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Abstract: Growing urbanization has increased impermeable surfaces, raising and polluting
stormwater runoff, and exacerbating the risk of urban flooding. Effective stormwater
management is essential to curb sedimentation, minimize pollution, and mitigate urban
flooding. This systematic literature review from the Web of Science and Scopus between
January 2000 and June 2024 presents hydrodynamic separation (HDS) technologies. It
sheds light on the significant issues that urban water management faces. HDS is classified
into four categories: screening, filtration, settling, and flotation, based on the treatment
mechanisms. The results show a shift from traditional standalone physical separations to
multi-stage hybrid treatment processes with nature-based solutions. The great advantage
of these approaches is that they combine different separation mechanisms and integrate
ecological sustainability to manage urban stormwater better. The findings showed that
future research will examine hybrid Al-assisted separation technologies, biochar-enhanced
filtration, and green infrastructure systems. When adopting an integrated approach, the
treatment system will perform like natural processes to remove pollutants effectively
with better monitoring and controls. These technologies are intended to fill existing
research voids, especially in removing biological contaminants and new pollutants (e.g.,
microplastics and pharmaceutical substances). In the long term, these technologies will help
to enforce Sustainable Development Goals (SDGs) and orient urban areas in developing
countries towards meeting the circular economy objective.

Keywords: stormwater treatment; separation Mechanisms; green infrastructure; stormwater
treatment device; hydrodynamic separation (HDS)

1. Introduction

The global trend of rapid urbanization has greatly converted naturally pervious
surfaces into impermeable surfaces, escalating stormwater runoff and increasing the risk
of urban flooding [1-3]. Stormwater runoff mobilizes pollutants that endanger both the
environment and human health. Effective stormwater management is therefore crucial to
manage sedimentation and alleviate urban flooding [4]. Under these circumstances, the
transition towards water-sensitive cities has become an urgent priority [5].

The prevalence of man-made infrastructures and hardscapes has exacerbated stormwa-
ter pollution, disrupting natural hydrological processes and ecosystem services in urban
areas [6,7]. Urban sprawl replaces natural covers with impervious surfaces, worsening
runoff and degrading water quality [8]. Increased flooding risks and urbanization practices
such as ground hardening and underground drainage networks exacerbate hydraulic haz-
ards during rainfall events, significantly degrading surface and groundwater quality [9].
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Polluted stormwater runoff also damages lakes, rivers, and coastal waters [10,11], especially
in urban rivers [12,13]. Expanding concrete surfaces due to rapid urbanization necessitates
alternative solutions, such as sustainable drainage systems (SuDSs) [14-16]. These systems
have also shown promise in improving water quality [17].

Traditional drainage management strategies, such as trash screens for removing gross
pollutants, are cost-effective but prone to clogging with plastic waste during heavy storms,
creating additional obstructions [18,19]. While providing additional capacity for stormwa-
ter conveyance, open channels can act as conduits for pollutants like sediments, heavy
metals, hydrocarbons, and nutrients, leading to downstream water quality degradation
and endangering aquatic ecosystems [20,21]. Separate sewer systems, designed to handle
stormwater runoff independently from sewage treatment plants, reduce the risk of system
overload during heavy rainfall but still require additional treatment measures to address
pollutants carried by runoff [22-24].

Stormwater management is gradually shifting towards holistic designs that utilize
nature-based solutions (NbSs) and green infrastructure to address these challenges. These
approaches integrate natural spaces into urban settings to restore ecological and hydrolog-
ical quality while providing sustainable services like flood mitigation and water quality
improvement [25,26]. Concepts such as water-sensitive urban design (WSUD), low-impact
development (LID), and the Sponge City approach emphasize on-site stormwater treatment,
ecological sustainability, and pollution reduction [27-32]. Combining LID practices with
drainage retrofits and end-of-pipe treatments offers opportunities to enhance sustainability
in urban planning [33,34].

Urban stormwater management is complex due to its non-point source origin and
variable runoff quality, requiring collaborative efforts among governmental entities for
education, enforcement, maintenance, and infrastructural integration [35]. Hydrodynamic
vortex separation (HDVS) and green infrastructure offer promising solutions for contami-
nant removal while minimizing flood risks naturally [36].

This review systematically evaluates stormwater treatment technologies, focusing
on physical treatment methods. It also provides a framework for evaluating stormwater
treatments by examining design principles, operational performance, and applicability.
This study explores how academia and the industry can align with Sustainable Develop-
ment Goals (SDGs), particularly in advancing water-sensitive cities and a circular economy.
Through a detailed examination of various hydrodynamic separation (HDS) technolo-
gies, ranging from conventional to advanced devices employing biochar, research gaps
are highlighted. We provide guidance for policymakers, engineers, and urban planners
in adopting adaptive strategies that mitigate urbanization’s hydrological impacts while
fostering long-term environmental and public health.

2. Materials and Methods

The systematic review exercise focuses on the role of HDS technology in stormwater
control, covering the literature published between 2000 and 2024. The PRISMA framework
was used to ensure the reporting quality and comprehensiveness. The literature was
retrieved from Scopus and Web of Science using search terms such as “stormwater”,
“pollutant”, “contaminant”, and “separation technologies”. The choice of Scopus and Web
of Science for accessing peer-reviewed civil and environmental engineering literature is
well-supported by their comprehensive coverage. A total of 206 papers were identified,
with 40 duplicates removed. The other remaining papers were screened based on the criteria
in Table 1. Only journal articles focusing on stormwater treatment were included, while
conference proceedings, review articles, book chapters, and non-relevant publications were
excluded. Only English-language journal articles were included to ensure consistency in
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data interpretation and align with the research scope, as English is the dominant language
for scientific communication in civil and environmental engineering.

Table 1. The inclusion and exclusion criteria.

Criteria Inclusion Exclusion
. . Conference proceeding papers,
Publication type Journal articles review articles, book chapters
Language English Non-English

Relate to stormwater
treatment

Water treatment Not related to stormwater treatment

Period Between 2000 and 2024 Earlier than 2000

Ultimately, 91 papers were used for analysis after exclusion criteria were applied. Figure 1
shows the overall process with number of removed articles for each screening stage.

206 records identified from database:
e 79 for WoS
» 127 for Scopus

c
S
L
©
e
=
el
c
']
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« Not written in English (n = 5)

+ lIrrelevance to HDS technologies or
lack of focus on stormwater
management (n = 25)

» Not publish between 2000 and 2024 (n
= 4)

91 records included in the review

40 duplicate records removed
166 records screened by title and
abstract
» Extract information on the year of
publication, authorship, and
rese?rch alms, fm ethOdOIOiy and 75 records excluded, with reason:
imitations oy Fezor + Book chapters, reviews, proceeding

papers and early access (n = 41)

Figure 1. Flow diagram of overall process.

The data were collected using a data extraction form covering the year of publication,
authorship, and research aims/methods of the included studies. The review focuses on
water treatment and separation processes, particularly technologies like biochar combined
with HDS processes. Research gaps are highlighted, along with connections between
study findings and practical stormwater treatment technologies, such as gross pollutant
traps (GPTs), screen systems, filtration devices, sedimentation/retention basins, and dis-
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solved air flotation (DAF) technology. This approach delivers high-confidence insights into
stormwater treatment.

3. Results and Discussion
3.1. Research Trends

Trends in the annual publications related to stormwater treatment from January 2000
until June 2024 are shown in Figure 2. Publication numbers might vary due to factors
such as changes in funding opportunities, technological developments, and changes in
environmental policies and concerns. At first, publications grew steadily, with interest in the
area apparently on the up. This increase led to the largest number of publications in 2012,
which could be interpreted as a peak year with respect to activity or awareness towards
stormwater. At this time, it was reported that since 2009, Philadelphia, USA had used a
sustainable approach to reduce its impervious surfaces by one-third, with the replacement
surfaces controlling approximately 35% of the urban runoff [37]. China also introduced the
“Sponge Cities” concept in 2012, which aims to enhance urban resilience through innovative
water management strategies [38]. The peak in publishing was followed by a decline until
2022, after which publications began to rise again. This renewed interest could relate to the
increasing frequency of extreme weather events and severe urban flooding, which have
induced governments and research institutions to highlight this area of research [39].

10

9

No. of publications
wv

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
Publish year

Figure 2. Time variation in the number of publications from 2000 to 2004.

Figure 3 shows the global distribution of publications. The USA leads with 27 publi-
cations, indicating a strong research foundation and high attention to this area. Australia
follows with 12 publications, and China and Germany are close behind with 10 and
9 publications, respectively, which relates to their specific environmental challenges and
urbanization issues, demanding advanced rainwater management techniques. Other mid-
ranking countries, such as South Korea, France, and several Nordic nations, also show
notable research activity. Although smaller countries like New Zealand, Brazil, Italy, the UK,
Japan, Malaysia, Norway, and Serbia have fewer publications, their research contributes
significantly to the development of global stormwater treatment technologies and strate-
gies, highlighting the diverse research efforts and potential for international collaboration
among different countries in addressing climate change and urbanization challenges.
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Figure 3. Geographical distribution of publications.

3.2. Stormwater Characteristics

Stormwater characteristics are influenced by factors like intense storm events, non-
uniform runoff generation, the duration of precipitation, and antecedent dry days [40,41].
The quality of stormwater runoff can differ dramatically depending on the kind of surface
it drains from. For instance, the specific pollutant concentrations associated with roof
runoff are typically different from those for road runoff—the latter is more likely to contain
contaminants from vehicular emissions and if it enters soil/water bodies directly, an
informally higher total load can be carried in a particular volume of flow [42]. This
variability makes stormwater runoff a challenging environmental problem.

The “first flush” effect is a common phenomenon in stormwater runoff, where the
initial flow carries the highest concentration of pollutants previously deposited on sur-
faces into water bodies [43,44]. It is followed by a second phase often called the “middle
flush”, “end flush”, or “2nd wave”, which involves the mobilization of less mobile contam-
inants [45]. This pattern is commonly observed in urban catchments [46]. The upstream
drainage contamination severely damages the bodies of water that receive this flow. The
detection of urban wastewater in China has reflected that environmental pollution is also
an issue seriously interconnected with public health [47,48]. These pollutants are mobilized
during subsequent rainfall periods and eventually adversely impact surface water quality
(SWQ) and shallow groundwater accumulation on surfaces over long dry intervals [42,49].
More than 60% of pollutants from non-point sources contain suspended solids, organic
pollutants, and nutrients [50].

Stormwater quality is assessed based on physical, chemical, and biological parameters.
The Water Quality Index (WQI) is a broadly used public information tool for summarizing
the overall water quality with the help of multiple parameters. The biochemical oxygen de-
mand (BOD) is one of the factors used in WQI assessment and reflects the water-dissolved
oxygen utilized by aerobic micro-organisms. High BOD levels lead to excessive oxygen
depletion, and hence stressful conditions for aquatic life; moreover, the odor of sewage
can be perceptible during such events [51]. Ammoniacal nitrogen (AN) is composed of
ammonia NH; and ammonium NH,* and offers a nutritional element for plants; however,
it can cause toxicity in aquatic organisms at high levels. The pH and temperature conditions
affect the AN concentration in a wastewater treatment plant [42,52,53]. Total suspended
solids (TSSs) are solid particles suspended in water, which can lead to a significant deteri-
oration of the water quality [50]. TSS concentrations usually peak during heavy rainfall
and differ significantly between small and large storms [54]. Elevated concentrations of
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TSSs can cause aesthetic problems and also may have adverse effects on the aquatic envi-
ronment, such as a reduced penetration of sunlight into the water column and an increase
in temperature [40,42,54].

Figure 4 displays the focus on various pollutant types, as documented in scholarly
works from 2000 to 2024. It illustrates that there has been a sustained and heightened
interest in suspended solid particles throughout this period. Among the suspended
particles, fine PM (<75 pm) accounted for the majority, followed by gravel-sized PM
(>2000 pm) [55]. Organic pollutants and metals are also significant, albeit with a slightly
lesser research focus than suspended solids [56-59]. The scrutiny of nutrients escalated in
2008, potentially caused by the increased use of fertilizers and the recognition of automo-
tive and road maintenance products as their predominant sources [60,61]. Additionally, in
urban landscapes where stormwater and sanitary sewage are channeled through combined
sewer systems, the risk of system overload during substantial rain events is high [62]. It
can result in overflows where untreated sewage and stormwater are discharged into the
environment [53,63]. Thus, biological pollutants, including E. coli, have drawn considerable
research attention from sewer flow [64]. The escalating usage of plastics has contributed to
a substantial boost in microplastic research since 2020. Such particles are mostly found in
industrial and commercial areas, with much lower levels in agricultural landscapes [65,66].

Suspended
solids

Microplastics

Organic
pollutants

Metals 3

Biological
pollutants

Nutrients -

1 1 L L 1 1

2000 2004 2008 2012 2016 2020 2024

Figure 4. Time variation in the publications on different types of pollutants (indicates with different
colors).

Stormwater is a complex and variable mixture, so it can be challenging to appreciate
how stormwater behaves. The compositional complexity of urban stormwater, its distinct
contamination characteristics, and important water quality parameters reveal the necessity
of localized solutions to combat environmental threats from stormwater.

3.3. Stormwater Separation Technology

Stormwater treatment processes are not as stringent as drinking water processes,
mostly due to the purpose of stormwater reuse and the types of contaminants they treat.
Drinking water treatment is a process where water is treated according to public health and
universally accepted standards that aim to destroy pathogens and chemical contaminants,
to make it safe for human consumption; meanwhile, stormwater treatment manages runoff
in areas where pollutants may contain sediments, nutrients, or pathogens, but those are not
necessarily removed according to a fully regulated industry protocol [29,40]. In Malaysia,
it is often considered as greywater or sullage-water [67]. This is a kind of water mixed
with surface sewer, oil and grease, urban contaminants such as chemicals, microplastics,
pharmaceutical residues, and many others [53,68].
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Classification
of
stormwater
treatment
devices

Stormwater treatment is an essential process worldwide to treat stormwater runoff
pollutants before they rush into natural waters. Generally, this process includes the use
of various physical, chemical, and biological methods that help to filter, purify, or treat
polluted water [69-71]. Stormwater treatment systems comprise wide arrays of pollution-
capturing devices from GPTs of direct screening types, to trash screens designed to capture
larger debris and pollutants, and the HDVS type for water quality treatment such as con-
tinuous deflective separation (CDS). The common objective is to reduce the amount of
gross pollutants that will ultimately enter downstream water bodies [72-74]. To simulta-
neously decrease the risk of damage to sewage treatment plants, separate sewer systems
and dedicated stormwater treatment systems, such as hydrodynamic separators and reten-
tion basins [75,76], have been adopted. These systems help divert stormwater away from
sewage treatment plants, preventing overload and ensuring more efficient treatment of
both stormwater and sewage [77].

In current stormwater treatment, the classification schemes for treatment systems focus
on different aspects, namely, the treatment mechanism or the level and target pollutants to
be removed. Quigley (2005) used the idea of classifying the unit process and operations
(UOPs) from the wastewater treatment field, allowing processes to be combinations of
biological and chemical operations while separating them by their physical states [78].
However, such operations were subsequently given quite different names: “a distinction
was soon drawn at least between physical processes and others”, but this became too
narrow “because many processes in physics develop chemical attributes, etc.” Minton
(2007) provided a detailed classification in five families, based on key characteristics of the
treatment mechanism at one end of the spectrum, and at another end, with a proposed
five-level hierarchy based on key features [79]. Minton (2007) also proposed another new
classification grouped by common design criteria, into five families: Basins, Swales, Filters,
Infiltrators, and Screens.

The classification was further improved by Shrestha and Brodie (2011) [80]. The
treatment system devices (TSDs) are classified as size separation and density separation
based on the treatment mechanism. Density separation relies on gravity for settling solids,
while size separation uses barriers to capture oversized solids. The first type utilizes
the force of gravity to cause particles to settle in a liquid, whilst the second uses gaps
formed with various barriers installed on screens. Each of the sub-themes are presented
in Figure 5. These pre-treatment systems are not only used in industrial plants to manage
stormwater contaminated with specific pollutants but are also being adapted for urban
stormwater management.

- Technologies that separate materials based on
Screening o .
their size, using mesh or filter -based processes
Size
separation Technologies on biochar and other filtration
Filtration materials contribute to sediment removal in water
treatment.
Technologies that rely on density -based
Settling separation, such as detention ponds or bio -
Density retention ponds.
separation Dissolved Air Flotation (DAF) or aerobic
Flotation technologies where particles are separated by
inducing flotation using diffused air bubbles.

Figure 5. Classification of stormwater treatment devices.
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The distribution of publications by separation type is illustrated in Figure 6. Filtration-
based stormwater separation techniques are most commonly featured, representing 43%
of publications, indicating their widespread application in this emerging field, followed
by settling, which accounts for 35%. Flotation is documented in 13% of the publications,
showing it as a recognized, albeit less researched method compared to filtration or sedimen-
tation. Screening is explored less frequently, appearing in 7% of publications. In the existing
studies, 11% of publications focused on multi-mechanistic treatment devices, suggesting
new directions for integrating diverse separation technologies to enhance pollutant removal
from urban stormwater.

11%

7% Filtration
439%, Screening
Settling
Flotation

Combined

35%
4%

Figure 6. Percentage of publications for each type of separation.

3.3.1. Density Separation

Density separation technologies can be divided into two sub-themes: settling and
flotation. These will be further detailed below.

Settling

Settling refers to the gravitational process by which particles with a density greater
than that of water settle at the bottom [81,82]. This process often involves detention pools
or ponds and HDS systems, as outlined in Table 2. Unlike retention reservoirs intended
for flood mitigation, a detention pool is a kind of urban stormwater treatment system
that allows particles to settle over extended periods, with large cost variations depending
on the size, design, and location [83]. HDS systems can be retrofitted into underground
drainage systems and integrated with multiple physical processes [84]. Performance is
heavily influenced by particle distribution, density, and fluid temperature [85].

Detention pools are traditional approaches for stormwater treatment, effective in
removing large and medium suspended solids [86] and microplastics [66,87]. Incorporating
features like two-stage facilities and multi-level outlets can significantly enhance efficiency
in removing suspended particles [88]. Brooks et al. (2023) suggest that microplastics
with regular shapes can be effectively removed through settling in stormwater ponds [87].
lannuzzi et al. (2024) further demonstrate that the settling process can capture microplastics
ranging from 50 to 500 pm [66]. However, Fassman (2012) noted that detention basins are
less effective in removing dissolved metallic pollutants [83].

To overcome the drawbacks of conventional detention ponds, achieving a high hy-
draulic efficiency for solid separation from stormwater and sewage has been the driving
force behind the development of HDS systems [89,90]. This innovation brings a better
approach for pollutant control from stormwater. Although these devices achieved removal
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efficiencies between 8.54 and 43.69% for particles >75 pm [91], they struggle with smaller
particles, which dominate urban runoff [92]. On the other hand, using centrifugal forces
affords HDVS systems better capabilities for suspended particle removal [93,94], which can
enhance the removal of suspended solids and related pollutants. HDVS systems’ efficien-
cies are based on the flow rate, particle size, and type of separator employed. Studies show
a marked decrease in TSSs and other contaminants that greatly enhance the WQI [84,95].
They have highlighted the suspended solid, hydrocarbon, and nutrient removal capabilities
of these systems. The majority of the available studies confirmed the presence of fine
particles (60 um particles), whose removal efficiencies were around 70% [96]. Furthermore,
it has been reported that installing inlet baffles enhances the particle removal efficiency by
5-10% [97]. HDVS systems are an integral component in safeguarding receiving waters and
promoting ongoing urban water management practices by effectively removing sediments
and pollutants. However, as the settling process relies on gravity to separate the particles,
it normally requires a long time for fine particles to settle, which reduces the efficiency and
highlights the need to incorporate other types of treatments [85,88,98].

Table 2. Summary of settling separation.

Study

Publication . Method Device Pollutant Remarks
Region
[99] Australia Laboratory Cylindrical Suspended particles Device is effective in separating fine
experiment pollutant trap and oil particles but less so for suspended oils.
Single large device provides a better
[90] South Field study HDS Suspgnded perfc'>rma.mce than. multiple small
Korea particles devices in removing suspended
particles.
Device is effective in removing particles
[91] Iioit}al Lfbori;oz HDS Su?;fin{i ed larger than 75 um, with a removal
ore experime particies efficiency of 8.54 to 43.69%.
Device is not able to remove particles
[92] USA Labor.atory HDS Metals a.nd smaller than 75 um, which are the most
experiment bacteria - . .
predominant particles in urban runoff.
189] USA ' Modgl HDS Sediment Device is efficient in removing heavy
simulation particles.
Device is able to remove large particles,
. HDS and dry Suspended but not small particles. Dry
[86] USA Field study detention basin particles detention pool is able to remove large
and medium particles.
[93] USA . Mode.l HDVS Suspe.nded Device is effective in removing
simulation particles suspended solids.
[94] China Labor.atory HDVS Suspe.nded Device is effective in removing
experiment particles suspended particles.
South Model Hydrocyclone Susp ended Device is effective in removing
[84] . . particles and .
Korea simulation separator pollutants and nutrients.
hydrocarbons
Organic matter, trace Device is able to separate fine participles
Model Hydrocyclone elements, . . P nep P
[96] France . . with a size of 60 um, with a removal
simulation separator hydrocarbons, and - o
efficiency of 70%.
PAHs
South Model Hydrocyclone Suspended particles, Inlgt baffle increases the device’s
[97] . . . hydrocarbons, and particle removal efficiency by about
Korea simulation separator with baffle . o
nutrients 5-10%.
. Device shows potential in separating
[100] USA Labor.atory Mini-hydrocyclone Microplastic microplastics in industry and urban
experiment separator
stormwater systems.
[101] China ' Modgl Interception system NH3-N Sewer separation can significantly
simulation overflows reduce pollutant loads.
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Table 2. Cont.

Publication If tu.d y Method Device Pollutant Remarks
egion
Particle distribution has the largest
impact on the settling performance,
85] China Laboratory Settling lab Suspended followed by density and fluid
: experiment experiment particles temperature. De-icing salt concentration
and particle shape do not have an
impact on the performance.
Laboratory Settling lab Suspended Separation limit of 20 um is sufficient
[98] Germany . . . . .
experiment experiment particles for removing suspended particles.
Two-stage facilities and multi-level
58] Canada ' Modgl Detention pool Suspgnded oqtlet are important design .el.ements in
simulation particles increasing the removal efficiency of
suspended particles in dry ponds.
Suspended
New Model . . particles and -
[83] Zealand simulation Detention basin dissolved zinc and Poor removal efficiency of pollutants.
copper
Microplastics with sizes of 50 to 500 um
[66] France Field study Detention basin Microplastics can be removed through a settling
process.
. . . Settling can remove regular-shaped
[87] USA Field study Stormwater ponds Microplastics . .
microplastics.
Flotation

Flotation involves the addition of air bubbles or defused air to stormwater to agglom-
erate the upward-floating fine particles into a foam or scum, which can be removed from
the top of the tank. Table 3 summaries separation technologies on floatation.

DAF effectively removes suspended solids, oils, and other contaminants by intro-
ducing microbubbles that will attach to the particles and cause them to float, due to the
difference in specific gravity to raise to the surface for removal [102,103]. The efficiency
of DAF systems in separating particles mainly depends on the size and distribution of
air bubbles [104]. Other flotation-based treatment devices have also performed well in
removing oils from stormwater. Velautham et al. (2022) found that a corrugated plate inter-
ceptor (CPI) is particularly effective at separating and removing oil from stormwater [105].
Tarnowski et al. (2018) conducted a lab experiment with a separator designed for biofuel,
achieving an impressive 99% removal rate [106]. Tang et al. (2018) examined certain types of
oil-grit separators (OGSs) and discovered they are highly efficient at removing oil and grit
from road stormwater runoff, indicating their effectiveness in managing urban stormwater
pollution [107]. The operation is more complex as it requires air injection and mixing, along
with precise control of the bubble size to sustain the high removal efficiency [103,105,107].
Table 3. Summary of flotation separation.

e Study .
Publication Regi Method Device Pollutant Remarks
egion
[105] Malaysia Field study CPI Oil-grit CPI can effectively separate and
remove oil from stormwater in airports.
[106] Poland Labor.atory Separa.t or lab Biofuel Device is able to remove 99% of biofuel.
experiment experiment
Laboratory . DAF can efficiently remove the
[103] usA experiment DAF Suspended solid suspended solids of the drainage.
[107] Canada Field study 0GSs Oil-grit Device is efficient in removing oil and grit
from road stormwater runoff.
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3.3.2. Size Separation

Size separation technologies can be divided into two sub-themes: filtration and screen-
ing. These will be further detailed herein.

Filtration

These results offer a thorough summary of the performance of infiltration and filtration
systems treating urban runoff as summarized in Table 4. Stormwater infiltration has
considerable potential to treat combined sewer overflows, as illustrated in a study by
Peter et al. (2007) [108]. Gevaert et al. (2012) emphasized the need to reduce the risk of
organic pollutant emissions to the environment and therefore improve river quality [109].
Microplastics are integrated into pavement materials and thus specific filtration systems, to
effectively control surface runoff and suspended particles [110,111].

Wetland systems play an important role in preventing the flow of nitrogenous and
biological contaminants, such as E. coli [112,113]. The potential of modifier and traditional
bioretention soil mixtures (BSMs) in bioretention media for nitrogen pollutant removal
has been demonstrated [114]. But they tend to raise the water table during recharge, and
this can damage underground infrastructure as well as generally disturb the urban water
cycle [115]. Additionally, retention soil filters can remove pharmaceutical pollutants from
combined sewer overflows [116].

Research on the efficacy of various filter media for contaminant removal from stormwa-
ter reveals diverse capacities. Filters incorporating hydrous ferric oxide have proven effec-
tive in capturing suspended particles and metals [117]. Ahmadi et al. (2018) demonstrated
that Al-Mg/graphene oxide filters can remove many organic pollutants, including pharma-
ceutical chemicals [118]. Filters constructed with various media have shown high removal
rates for metals such as lead, copper, cadmium, and zinc from stormwater [119,120]. Mur-
ray and Ormeci (2020) found that microplastics larger than 0.22 um could be effectively
removed using filters, although smaller particles may still elude filtration, suggesting
the need for improved filtration technologies [121]. Zhou (2024) reported that synthetic
loess-loaded silica gel filters can effectively remove nitrogen and phosphorus, including
ammonium and nitrate [122]. Ataguba and Brink (2022) compared different filter media
for oil and grease removal, identifying the granular activated carbon-rice husk (GAC-RH)
filter system as the most efficient, thereby underscoring the potential for cost-effective solu-
tions in hydrocarbon pollution control in stormwater treatment [123]. Regular maintenance
is required to replace the mixture, to maintain the performance in removing pollutants
from stormwater, which may potentially increase the operation cost [117,124,125].

Table 4. Summary of filtration separation.

Study

Publication . Method Device Pollutant Remarks
Region
Model Infiltration has potential in the
[108] Germany . . Stormwater infiltration Sewerage treatment of combined sewer
simulation
overflows.
Reducing pollutants released into
Di the environment is
[109] Germany . Mode.l Roac.i ayd dFamage (2-ethylhexyl) . cons1.dered a best practice in
simulation infiltration hthalate (DEHP) improving the river quality when
P compared with modification of the
infiltration process.
Using microplastics as .
[110] USA Field study pavement material Metal It can offer a solution to the

. A . pollution of surface runoff.
improving infiltration
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Table 4. Cont.

Publication If:;ﬂ)}; Method Device Pollutant Remarks
Pavement filtration
system: a
USA bituminous-pavement, .
[111] and Field study open-graded friction course Suspe.nded Dev1ce§ are able to .reduce the
Ttaly (BPFC) and an particles environmental impact.
aggregate-filled infiltration
trench
. . Wetlands help prevent
[112] USA Labor'atory Wetland Biological climate-related migration of E. coli
experiment pollutants
to the shore.
[113] South Laboratory Wetland Nitrogen Wetlands perform effectively in
Korea experiment & removing nitrogen pollutants.
All approaches meet the discharge
Suspended criteria for suspended solid and
183] New Model Wetland, bioretention, and Solids and zinc; however, they do not perform
Zealand simulation permeable pavement dissolved zinc and well in removing copper. Permeable
copper pavement can prevent 2/3 of the
pollutants from urban stormwater.
Bioretention basin recharge has the
Model potential to raise the water table,
[115] USA simulation Bioretention basin - which has negative impacts on the
underground infrastructure and
urban water cycle.
Bioretention media . L
. Laboratory comprised a mixture of Green zeolite, fly ash, Yerrmcuh"ce,
[114] China experiment modifiers and traditional Phosphorus and turfy perform well in removing
P BSM nitrogen pollutants.
Conventional and This is a low-energy, low-cost, and
[65] Australia Field study activated sludge (AS) Microplastics effective water treatment measure
lagoon system for removing MPs.
Retention soil filter is able to
[116] China Field study Retention soil filter Pharmaceutical remove pharmaceutlca}
pollutant concentrations from combined
sewer overflow.
e Nylon net has a better performance
[126] USA Labor.atory Filtration paper and Suspended particles in filtering particles smaller than
experiment nylon net P P &P
p y 20 pm than filtration paper.
[117] USA Laboratory Filter with media of Suspended particles Device is efficient in
experiment hydrous ferric oxide and metal removing metallic pollutants.
Filter with media Sediment, NO, SO, Device is efficient in
. Laboratory comprising a mixture of . .
[124] India experiment avel. coconut fiber, and suspended particles, removing pollutants and
P & ’ sand ! Mg2+, and Na+ being economic at the same time.
. Laborator Filter with media of Particle size of compost impacts the
[125] Australia y Metal (Zn) p p
experiment compost filtration efficiency.
Filter with media of plain
sand, granular activated MOCM performs best in
. . carbon, and cementitious Metal (Pb, Cu, Cd, removing metals from
(1] China Field study media to and Zn) stormwater runoff compared to
oxide-coated /admixture other media.
media (MOCM)
Filter with media of
granular activated
carbon, a mixture of
[120] German Field stud a%i?;i{:gigwgzis Metal (Cd, Cu, Ni, Most of the media are able to filter
y y P Pb, and Zn) Cu and Pb from stormwater.

concrete, granular activated
lignite, half-burnt dolomite,
and two granular ferric
hydroxides
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Table 4. Cont.

Publication If tu.d y Method Device Pollutant Remarks
egion
. . . Phosphate, copper Al-Mg/GO showed a good
[118] USA Field study Fﬂte;rﬁh ;nécd)la of (II), and Diclofenac performance in removing all three
& (DCF) pollutants.
Filter with media Oreanic
Laboratory comprising a mixture of gl Achieved removal
[127] Norway . de-icing -
experiment crushed clay and granular ; efficiency on DOC.
. chemicals
activated carbon
Filter with media of a
low-cost, granular activated
carbon-rice husk .
(GAC-RH) filter system, GACf}RH has t}fle .llnghSSt removal
Laboratory river gravel-granular etiaency oL ol and grease,
[123] USA . . Oil and grease followed by RH, GR-GA, and COT.
experiment activated carbon (GR-GAC) More i . -
! . ore improvement is required for
filter system, rice husk only future research
(RH) filter system, and the ‘
conventional PVC O&G
trap (COT)
. . . Filter is able to remove
Filter with media of . . .
. Laboratory - s Nitrogen and nitrogen and phosphorus and is
[122] China . synthetic loess-loaded silica .
experiment phosphorus more effective for the removal of
gel (CSG) . . .
ammonium and nitrate nitrogen.
Suspended particles Rapid filtration on sand
Laboratory Rapid filtration on sand P P ! filters can remove
[51] Poland . . hydrocarbon, and .
experiment filters . - hydrocarbon, nitrogen, and
biological pollutants
phosphorus.
0.22 um filter, Three treatments perform well in
Laboratory R . . . removing particles; however,
[121] Canada : centrifugation, and Microplastics ) .
experiment ballasted flocculation smaller particles might escape and
enter into the environment.
Screening
In stormwater screening, screen devices remove suspended solids by promoting the
settling of these solids to the device floor. Sedimentation is a basic mechanism for particle
capture used in many stormwater treatment systems that, although simple, provides cost-
effective particulate removal capacity. Solid removal can be considered screening and is
sometimes termed manual and mechanical [128]. It is often also referred to as the first step
of categorizing waste types and producing documentation for further analysis, and so it is
called classification. While exhaustive screening is the first step of separation treatment
systems, it does not typically serve as a standalone process. Table 5 illustrates the relatively
lower efficacy of devices employed with screening technology for the removal of <25 um
particles and E. coli from stormwater [64,129]. Hence, screening is often combined with
other separation processes, which will be described in following sections.
Table 5. Summary of screening separation.
. Study .
Publication Regi Method Device Pollutant Remarks
egion
Floatable Interceptor achieves a removal
. Oil impurities (leaves, efficiency of 70% for suspended solids;
[129] UK Field study interceptors oil) and total however, it is not able to separate particles
suspended solids smaller than 25 pm.
[64] USA Field study Lab E. coli Screening filtration is not able to reduce the

experiment

concentration of E. coli from lab tests.
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3.4. Combined Separation

As different separation technologies effectively treat specific pollutants, several studies
have explored the potential for integrating multiple separation processes into a single
system to address their limitations. Combining various technologies can efficiently remove
a broad range of pollutants, resulting in optimized stormwater treatment systems, as

illustrated in Table 6.

Table 6. Summary of combined separation.

Publication Stu'dy Method Types f)f Device Pollutant Remarks
Region Separation
Suspendedsods 5 il emovepended
[130] Australia Field study 8 CDS and dissolved ! P
screening species than the screen aperture, from
P stormwater.
[131] Australia Research Setthng.and CDS ) It can reduce several Pollutants from
study screening raw sewage at high rates.
It can efficiently remove suspended
Laborator Settling and Suspended solids, solids, Cr, Cu, Pb, Mn, and Fe from
[132] Australia arory 5 CDS metal, and stormwater; however, it does not
experiment screening . ! . .
nitrogen perform well in removing Ni, Zn, and
nitrogen.
. SPLITT fractionation is capable of
[133] USA Labor.atory Setthng.and SI?LITT Metal removing metallic pollutants smaller
experiment screening fractionation
than 50 pm.
PGI integrates a silt trap and biofilter.
It is able to achieve removal
[134] India Model Settling and PGI Suspended solids efficiencies for suspended solids and
- simulation filtration and nitrogen phosphorus from 50 to 90%. However,
it cannot replace the conventional
wastewater treatment plant.
MPPS consists of a floating mat
interceptor and settling tank. The
Model Settling and Oil and heav former is used to intercept oil and the
[135] UK . . 5 MPPS y latter is used for particle settling. It
simulation floating metal

shows a high removal efficiency of
hydrocarbon and heavy metal from
road runoff.

CDS has been demonstrated to remove suspended solids and fractions of particles
smaller than the screen aperture from stormwater [130]. This new technology expands
upon the more traditional HDVS systems by removing heavier particles such as sediments
and debris with centrifugal forces, allowing them to settle at the bottom. At the same
time, CDS is a coarse screening method for gross pollutant traps based on a non-blocking
screen with a swirl chamber. It has a unique design that allows it to function without
blocking flow, separating the solids and buoyant materials [131]. CDS systems operate at a
lower maintenance frequency than alternative technologies thanks to their self-cleaning
capabilities, resulting in minimized operational costs. They are well-integrated with existing
infrastructure and withstand flow variability, but offer greater flexibility to accommodate
different environmental conditions. Copper, lead, chromium, and manganese have been
efficiently removed using CDS, whereas it has shown less success with nickel, zinc, and
nitrogen [132].

SPLITT fractionation is another type of treatment system using combined screening
and settling processes, which has showed excellent ability in removing metallic pollutants
<50 pm [133]. Provisional Green Infrastructure (PGI) has been constructed with the pro-
vision of silt traps and biofilters, and those have critically achieved an efficient removal
rate for suspended solids and phosphorus, from 50 to 90%. However, they cannot substi-
tute conventional wastewater treatment plants [134]. PGI is proven to be complementary
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in pollution control, which emphasizes the need for a combination of technologies for
overall treatment. A Macro-pervious Pavement System (MPPS), containing a floating mat
interceptor for oil and a settling tank for particles, achieved a high removal efficiency of
hydrocarbons and heavy metals from road runoff, indicating the capability of MPPS to
sustainably manage the runoff quality in highly vehicle-traffic-affected urban regions [135].

3.5. Advantages of CDS Technology

There are many benefits of CDS technology as compared to hydrodynamic separators.
The most notable improvement is its higher pollutant removal efficiency. CDS systems
have a removal rate exceeding 80% for both coarse and fine particles, and thus they can
target the urban complexities of stormwater runoff effectively. In contrast to common
size-based separators, which are often challenged by fine sediments, CDS technology’s
controlled vortex flow improves the pollution capture rate and has the best overall system
performance [69].

From an operational angle, CDS systems are less challenging to introduce because of
their smaller footprint, facilitating their use within an existing stormwater management
framework. They can be easily installed in different environments, without the need to
make major changes to the existing infrastructure. This feature is beneficial for municipali-
ties because it enhances stormwater treatment capabilities without the need for substantial
capital investments [71]. Moreover, a lower risk of clogging due to a simple CDS design
translates into low maintenance and operational costs. Thus, owing to their high pollutant
removal and low operational hindrances, CDS technologies offer a more sustainable and ef-
ficient approach, especially since they can be effective under high-variance flow conditions
in which other technologies struggle [72].

Table 7 compares the basic features of conventional hydrodynamic separators, HDVS,
and CDS systems. These synergies and efficiencies associated with CDS technology il-
lustrate its operational advantages over the parallel screening and parsing approach of
traditional stormwater weir systems, and its superior overall results are also shown by
this analysis.

Table 7. Comparison of hydrodynamic separation technologies.

Attribute

HDS

HDVS

CDS

Pollutant removal efficiency

60-70% for coarse particles [90].

70-80% for fine particles [97].

Exceeding 80% for coarse and fine
particles [136].

Mechanism of
operation

Size and density-based separation
[119].

Vortex flow with size-based
separation [137].

Controlled vortex flow with
deflection plates [138].

Performance
under variable flow

Reduced efficiency at high flow
rates [139].

Improved performance, but may
still struggle [94].

Maintains high efficiency under
variable flow conditions [140].

Space Larger footprint needed for Compact design, space-saving Very compact, easily integrated into
requirements effective operation [119]. benefits [141]. existing systems [142].
Maintenance Moderate; potential for clogging Lower than traditional separators ~ Low; designed to minimize clogging
requirements [143]. [144]. and operational issues [145].

Initial investment cost

Typically lower initial costs [146].

Moderate investment needed for
installation [147].

Potentially higher, but cost-effective
over time due to efficiency and low
maintenance [148].

Integration with existing
systems

May require significant
modifications [149].

Can be retrofitted into some
systems [150].

Easily integrated with minimal
disruption [151].

Environmental impact

May not effectively address all
pollutants [152].

Good for fine sediment, but
limited in some scenarios [153].

Comprehensive approach,
effectively manages a wide range of
pollutants [154].
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The benefits of CDS technology make it the ideal selection for contemporary stormwa-
ter management. Combined, they make it a more sustainable and economical solution for
urban stormwater management.

3.6. Future Trends and Research Gaps

Continued research into advanced stormwater and wastewater treatment is needed
to process new classes of emerging contaminants that might adversely affect the environ-
ment, and to improve efficiency of existing systems. Below are some of the highlights for
future work.

The performance of separation systems is greatly influenced by seasonal changes.
For this reason, in small-scale systems driven by particle settling times, the efficiency
significantly decreases during winter. LID filtration designs have the least variation in
performance from summer to winter [155]. As a result, the use of soil bacteria to purify
nutrients from road-salt-laden stormwater in cold climates is being introduced in several
cities [60]. Moreover, the ability of treatment methods to perform can differ widely based
on both geography and season, with clearly limited universal applicability. In addition,
different land use types result in different pollutant characteristics and distributions, sug-
gesting that the most suitable treatment devices will also be different [50] and should be
selected to best fit the purpose. Balancing efficiency and cost will be crucial for optimizing
future applications.

Many studies use models for simulating the pollutant removal efficiency in their
design [156,157]. However, models may underestimate the measurements when predicting
pollutant concentrations [158], limiting their applicability in real-life situations. Similar
bias arises when using continuous simulation models (like the Storm Water Management
Model (SWMM)) with historical rainfall data, which may not simulate the full complexity
of all events [54]. Addressing these challenges will be an important focus in future research.
The fusion of data-driven models, especially machine learning, with more traditional
numerical models like computational fluid dynamics (CFD) can provide strong capabilities
for tackling these challenges [159].

Since all processes of separation are effective for some pollutants, there is a chance to
improve stormwater treatment by combining different technologies. Pairing CDS, MPPS,
and PGI with CFS within combined separation systems is effective in the treatment of
diverse pollutants such as suspended solids, metals, nitrogen, and oils. Nevertheless,
its potential in removing organic pollutants and biological contaminants can be further
enhanced [131,132,134,135]. Integrated systems may also offer a multi-barrier approach
to pollutant removal by linking mechanical, biological, and chemical processes in a single
system, which can enhance the overall treatment performance.

Another area that could be developed in further studies is advanced filter media to
target specific pollutants. Filtration of a wider pool of contaminants can be performed
efficiently with filters by utilizing their properties and modifications, based on the material
quality of filter media. Because of its low cost and environmental friendliness, biochar is
capable to be used as a filter medium [160-163]. New applications of biochar should be
investigated for potential use as a water retention or even filtration system [164-166].

In addition, both newly emerging as well as persistently occurring contaminants
such as microplastics and pharmaceuticals need further research [167,168]. Ultimately,
innovative solutions and non-targeted detection methods to reduce the impacts of these
pollutants in urban water systems are needed [169,170]. Studies over longer time frames
are necessary to understand both the environmental impacts of current treatment solutions
and the potential advantages that proposed innovations may provide. Research of this



Water 2025, 17, 498

17 of 24

kind can help reduce the environmental impact of water treatment plants and guarantee
urban sustainability.

By addressing these points, future work and investigation can fill the gaps present in
the existing knowledge base, allowing for more efficient and sustainable water management
solutions. Taking a whole-of-water-cycle approach will safeguard urban water quality and
limit the environmental consequences of stormwater and wastewater.

4. Conclusions

Effective stormwater management is essential in mitigating the increasing and pol-
luting stormwater runoff and urban flooding risks associated with growing urbanization.
This paper has reviewed recent HDS technologies for managing urban stormwater, high-
lighting the advantages of combined separation processes over single-technology strategies
in handling complex pollutants.

HDS had been discussed based on different treatment mechanisms. Filtration-based
stormwater separation techniques are most widely used, followed by settling, flotation,
and screening. Combined separation processes are found to be more efficient than single-
technology strategies in handling complex pollutant profiles. Novel systems like CDS,
SPLITT fractionation, PGI, and MPPS have successfully removed pollutants such as sus-
pended solids, hydrocarbons, and heavy metals from urban runoff. CDS also overcomes the
limitation on the maintenance and operation required in HDVS. Moving urban stormwater
management systems toward hybrid styles that combine aspects of physical separation
with NbS will be significant for developing countries seeking to meet SDGs and promote a
circular economy:.

Moreover, this paper has highlighted the vital gaps in our knowledge of stormwater
treatment, which must be well-explored. Traditional separation systems struggle in cold
climates due to seasonal changes. Biological treatment processes must include technologies
that can withstand the temperature changes they will undergo. Previous models have
followed the transport of materials in water, like metal contamination, but they can be
imperfect. While these models could be improved, accuracy is needed when using machine
learning with computer simulations. Current systems do well with solid waste but not so
much for organic and biological contaminants. Accordingly, the development and search
for combined mechanical, biological, and chemical treatment processes should be one of
the main steps taken. Machine learning could also provide better monitoring and controls
when integrating HDS systems.

Finally, the investigation of new filtration media like biochar may provide a low-cost
and sustainable alternative. It is essential to examine the efficacy of these materials against
a range of contaminants. The situation we face is being accelerated by a range of newly
relevant pollutants, such as microplastics and pharmaceuticals, among other environmental
pollutants, and it is a fresh challenge to detect and treat these pollutant families. While
biochar is potentially necessary for Blue-Green Infrastructure (BGI), additional work
is necessary on its ecological benefits, performance, and overall longevity. High-tech
solutions for stormwater management need to be affordable, flexible, and recoverable.
Understanding stormwater pollution is difficult, and research in these areas will be critical
to its effective management.
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