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ABSTRACT

Constructed wetlands (CWs) are artificially engineered ecosystems designed and developed to manip-
ulate the biological processes within a semi-controlled natural environment. CWs were beneficial for
having uncomplicated operation and maintenance activities, providing a wildlife habitat in urban
and suburban areas and an aesthetic value within the local environment. However, there were current
limitations on the CWs operations such as few design guidelines, limited performance results regard-
ing the pollutant attenuation and the absence of long-term comprehensive mass balance analysis. The
objective of this research was to analyze the reduction performance of various CWs with regard to the
respective monitoring data and develop the necessary design guidelines based on the similar trends
analyzed from the mentioned CWs. The formulated design guideline would be suitable for CWs treat-
ing various wastewaters. In order to develop the design guideline, various CWs in Korea and other
countries were investigated with respect to three scenarios namely site survey, water quality and eco-
system monitoring and performance reports. Based on the results, using the CW design characteristics
(i.e., surface area, catchment area, etc.) and pollutant reduction capabilities (i.e., pollutant removal
efficiency, HRT, vegetation coverage, etc.) the derivation of the formula needed to calculate the appro-
priate CW size, forebay size, vegetation coverage was developed. For the cost-effectiveness of the CW,
the economic feasibility of the investigated CWs was evaluated with respect to the CW formation costs
and was compared with the particulate removal efficiency.
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1. Introduction

Constructed wetlands (CWs) are artificially engineered
ecosystems designed and constructed to manipulate biolog-
ical processes within a semi-controlled natural environment
[1-3]. Particularly, CWs facilitated a number of abiotic and
biotic processes integral to wetland vegetation ecology, soil,
and associated microbial assemblages assist in contaminant
removal [4]. CWs were also known as treatment wetlands
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bridge the gap between hard engineering and natural science
considering ecological technologies [5].

In Germany, the possibility of wastewater treatment
through wetland plants was studied in 1950s while the root
zone method was created in 1960s [2]. Researches about CWs
have evolved from the treatment of municipal, industrial,
greywater and stormwater runoff to more ecological and
environmental applications including habitat restoration for
native and migratory wildlife, land reclamation following
mining, refineries, and mitigation succeeding ecological
disturbances, such as wetland loss due to land development
projects [4,6].
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CWs have been accepted as an attractive and economical
alternative to a variety of pollution controls, including
domestic wastewater [7], agricultural wastewater [8],
industrial wastewater [9], urban runoff water [10] and
acid mine drainage [11]. Furthermore, CWs have received
increasing attention and popularity from international
scientists and engineers due to the economic and ecological
benefits of these wetlands. First, compared with conventional
energy-intensive treatment technologies (physical-chemical—
biological treatments), CWs have been shown as an attractive
and stable alternative due to low costs and energy savings
[12]. Second, CWs provide potentially valuable wildlife
habitat in urban and suburban areas [13], as well as an
aesthetic value within the local natural environment. Finally,
CWs can be beneficial in small to medium sized towns due
to easy operation and maintenance, providing a useful
complement to traditional sewage systems, which are used
predominantly in large cities [6].

Available design guidelines and methods at present were
mostly based on empirical rules of thumb and simple first-
order decay models [3]. However, the CW is considered to
be a complex bioreactor. A number of physical, chemical and
biological processes with microbial communities, emergent
plants, soil and sediments accumulated in the lower layer
take place in the systems. There are still many unknown parts
related to CWs performance, diverse driving operations [14].

Furthermore, little design guidance for CWs is currently
available, and there is an absence of comprehensive long-
term mass balance data on existing systems. Nevertheless,
there is a growing body of limited-scope performance data
on individually constructed wetlands, from which general
inferences regarding the pollutant attenuation capabilities
of these systems may be drawn [15]. And little information
has been presented to confirm their adequacy for attaining
desired pollutant removals.

Therefore, the objective of this paper is to analyze the
available information of the performance of CWs such as site
survey, monitoring and literature reviews which have been
used in treating various influent and in identifying cost-
effective design criteria of a forebay and plant coverage rate.

2. Materials and methods

To prepare the CW design and maintenances guideline,
literature study about the installation status, efficiency, and
operation and management were conducted in addition to the
site survey performed at 13 CWs in Korea and 40 CWs in other
countries. The literature studied CWs included 38 free-water
surface (FWS) CWs, 9 horizontal subsurface flow, 5 hybrid
CWs and 1 vertical flow CWs as shown in Table 1. The literature
study was performed with respect to the CW type, catchment
area, CW area, pollutant reduction efficiency, forebay charac-
teristics, vegetation status and coverage, and residual time.

3. Results and discussion
3.1. Cost-effective design criteria of wetland size

To maintain cost-effective multiple functions of a CW,
appropriate CW size, appropriate forebay size and appropri-
ate vegetation coverage should be taken into account during
the CW design. On the basis of the monitoring results and

the literature study, this section provides guidelines with
respect to CW size depending on pollutant removal effi-
ciency, method of calculating forebay size according to total
suspended solids (TSS) removal efficiency, appropriate veg-
etation coverage depending on nutrient removal efficiency,
and the relationship between removal efficiency and instal-
lation cost.

Generally recommended CW size is 2%—4% of the
catchment area [39]. However, determining the CW size
and block without considering the land use and influent
characteristics makes CW formation difficult due to the
space limit and causes problems such as decreased efficiency
and difficult base flow securing and maintenance. For
example, CWs which treat high concentration nutrients
from agricultural and livestock regions may have a larger
CW size to secure sufficient hydraulic retention time (HRT).
In urban areas, on the other hand, CWs are established for
stormwater runoff treatment mostly on a small scale due
to the intermittent inflow and the limited available space.
Therefore, a CW may be over-designed in an urban area, if a
uniform CW size design rule is applied. Hence, the CW size
should be flexibly determined by considering the land use
and the influent pollutant removal efficiency. In this study,
we propose a novel method of estimating an appropriate CW
size by calculating the ratio of the service area to catchment
area (SA/CA ratio) of a CW according to the pollutant
removal efficiency, as shown in Fig. 1. The CW SA/CA ratio
was estimated by considering removal efficiencies of total
suspended solids (TSS), biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total nitrogen (TN) and total
phosphorus (TP). This resulted to relatively small R? value for
TN and TP removal efficiencies. This is because the TN and TP
removal efficiency is affected by various factors relating to the
nutrient removal mechanism such as plants, microorganisms
and physicochemical mechanisms [15,18,59-61]. Eq. (1) can be
used to determine the surface area of the wetland with data of
catchment area and removal efficiency of pollutants as follows:

SA/CA (%) = a In(RE) + B 1)

where a, 3 = constant; i = pollutant parameters such as
TSS, BOD, COD, TN and TP; RE, = removal efficiency of
pollutant i (%).

Characteristics of influent should be considered import-
ant in a CW size design. As based on the target pollutants,
the wetland size can be determined using Eq. (1) and Fig. 2.
Table 2 shows the characteristics of influence according to the
catchment land uses. A CW size needs to be designed by con-
sidering COD and TN in agricultural and livestock regions,
while TSS should be considered in an urban region. When
COD and TN are supposed to be reduced by an amount of
50% in agricultural and livestock regions, a CW size having
an SA/CAratio of 1.6%—1.7% is appropriate. When TSS is sup-
posed to be removed by about 50%-60% in an urban area, a
CW size having an SA/CA ratio of 1.4%-1.6% is appropriate.

Type of CW should be decided by considering the charac-
teristics of the catchment and influent. Appropriate CW size
according to CW types should be also determined by con-
sidering the water quality goal of the influent. The CW size
calculation formula presented above is a formula suggested
without considering CW types. In this section, we propose a
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Table 1

Current status of literature-surveyed CWs

References Location Type SA (m?) CA (m?) SA/CA (%)
[16] us FWS 2,400 6,400 37.5
[17,18] us FWS 260,000 22,600,000 1.15
[19] us FWS 700 29,000 241
[20] us FWS 2,400 393,000 0.61
[21] us FWS 95,100 NA NA
[22] Taiwan FWS 23,000 10,300,000 0.22
[23] Spain FWS 64,802 NA NA
[24] us FWS 121,000 40,500,000 0.3
[25] us FWS 48 2,000 24
[26] us FWS 3,600 130,700 2.75
[26] us FWS 500 23,700 211
[27] us FWS 1,300 64,000 2.03
[27] us FWS 864 105,000 0.82
[28] us FWS 47,176 NA NA
[28] us FWS 18,218 NA NA
[29] us FWS 1,019,807 NA NA
[30] S. Korea FWS 52 3,200 1.61
[31] Finland FWS 6,000 120,000 5
[31] Finland FWS 4,800 900,000 0.53
[32,33] S. Korea FWS 4,492 110,000 4.08
[34] us FWS 52,400 2,130,000 2.46
[35] us FWS 129,499 11,978,695 1.08
[36] S. Korea FWS 4,181 103,800 4.03
[36,37] S. Korea FWS 5,010 220,200 2.28
[38] S. Korea FWS 12,705 2,210,000 0.57
[38] S. Korea FWS 3,282 4,650,000 0.07
[38] S. Korea FWS 2,491 750,000 0.33
[39] S. Korea FWS 3,491 640,000 0.55
[40] us FWS 61,000 2,600,000 2.35
[41] us FWS 1,250 162,000 0.77
[42] us FWS 450 900,000 0.05
[43] us FWS 660 10,000 6.6
[44] us FWS 1,416 25,495 5.56
[45] Greece FWS 57 2,750 2.06
[45] Greece FWS 57 2,750 2.06
[46] Taiwan FWS 154,976 NA NA
[47] us FWS 14,200 2,230,000 0.64
[48,49] us FWS 25,000 380,000 6.58
[50] S. Korea HSSF 7 460 1.52
[51] S. Korea HSSF 7 600 1.08
[30] S. Korea HSSF 24 950 2.54
[30] S. Korea HSSF 97 3,600 2.7
[45] Greece HSSF 56 2,750 2.03
[45] Greece HSSF 56 2,750 2.03
[52] Czech HSSF 5,000 281,400 1.78
[52] Czech HSSF 806 20,381 3.95
[53] China HSSF 7,400 NA NA
[54] Spain Hybrid 890 NA NA
[55] us Hybrid 214,000 4,330,000 4.94
[51] S. Korea Hybrid 32 1,298 2.44
[56] Estonia Hybrid NA NA NA
[57] China Hybrid 134 NA NA
[58] Greece VF 31 NA NA
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Fig. 1. Removal efficiency of each pollutant depending on the CW SA/CA ratio.
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Fig. 2. Pollutant removal efficiency depending on the SA/CA ratio in FWS CW.

formula for calculating appropriate SA/CA ratio for each CW
type. As shown in Figs. 2 and 3, the CW size and CW pollutant
removal efficiency are proportionally related to each other.
Through this approach, the formula to calculate an appro-
priate CW size with respect to the target influent pollutant

removal efficiency is decided during CW design for an FWS
CW and other CWs (HSSF, VF and hybrid). For example, when
the target TSS removal efficiency is 60%, the SA/CA ratio in
FWS is 1.5% and 0.75% in other types of CW. This indicated
that other CWs such as HSSF were more effective than an
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Table 2
Pollutant concentration according to catchment land uses (mean + SD)
Parameter No. of data  Unit TSS BOD COD TN TP References
Agricultural 15 mg/L 20+13 43+18 17+59 45+19 05+04 [62]
Livestock 16 mg/L  62+26 69+37 138+61 146+47 55+21 [63]
Urban® 45 mg/L 76 £95 17 £10 33+17 43+28 08+04 [64]
Mix (forest [73%], agricultural [25%], 14 mg/L  40+33 6.7+1.7 15+3 82+0.7 12+03 [65]
urban [2%])
*Event mean concentration for urban area.
O TSS ¢ BOD < COD m TN N TP
—TSS  ----- BOD ---COD —--TN e TP
5.0
4.5 +
4.0 -+
35 4
% 3.0 -+ | current design standards oo m
51 25 4 S
& 20
1.5 4 A
w047
0.5 +
0.0 T T T T T T T T T
o] 10 20 30 40 50 60 70 80 920 100
Removal efficiency (%)
Constant TSS BOD COD TN TP
a 3.5918 1.7029 1.4135 1.6291 1.5738
p -13.959 -5.2413 -3.8969 -4.6963 -4.4309
R 0.58 0.64 0.55 0.77 0.87

Fig. 3. Pollutant removal efficiency depending on the SA/CA ratio in HSSF/VF/hybrid CWs.

FWS CW in removing TSS. With respect to nitrogen, when the
target removal efficiency is 60%, the SA/CA ratio is 1.85% in
an FWS CW and 2.0% in other CW types, indicating that an
FWS CW is more effective in nitrogen removal.

3.2. Cost-effective design criteria of forebay size

Generally, the suggested capacity of a CW forebay is more
than 10% of water quality treatment volume and the maxi-
mum water depth range is 1.0-2.0 m [39]. However, such uni-
form standards have been suggested without considering the
removal efficiency of particulate matter contained in influent,
and thus may cause over-design or under-design of a forebay
size. Since a forebay is formed to settle and remove settable
particulate matter included in the influent, the forebay size
should be determined by considering the particulate matter
removal efficiency. Fig. 4 shows the relationship between the
forebay size and the TSS removal efficiency and the relation-
ship between the forebay HRT and the forebay TSS removal
efficiency. The TSS removal efficiency (TSS./TSS,) and the
forebay size (SA/SA,) show that the TSS removal efficiency

is increased as the forebay surface area is increased. In addi-
tion, as the forebay TSS removal efficiency is increased, the
forebay HRT is drastically increased. Therefore, in the design
of a forebay, the forebay surface area and the HRT should be
estimated by considering the target TSS removal efficiency.
For example, if the target TSS removal efficiency in a forebay
is only 30% of the entire TSS removal efficiency, the surface
area of the forebay should be about 12% of the entire CW area
and the forebay HRT should be about 4 h. Therefore, appro-
priate forebay size and HRT may be estimated by using such
empirical models shown in Egs. (2) and (3):

RE TSS;.
564
RE TSS;

% o\ 12
SA ( A) =8.1602 exp

T

)

HRT, (h) = 1.0346 exp™"“(* ) 3)

where SA_ = surface area of the forebay (m?); SA_ = total sur-
face area of the CW (m?); RE TSS, = TSS removal efficiency
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Fig. 4. Relationship of TSS removal efficiency with forebay size
and HRT. (a) Relationship between forebay size and TSS removal
efficiency and (b) relationship between forebay HRT and forebay
TSS removal efficiency.

in the forebay (%); RE TSS, = TSS removal efficiency in the
CW (%); HRT, = hydraulic retention time in the forebay (h).
Fig. 5 shows the contour models for the calculation of
appropriate forebay size according to CW types using the
SA/CA ratio, SA/SA ratio and TSS removal efficiency. The
R? value was 0.9 or higher, indicating high correlation. When
the target TSS removal efficiency in an entire CW is 80% or
higher, the SA/CA ratio range is 1.0%-3.2% and the ratio of
2.0%-43.0% in an FWS CW, while there are 1.2%-5.9% and
4.0%—-25.0% in an HSSF/hybrid CW, respectively.

3.3. Cost-effective design criteria of vegetation coverage rate

Vegetation coverage is considered to be a key factor
controlling nitrogen removal in wetlands [23]. The SA/CA and
vegetation coverage showed low correlations. However, the
correlation between vegetation coverage and pollutant removal
efficiency was separately examined and showed that the
correlation was high (R?> 0.6) as presented in Fig. 6. Therefore,
appropriate vegetation coverage for effective nutrient removal
efficiency may be calculated by using the correlation with the
nutrient removal efficiency (Egs. (4) and (5)):

VC(%) = 6.2057 exp”™* () (4)

VC(%) =3.3014 exp™™ (") )

where VC = Vegetation (or plant) coverage (%); RE, = TN
removal efficiency (%); RE, = TP removal efficiency (%).
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Fig. 6. Calculation of vegetation coverage according to nutrient
removal efficiency.

For example, when a CW is designed with a nutrient
removal efficiency goal of about 60%-70%, an appropriate
range of vegetation coverage is about 30%—40%.
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4. Conclusions and recommendations

Recently, CWs for various purposes are designed and
maintained to recover damaged water circulation and
expand the ecological system in response to the changes in
climate and watersheds. However, overemphasizing a spe-
cific purpose made the CWs fail in accomplishing their basic
purpose of being efficient and ecology wise. This is due to
the failure of harmoniously connecting the integrated func-
tions of a CW. Hence, to accomplish the original purposes
of a CW decided at the time of CW design, it is necessary to
prepare a guideline for the design and maintenance. To pre-
pare a CW design guideline, this study investigated 53 CWs
through literature. On the basis of the results, we prepared
an appropriate method of CW formation and a guideline for
CW design.

Design of a CW requires detailed standards for cost-
effectiveness with respect to important design factors. In
other words, it is necessary to estimate appropriate CW size,
determine a proper forebay size, calculate appropriate vege-
tation coverage and estimate the installation cost per pollut-
ant reduction according to the target removal efficiency of the
pollutants included in the influent by considering the charac-
teristics of the water basin. In this study, the characteristics of
possible influent from a water basin to derive a mathematical
formula to calculate an appropriate CW size according to the
catchment area and another formula to calculate an appropri-
ate CW size according to the CW types were considered. In
addition, we developed formulas to calculate an appropriate
forebay size and the forebay HRT according to the entire CW
area by using the removal efficiency of TSS, which is par-
ticulate matter. For an appropriate design of a wetland part
where plant growth is active, we also developed a formula to
calculate appropriate vegetation coverage by using the target
nutrient removal efficiency. Results obtained are intended
for use by consulting engineers, landscape architects, envi-
ronmental regulators, catchment managers, local authorities,
academics and any organizations involved in water quality
management part.
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