, C. Valeo, A. Chu, Water Quality Treatment 
Efficacy Model of Porous Concrete Pavement. 2015.

[103] E.Z. Bean, W.F. Hunt, D.A. Bidelspach, Field survey of perme-
able pavement surface infiltration rates, J. Irrig. Drain. Eng., 
133 (2007) 249–255.



M. Shafiquea, R. Kim / Desalination and Water Treatment 83 (2017) 16–29 29

[104] K.A. Collins, W.F. Hunt, J.M. Hathaway, Side-by-side compar-
ison of nitrogen species removal for four types of permeable 
pavement and standard asphalt in eastern North Carolina, J. 
Hydrol. Eng., 15 (2009) 512–519. 

[105] A.P. Newman, C.J. Pratt, S.J. Coupe, N. Cresswell, Oil bio-deg-
radation in permeable pavements by microbial communities, 
Innov. Techn. Urban Drain., 45 (2002) 51–59.

[106] B.O. Brattebo, D.B. Booth, Long-term stormwater quantity 
and quality performance of permeable pavement systems, 
Water Res., 37 (2003) 4369–4376. 

[107] B.D. Booth, J. Leavitt, Field evaluation of permeable pave-
ment systems for improved stormwater management, J. Am. 
Planning Assoc., 65 (1999) 314–321. 

[108] B.T. Rushton, Low-impact parking lot design reduces runoff 
and pollutant loads, J. Water Res. Planning Manag., 127 (2001) 
172–179. 

[109] M. Kwiatkowski, A.L. Welker, R.G. Traver, M. Vanacore, T. 
Ladd, Evaluation of an infiltration best management practice 
utilizing pervious concrete, J. Am. water Resour. Assoc. 2007.

[110] D.M. Abdel-Aziz, D.O. Al-Maani, A.I. Azhari W, Using Per-
vious Concrete for Managing Storm Water Run-off in Urban 
Neighborhoods: Case of Amman 2012.

[111] E.A. Thelen, Porous Pavement, The Franklin Institute 
Research Laboratories. 1978.

[112] G. Fitts, The new and improved open graded friction course 
mixes, Asphalt. 2002. 

[113] B.K. Ferguson BK, Porous Pavements. Florida: CRC Press; 
2005. 

[114] M. Legret, V. Colandini, Effects of a porous pavement with 
reservoir structure on runoff water: water quality and fate of 
heavy metals, Water Sci. Technol., 39 (1999) 111–118.

[115] J.D. Balades, M. Legret, H. Madiec, Permeable pavements: 
Pollution management tools, Water Sci. Technol., 32 (1995) 
49–65.

[116] T. Lucke, using drainage slots in permeable paving blocks to 
delay the effects of clogging: Proof of concept study, Water, 6 
(2014) 2660–2671. 

[117] R. Pitt, S. Clark, R. Field, Groundwater contamination poten-
tial from stormwater infiltration practices, Urban Water., 1 
(1999) 217–226.

[118] G.M. Rusciano, C.C. Obropta, Efficiency of bioretention sys-
tems to reduce fecal coliform counts in stormwater. North 
American Surface Water Quality Conference and Exposition, 
Orlando, FL. July. 2005. 

[119] S.S. Kaushal, P.M. Groffman, G.E. Likens, K.T Belt, W.P. Stack, 
V.R. Kelly, Increased salinization of fresh water in the north-
eastern United States, Proc. Natl. Acad. Sci. USA, 102 (2005) 
13517–13520.

[120] Hall, J. Tanya, the triple bottom line: what is it and how does 
it work? Indiana business review, 86 (2011) 4.

[121] M. Kramer, Enhancing Sustainable Communities with Green 
Infrastructure. EPA 100-R-14-006. 2014. Available online: 
www. epa. gov/smartgrowth (accessed on 3 February 2017), 
2014.

[122] Economics, G.L.A. Valuing Greenness-Green Spaces, House 
Prices and Londoners’ Priorities; Greater London Authority: 
London, UK, 2003.

[123] M. Mansor, I. Said, I. Mohamad, Experiential contacts with 
green infrastructure’s diversity and well-being of urban 
community, Procedia Soc. Behav. Sci., 49 (2012) 257–267. 

[124] K.C. Desouza, T.H. Flanery, Designing, planning, and man-
aging resilient cities: A conceptual framework, Cities, 35 
(2013) 89–99. 

[125] A. Guillette, Studio L.I.D. Achieving Sustainable Site Design 
through Low Impact Development Practices. 2010. Whole 
Building Design Guide (www. Wbdg. org).

[126] S. Dhalla, C. Zimmer, Low Impact Development Stormwa-
ter Management Planning and Design Guide. Stormwater 
Guide. Toronto: Toronto and Region Conservation Authority. 
2010.

[127] L. Chelleri, H.W. Kua, J.P. Rodriguez Sanchez, K.M. Nahi-
duzzaman, G. Thondhlana, Are people responsive to a more 
sustainable, decentralized, and user-driven management of 
urban metabolism? Sustainabilit., 8 (2016) 275.

[128] J. Foster, A. Lowe, S. Winkelman, The value of green infra-
structure for urban climate adaptation, Center Clean Air Pol-
icy, 750 (2011).

[129] M. Roseland, Toward sustainable communities: Solutions for 
citizens and their governments (Vol. 6). New Society Pub-
lishers. 2012.

[130] M.B. Molla, The value of urban green infrastructure and its 
environmental response in urban ecosystem: a literature 
review. Int. J. Environ. Sci., 4 (2015) 89.

[131] E. Andersson, S. Barthel, S. Borgström, J. Colding, T. Elmqvist, 
C. Folke, A. Gren, Reconnecting cities to the biosphere: stew-
ardship of green infrastructure and urban ecosystem ser-
vices, Ambio., 43 (2014) 445–453.

[132] L. Pearson, P. Newton, P. Roberts, Resilient Sustainable Cit-
ies: A Future, Routledge: Oxford, UK, 2014.

[133] B. Krause, H. Culmsee, K. Wesche, E. Bergmeier, C. Leus-
chner, Habitat loss of floodplain meadows in north Germany 
since the 1950s, Biod. Cons., 20 (2011) 2347–2364.

[134] JONES, Roger, John Symons, Celeste Young, Assessing the 
Economic Value of Green Infrastructure: Green Paper. (2015).

[135] Gallet, Danielle. The Value of Green Infrastructure: A Guide 
to Recognizing Its Economic, Environmental and Social Ben-
efits. Proceedings of the Water Environment Federation, 2011.

[136] Hall, Abby. “Green infrastructure case studies: munic-
ipal policies for managing stormwater with Green 
Infrastructure.” Retrieved from United States Environ-
mental Protection Agency: http://rfcd. pima. gov/pdd/lid/
pdfs/40-usepa-gi-casestudies-2010. pdf (2010).

[137] Frederick, Rod, R. Fernando Pasquel, Hunter J. Loftin. Over-
coming Barriers to Implementation of LID Practices. Low 
Impact Development Technology: Implementation and Eco-
nomics: LID: Implementation and Economics. 2015.

[138] D. Godwin, B. Parry, F. Burris, S. Chan, A. Punton, Barriers 
and opportunities for low impact development: case studies 
from three Oregon Communities. Oregon Sea Grant: Corval-
lis, OR 2008.

[139] M. Shafique, A review of the bioretention system for sustain-
able storm water management in urban areas, Mater. Geoen-
viron., 63 (2016) 227–236.

[140] J.R. Vogel, T.L. Moore, R.R. Coffman, S.N. Rodie, S.L. Hutchin-
son, K.R. McDonough, J.T. McMaine, Critical review of tech-
nical questions facing low impact development and green 
infrastructure: A perspective from the Great Plains, Water 
Environ. Res., 87 (2015) 849–862.

[141] Y. Jiang, Y. Yuan, H. Piza, A review of applicability and effec-
tiveness of low impact development/green infrastructure 
practices in arid/semi-arid United States Environ., 2 (2015) 
221–249. 


