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Abstract

Constructed wetlands (CWs) are non-
conventional treatment methods that have con-
tinuously been developed into a secure wastew-
ater treatment technology for domestic,
agricultural and industrial wastewater as well
as for runoff and leachate waters. These
nature-based systems have some advantages in
comparison to conventional wastewater treat-
ment plants. Furthermore, CWs are of special
interestwhen it comes to the reduction of climate
change impacts. The main disadvantage of CWs
is the comparatively high surface requirement.
According to their properties, contaminants get
removed via several physical, chemical and
biological removal processes. Furthermore,
CWs perform sufficient removal of emerging
contaminants. CW types can be classified
according to the vegetation type and the flow
pattern within the wetland. In this paper, basic
methods and information about CW design are
given. Further, a substantial literature review on
CWsused for riverwater treatment is conducted.
Generally, satisfying removal efficiencies of
standard parameters and emerging contaminants

are reported, and many authors stated that water
quality could be improved with feasible use of
CW systems. Even though there is compara-
tively less maintenance required, the most
important management activities are assumed.
Finally, the case study of a pre-design FWS-CW
for river water treatment is briefly described.

Keywords

Ecological treatment � Emerging organic
contaminants � Natural and constructed
wetlands � Nutrient removal � Wetland types

10.1 Introduction

Sufficient wastewater treatment is important
when it comes to hygienic and environmental
aspects. Different systems were developed over
time to clean up polluted water. Other than the
conventional wastewater treatment methods,
non-conventional systems have also been set
up. A prominent example of non-conventional
wastewater treatment methods are constructed
wetlands (CWs). In comparison with conven-
tional wastewater treatment systems, CWs gen-
erally convince due to their little environmental
impact, strong adaptability [1], low sludge gen-
eration [2], and good self-purification capacity
[3]. In addition, they provide ecosystem services
and improve ecosystem health. As CWs are
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water treatment systems that require low-cost,
low-maintenance and low-energy, they are of
special interest for implementation in developing
countries and rural areas [4]. Moreover, CWs are
of special interest when it comes to the reduction
of climate change impacts [5]. Due to water
regulation, they are able to improve adaption to
extreme weather conditions such as local floods
and droughts [6], which are more likely to occur
with ongoing climate change [7]. When it comes
to floods, CWs function as water reservoirs and
buffers [8, 9]. In case of droughts, which may
lead to water shortage and thus affect water
supply and agricultural yields [10], CWs can
improve water security and access to water [6],
as they can provide water for non-potable pur-
poses such as irrigation. Reusing treated water
saves valuable drinking water [10]. Furthermore,
CWs capture carbon like natural wetlands, which
store the main part of global soil carbon due to
low decomposition rates in anaerobic soils [11,
12]. In the context of global warming, CWs have
a positive effect on local climate parameters such
as precipitation, temperature and humidity [13].
Vegetation in CWs perform evaporative land-
scape cooling [14], resulting into a decrease of
the overall temperature in CWs for about 2 °C
[15]. Many CWs have the ability to function as
temperature buffer [14]. However, in contrast to
conventional watewater treatment plants, CWs
require a comparatively high surface. A minor
disadvantage is that the choice of plant species is
geographically limited. Even though it can be
prevented by proper management, CWs may
support the breeding of disease producing
organisms and insects and may generate odours
[16]. Furthermore, adjustment of certain condi-
tions as oxygen concentrations is less precise
than in conventional treatment systems.

This paper provides an overview about natural
and constructed wetlands. Different ways of
pollutant removal in CWs are described with
particular focus on emerging contaminants. The
categorization of the different CW types is fur-
ther explained and the basic design parameters

are demonstrated. The various range of use for
CW systems is pointed out and highlights the
utilization of CWs for river water treatment.

10.2 Natural Wetlands

Globally, 12.1 million km2 are covered by inland
and coastal wetlands. Wetlands are defined as
“areas of land where water covers the soil”.
Almost 54% of the world’s wetlands are per-
manently flooded, while 46% are flooded sea-
sonally. The water covering wetlands can have
different properties such as static or flowing as
well as fresh, brackish or saline. The term natural
wetland includes rivers and streams, natural
lakes, peatlands, marshes and swamps for inland
wetlands, and estuaries, mangroves seagrass
beds, coral reefs, coastal lagoons, kelp forests,
coastal karst, and caves for coastal wetlands [11].
Wetlands are highly productive ecosystems that
stand out due to their combination of terrestrial
and aquatic habitats [17]. Therefore, they support
a wide range of biodiversity and are habitat for
water birds [17, 18]. Wetlands play a key role for
migratory species, as they are used as feeding,
breeding and stop-over grounds [17]. With a
view to growth of adapted plants and the devel-
opment of characteristic wetland soils are sup-
ported as a result of present water [19].
Typically, emergent aquatic vegetation such as
cattails, rushes and reeds can be found in wet-
lands [16]. Furthermore, wetlands play an
important role in the water cycle. Flows are
regulated, water is received, stored and released
[11], and groundwater gets recharged [17]. These
regulatory properties can help protecting against
extreme weather conditions such as floods and
droughts [17, 20]. Additionally, wetlands serve
many ecosystem services, which can be divided
into cultural, provisioning and regulating ser-
vices. Cultural services refer mainly to aestheti-
cal and recreational aspects [20], while
provisioning services enclose mainly resourcing
of food and energy. Regulating services are
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mainly provided in the sense of carbon seques-
tration, water purification and water regulation
[11].

10.3 Constructed Wetlands

Constructed wetlands are defined by EPA as
“engineered or constructed wetlands that utilize
natural processes involving wetland vegetation,
soils, and their associated microbial assemblages
to assist, at least partially, in treating an effluent
or other water source” [21]. The vegetation of
CWs is similar to the one of natural wetlands and
can be divided according to their growth beha-
viour referring to the water surface into the three
main categories of submerged, emergent and
floating plants (Fig. 10.1) [14]. Due to the ability
of controlling and adjusting hydraulic parameters
and conditions in a constructed wetland, the
positive qualities of natural wetlands can be
adopted and used in an effective way [16]. CWs
offer a secure and sustainable opportunity to treat
domestic, agricultural, and industrial wastewater
as well as runoff and river waters [2, 22].

10.3.1 Pollutant Removal by CWs

Contaminants get removed in CWs via several
physical, chemical and biological removal pro-
cesses according to their properties. Mechanisms

that contribute to the removal of pollutants are
microbial mediated processes, chemical net-
works, volatilization, sedimentation, sorption,
photo degradation, plant uptake, vertical diffu-
sion in soils and sediments, transpiration flux,
seasonal cycles and accretion [14]. On average,
wetlands can remove 60–95% of known pollu-
tants from industry and households [23].

Physical removal mechanisms include sedi-
mentation, filtration and adsorption, and take
place mainly when water passes through sub-
strate or root masses and in settings, where
gravitational settling can take place. Adsorption
occurs on substrate and plant surfaces [24], as
cited in [16]. Additionally, volatile organic
compounds like pesticides can be removed from
the water by volatilization [23, 25].

Precipitation and chemical decomposition are
the main processes of chemical removal. These
are the main processes responsible for removal of
nutrients as nitrogen and phosphorus as well as
removal of heavy metals and pathogens.
Decomposition happens as UV radiation, oxida-
tion and reduction [24], as cited in [16]. Aerobic
processes are supported by provision of oxygen
through the root-system of the plants [26].

Removal due to biological processes can be
categorized into bacterial and plant metabolism,
plant adsorption, predation and natural die-off
[25]. Plant metabolism and uptake removes
refractory organics. Bacteria and viruses may be
eliminated by toxic root excretions. Nutrients as

Fig. 10.1 Classification of
CW types according to flow
pattern within the wetland and
vegetation type [14]
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nitrogen and phosphorus as well as heavy metals
and refractory organics can be taken up by plants
[24], as cited in [16]. Predation mainly refers to
removal of total suspended solids and pathogens
[24, 25]. Removal due to natural die-off is only
relevant for pathogens [24], as cited in [16].
Nevertheless, bacterial metabolism is the main
factor, when it comes to removal of biodegrad-
able compounds such as colloidal solids, BOD5,
nitrogen and refractory organics in CWs [16, 27].

In case of emerging contaminants, such as
pesticides or pharmaceuticals, the removal effi-
ciency depends on different factors. Often there
is a various set of physical, chemical, and bio-
logical processes involved, which can be influ-
enced by the CW design and the selected
operational parameters [28]. Generally, oxygen
concentration is shown to be one of key factors,
since the best performance took place at of aer-
obic pathways [29]. According to Ding et al. [28]
and Kadlec and Wallace [14], possible removal
factors of antibiotics in livestock wastewater and
pesticides in CWs are adsorption to soil particles
and organic matter, sedimentation of particles,
photo degradation, plant uptake, and biodegra-
dation as well as physicochemical degradation.
Especially “old” pesticides, such as DDT, are
very persistent in the environment and partition
to a relevant amount to particulate matter. In this
case, CWs might rather act as a trap for the
particulate matter than provide any very effective
mechanisms for degradation. In contrast, modern
pesticides degrade faster, and studies have shown
that CWs generally reduce concentrations of
many of these compounds [14]. As mentioned
before, the CW design parameters have a con-
siderable influence on the removal of emerging
contaminants. For example, vegetation, primary
treatment, loading mode (e.g., batch mode) and
specific surface area (m2/Person Equivalent) play
an important role. However, a key parameter in
the removal of emerging pollutants in CWs is the
hydraulic retention time (HRT); the greater the
HRT, the higher the removal efficiencies for most
of the selected compounds. The HRT has espe-
cially an influence on the removal rate of
hydrophobic compounds such as hormones [28].

The most relevant removal factors can be
differentiated between the different types of
emerging contaminants. Non-steroidal anti-
inflammatory drugs (NSAID) such as Ibuprofen
and Diclofenac, which are the most common
drugs used in humans, are negatively charged at
environmental pH. Due to that, the process of
sorption was found to be negligible. Instead, their
removal in CWs can mainly be explained by
biodegradation next to photo degradation. Con-
sequentially, oxygen is a key parameter affecting
the removal rates next to water depth. For lipid
regulator drugs and anti-epileptic agents such as
Carbamazepine and Clofibric acid, HRT has the
greatest influence on removal efficiencies [29].
Masi et al. [30] found up to 100% removal rates
of oestrogens in hybrid systems. Removal
mechanisms for these compounds in CWs are
mainly associated with sorption by organic mat-
ter due to its high hydrophobicity, next to biofilm
interaction [29, 30]. According to Matamoros
and Bayona [29], removal of oestrogen could be
improved by an increase in HRT, since it might
increase the interaction time.

10.3.2 CW Types

The different CW types are divided into surface
and subsurface flow CWs [22]. Surface flow
CWs can further be grouped due to the vegeta-
tion type, while subsurface flow CWs can addi-
tionally be classified according to the flow
direction into horizontal and vertical subsurface
flow CWs (Fig. 10.1). These CW types can be
joined with each other in hybrid systems in order
to combine the particular advantages of each CW
type [31]. In few cases, floating treatment wet-
lands are used [32].

10.3.2.1 Free Water Surface CWs
Free water surface CWs (FWS-CWs) are defined
as “wetland systems, where the water surface is
exposed” [33]. Typically, FWS-CWs are per-
formed as shallow basins or channels with veg-
etated soil [16, 25]. Implementation for treatment
of river water or channels can be operated as off-
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stream or on-stream system. Subsurface barriers
like silty soils prevent seepage and keep water
above the soil [6, 16]. The water to be treated
flows in a horizontal pattern through the vege-
tation and top soil from an inlet to an outlet point
(Fig. 10.2) [6, 25]. In very few cases, there is no
effluent due to evapotranspiration and infiltration
within the wetland [25]. Short circuiting is min-
imized by the shallow water depth, low flow
velocity and the presence of plants [16]. FWS-
CWs display the CW type that mimics the
hydrologic regime of natural wetlands the most
[25]. As this treatment system has its highest
efficiency during warmer periods [23], FWS-
CWs fit best for warm climates [31].

FWS-CWs are distinguished by their process
stability and ability to tolerate fluctuating water
levels and nutrient loads. They perform effective
treatment with e.g., high reduction of BOD5 and
solids and moderate removal of pathogens [31].
Due to the passive treatment, mechanical and
technical equipment as well as energy and skilled
operator needs can be minimized [33]. Besides,
the use of chemicals like coagulants is not nee-
ded. Additionally, FWS-CWs can be built with
local materials [31] and are less expensive to
construct than other CW types. Another advan-
tage is that this wetland technology produces
only small quantities of sludge [33]. Therefore,
sludge treatment and disposal is not necessary.
Furthermore, FWS-CWs stand out due to their
possible multiple purpose use. FWS-CWs are
flora and fauna habitats. Besides, they can be

used as a park and for educational, aesthetical as
well as for recreational purposes. Next to that the
effluent might be reused e.g., for irrigation [25].

But, land requirements are high for FWS-
CWs [25]. Therefore, this CW type is most cost
effective in regions, where suitable areas are
available for reasonable prices [33]. Next to that,
starting time for FWS-CWs is long before they
operate at full capacity. The created wetland area
may promote mosquito breeding [31], and faecal
coliforms are introduced into the area by birds
and other wildlife. In contrast to renewable
removal of biodegradable contaminants, pollu-
tants like phosphorus and metals are bound in the
wetland sediments and accumulate over time
[33].

10.3.2.2 Horizontal Subsurface Flow
CWs

A horizontal subsurface flow CW (HSSF-CW)
consists of a filter bed, filled with gravel, sand or
soil, and is planted with wetland vegetation
(Fig. 10.3). From the inlet point, the water to be
treated flows horizontally beneath the surface of
the bed media passing plant roots and rhizomes
to the outlet point [14]. This subsurface flow
avoids mosquito problems as they might be
found in FWS-CWs [7]. Furthermore, the risk of
human or animal exposure to pathogenic organ-
isms is minimized [14]. As the porous filter
medium provides a greater contact surface for
treatment processes, HSSF-CWs require less land
compared to FWS-CWs [31].

Fig. 10.2 Cross section of a free water surface constructed wetland planted with reed [34]
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10.3.2.3 Vertical Subsurface Flow CWs
Vertical subsurface flow constructed Wetlands
(VSSF-CWs) are typically sand or gravel beds,
planted with wetland vegetation (Fig. 10.4) [14].
The water to be treated is intermittently applied
across the surface of the filter medium and then
percolates vertically through the root zone of the
plants towards a drainage system at the bottom
[35]. Due to the intermittently loading, the flow
in VSSF-CWs is unsaturated, which leads to
higher oxygen transfer to the filter medium
compared to HSSF-CWs [32]. This set up results
into smaller area requirement but higher con-
struction and operation costs. VSSF-CWs start
running quickly and operate better than FWS-
CWs under cold weather conditions [36].

10.3.3 Constructed Wetlands Design

Before starting a calculation for CW design, the
following general information should be deter-
mined according to Kadlec and Wallace [14]:

• inlet concentrations and flows,
• target concentrations (regulatory limits and

allowable exceedance factors),
• allowable inflow and seepage rates,
• rain, evapotranspiration and temperature ran-

ges for the project site,
• wetland type (FWS or SSF).

The specific input data necessary for the cal-
culative step of the CW design is shown in
Table 10.1. The presented values are

Fig. 10.3 Cross section of a horizontal subsurface flow constructed wetland planted with reed [34]

Fig. 10.4 Cross section of a vertical subsurface flow constructed wetland planted with reed [34]
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differentiated between suggested literature values
and site-specific values.

The required area for the wetland system can
be calculated in two ways. One option is to
identify the area according to the maximum
BOD5 loading rate (see Table 10.1). To do so,
the BOD5 load of the influent needs to be put in
relation to the maximum BOD5 loading rate
receiving the minimum CW area required for
water treatment:

ACW ¼ BBOD5; in

BBOD5;max

where:

ACW minimum CW area ha½ �
BBOD5; in BOD5 load of influent kg=d½ �
BBOD5;max maximum BOD5 loading rate kg=ðha � d½ Þ�

According to EPA [37], a safety factor should
be applied for buffers and setbacks. Conse-
quently, the resulting area is calculated by mul-
tiplication of the determined CW area with the
safety factor.

In an additional step, the corresponding
hydraulic parameters should be calculated in
order to match them with suggested hydraulic
parameters given in the literature. To do so, the
hydraulic residence time (HRT), (Eq. 10.1), and

the hydraulic loading rate (HLR), (Eq. 10.2)
should be determined for the resulting area
according to the following formulas [14]:

HRT ¼ ACW;s � e � h
Qin

ð10:1Þ

where:

HRT hydraulic residence time [d]
ACW;s CW area including safety factor [m2]
e porosity [−]
h water depth [m]
Qin daily inflow [m3/d]

HLR ¼ Qin

ACW;s
ð10:2Þ

where:

HLR hydraulic loading rate [m3/(ha * d)]
Qin daily inflow [m3/d]
ACW;s CW area including safety factor [ha]

Alternatively, the area can be conducted
according to the hydraulic loading rate e.g., in
cases when the hydraulic parameters do not
match with literature values after CW design
according to BOD5 loading rate. To do so, an
HLR suggested in the literature can be applied.

Table 10.1 Summary of
the required input data for
CW design (suggested
literature values and
necessary site-specific
values). The site-specific
values need to be measured
on site

Unit Value Source

Literature values

Depth m 0.75 [37]

Porosity – 0.65 [37]

Max. BOD5 loading kg/(ha * d) 80 [38–40]

Area safety factor – 1.3 [37]

Max. HLR* (FWS-CW) L/(m2* d) 100 [25, 40–42]

Max. HLR* (VSSF-CW) L/(m2* d) 200 [7]

Basin geometry (aspect ratio) – 1:4 [23, 37]

Site-specific values

Inflow m3/d Must determined

Inlet BOD5 concentration mg/L Must determined

Inlet BOD5 load kg/d Must determined
* HLR: Hydraulic loading rate
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Afterwards, the safety factor according to EPA
[37] should be applied with reference to the
minimum CW area (Eq. 10.3).

ACW ¼ 1
HLR

� Qin ð10:3Þ

where:

ACW minimum CW area [ha]
Qin daily inflow [m3/d]

Depending on the inlet water quality, a pre-
treatment might be considered. The given cal-
culations refer to the design of a single reactor.
For better treatment performance, the “sequential
model” approach should be used considering
three different zones. Furthermore, when con-
ducting the CW design more detailed, attention
should be paid to implementation of the system
in multiple parallel trains. In the best case, it
should consist of three parallel trains in order to
have the possibility to remove any single zone of
one train from service and transfer its inflow to
the same zone kind of a parallel train [37].

10.3.4 CWs for Wastewater
and Leachate Treatment

Nowadays, CWs for municipal wastewater
treatment are most often restricted to small
communities due to their high land area
requirements. Nevertheless, they provide a
nature-based solution for wastewater treatment
and are often used as “polishing” step after
wastewater treatment in a conventional treatment
plant. Generally, a pre-treatment with conven-
tional processes is advised in order to avoid
potential solids or oxygen demand overload.
However, CWs may be used to perform all the
functions of secondary treatment and higher [14].

CW systems might also be used for the
treatment of industrial wastewater. Especially
industries that produce wastewater, which is high
in biodegradable organic and nitrogen content,
such as potato, wine, olive oil, sugar, starch,

alcohol, and meat processing industries, are
potential users of CWs [14].

Using sanitary landfills for solid waste dis-
posal entailsx the treatment and disposal of liquid
leachates. Modern landfills are lined and thus
enable the collection of leachate. The collected
water can differ widely in chemical composition
due to the various natures of solid waste, age
differences as well as differences in decomposi-
tion and taken place reactions within the landfill
[14]. However, studies have shown sufficient
removal efficiencies of leachates with the help of
CW systems [43].

10.3.5 CWs for River Water
Treatment

CWs offer a secure and sustainable opportunity
to treat raw domestic, agricultural and industrial
wastewater. Next to that, they are used for
effluent polishing as well as for treatment of
runoff and river waters [2, 22]. A literature
review on CWs used for river water treatment
was conducted (Table 10.2). It revealed that
mainly the free water surface type or hybrid
systems are used. However, also horizontal
subsurface flow CWs as well as vertical subsur-
face flow CWs were applied. Generally, satisfy-
ing removal efficiencies of standard parameters
were reported, and many authors stated that the
river water quality could be improved with fea-
sible use of a CW system. Next to that, Zheng
et al. [44] reached removal rates of approx. 20%
for four phthalic acid esters (PAEs).

In CWs used for treatment of river water, free
floating, emergent as well as submerged plants
have been used. Phragmites australis and Typha
latifoliawere used most often [44–53]. In addition,
Typha spp., Typha orientalis, Phragmites com-
munis, Sparganium erectum, Juncus effuses, Carex
elata, Chrysopogon, Lythrum salicaria L., Iris
pseudacorus L., Salix integra and Dactylis glom-
erata were utilized in some of the studies. Planting
densities differ from less than 5% of surface cov-
erage [54] up to 90% surface coverage [55].
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10.3.6 Wetland Operation,
Maintenance
and Management

One advantage of CW systems is that there is
generally only infrequent operational control or
maintenance required due to their design and
construction. However, there are some activities
that should be executed daily, such as the mon-
itoring and adjustment of flows, water levels,
inflow and outflow water quality, and biological
parameters [14].

Especially for FWS-CWs, skilled operator
needs can be minimized, since the systems
experience minimal ecological changes due to
the conservative design, passive treatment and
simple mechanical controls [14, 33]. In contrast,
maintenance of HSSF-CWs and VSSF-CWs is
more problematic, since HSSF-CWs require
regular bed maintenance throughout the lifetime
of the system, and VSSF-CWs depend on
loading-and-resting regimes to maintain hydrau-
lic conductivity, unless lightly loaded. Opera-
tions and maintenance activities that need to be
conducted less frequently are, e.g., the repair of
pumps and water control structures, vegetation
management, pest control and removal of accu-
mulated mineral solids.

To enable maintenance, CWs require access
facilities such as dikes and berms, which need
maintenance and mowed [14].

10.4 Case Study “Oued Hamdoun”
River

In many countries, rivers are the main sources of
pollutant transport to the sea. On the one hand,
this is a serious threat to the river and marine
ecosystem. On the other hand, it might be a
concern for public health and tourism develop-
ment, in case the sea discharge is located close to
beaches, as it is the case at the Hamdoun River.
The Hamdoun River is located on the east coast
of central Tunisia at the Gulf of Hammamet and
in the south of the City of Sousse. The river
water quality is affected by the discharge of five
wastewater treatment plants, industrial

wastewater, untreated wastewater, surface runoff
and illegal disposed wastes along river side.
During summer months, more than half of the
river discharge has its origin in the discharge of
the wastewater treatment plants [60]. Because of
polluted river water, the beaches near the river
mouth had to be closed for bathing in several
years resulting into serious economic constraints
[61]. A case study was carried out to pre-design a
FWS-CW in order to clean up the river water.
Since the estimated calculated hydrograph of
Hamdoun River shows clear fluctuation over the
year, the 85% percentile value of 375,645 m3/d
was used according to ATV-DVWK [62] in
analogy to the design of conventional WWTPs.
Additional positive effects could be the possible
reuse of the effluent water for irrigation and the
establishment of a green area, which could also
be used for educational purposes [63].

10.5 Conclusions

Because of their wide range of applications,
constructed wetlands are very suitable for
wastewater, river water and leachate treatment.
They are also cost-effective and require hardly
any energy. They show sufficient removal rates
for standard pollution parameter as well as for
emerging contaminants. Furthermore, in com-
parison with conventional wastewater treatment
plants their little environmental impact, strong
adaptability, low sludge generation and good
self-purification capacity can be highlighted. In
addition, CWs require low maintenance with
generally mostly infrequent operational control
requirements. One major disadvantage is the
need for comparatively large land surfaces. The
utilized vegetation in CWs is similar to the one of
natural wetlands. Generally, pollutants get
removed via several physical, chemical, and
biological removal processes during their pas-
sage through the CW system. With regard to the
removal of newly emerging pollutants, the oxy-
gen input and thus the oxygen concentration is
often a limiting factor.

CWs are often divided into different types
according to their flow characteristics and can be
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combined to form so-called hybrid systems.
FWS-CWs are characterised by their process
stability and ability to tolerate fluctuating water
levels and nutrient loads. This also leads to the
fact that for FWS-CWs less maintenance is
needed. But, FWS-CWs require more land. CWs
that are used for sufficient river water treatment
can be found frequently in China. Here, mostly
FWS and hybrid systems are applied.
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