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Abstract
Constructed wetlands (CWs) are simple low-cost wastewater treatment units that use natural process to improve the effluent 
water quality and make it possible for its reuse. In the present study, a comparison is made between horizontal subsurface 
flow (HSSF-CW) and vertical flow (VFCW) constructed wetland in effectively post-treating the effluents from the second-
ary biological treatment system. Locally available plants, viz. Pennisetum pedicellatum and Cyperus rotundus, which are 
abundantly available in the Western Ghats, were used in the wetland. A pilot-scale study was undertaken in National Institute 
of Technology, Karnataka Campus. The experiments were conducted at two hydraulic retention times, i.e., 12 h and 24 h. 
The experimental study was carried out in February 2018 to May 2018. Concentration-based average removal efficiencies 
for HSSF-CW and VFCW were BOD, 77% and 83%; COD, 60% and 65%;  NH4

+–N, 67% and 84.47%;  NO3–N, 69% and 
66.75%; and  PO4–P, 85% and 90%, respectively. VFCW showed a better overall removal efficiency than HSSF-CW by 7.14%. 
Thus, constructed wetland can be considered as a sustainable alternative to the tertiary conventional treatment of domestic 
wastewater, thus making it possible for reuse.
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Introduction

India is facing serious droughts for the last two decades in 
many parts of the country, as there is a significant reduction 
in agricultural production due to the shortage of rains and 
excessive withdrawal of groundwater for non-agricultural 
purposes, thus leading to agricultural and economic impacts. 
One best way to handle this situation is to effectively treat 
the domestic wastewater and effectively reuse. The conven-
tional sewage treatment has frequently been unsuccessful in 
developing countries due to the complex operating proce-
dures, costly maintenance actions, production of sludge and 
high energy consumption (Arts 2012). In recent times, there 
has been a growing interest in using constructed wetlands 
(CWs) for the treatment of polluted waters because of its low 
greenhouse effects, low operational and maintenance costs 
and energy efficiency. CWs are engineered passive systems 
with a media on which suitable aquatic plants are grown 

(Kadlec and Wallace 2008). Constructed wetland utilization 
can provide sustainable wastewater treatment because they 
rely on natural processes and are less expensive to build, 
operate and maintain when compared with conventional 
sewage treatment systems. The filtered water is suitable 
for reuse and reaped plants can have commercial value. All 
these are aids for the use of this wastewater treatment tech-
nology in developing countries facing socioeconomic chal-
lenges (Wu and Sansalone 2013).

CWs are subdivided into two types based on water flow: 
(1) surface flow (SF) or free water surface flow wetlands, 
where wastewater is flowing horizontally over the wetland 
substrate; (2) subsurface flow (SSF), in which the wastewater 
flows horizontally or vertically through the highly permeable 
substrate (gravel, rock or soil). These systems treat different 
types of wastewater like domestic wastewater (Zurita et al. 
2009; Wu and Sansalone 2013), acid mine drainage (Nyquist 
and Greger 2009), urban sewage (Prochaska and Zouboulis 
2006; Prochaska et al. 2007; Zhao et al. 2010), agricultural 
wastewaters, landfill leachate (Yalcuk and Ugurlu 2009), 
urban storm water (States 2000) and industrial wastewater 
(Vymazal 2014). A pre-treatment with conventional pro-
cesses is usually desirable before discharge into a wetland 
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because of the potential solids or oxygen demand overload 
that create nuisance conditions within a wetland receiving 
raw or inadequately treated wastewaters (Kadlec and Wal-
lace 2008).

Pilot-scale studies were conducted in perfectly designed 
horizontal subsurface flow constructed wetland (HSSF-
CW) and vertical flow constructed wetland (VFCW). The 
pilot-scale model was developed to apply the approach of 
constructed wetland system under the local circumstances 
of National Institute of Technology, Karnataka (NITK), and 
similar regions as a post-treatment option, where we can 
reclaim the wastewater and use it for alternate purposes. 
The main concept of this project is to implement a com-
pliant onsite natural treatment system. The materials used 
for the project are all locally available and easily accessed. 
This makes it adaptable to similar regions, which makes 
cost-effective reclamation of wastewater and is adaptive for 
households for reclaiming the left out water.

Materials and methods

Study area

The study area is located at the National Institute of Technol-
ogy, Surathkal, situated in Mangalore in western Kannada 
region of Karnataka, India (13°00′43.8″N 74°47′54.2″E). 
Being situated in a semiarid region and near the coastal 
zone, the temperature in the study area remains more or less 
constant throughout the year. The annual average rainfall and 

annual average temperature are 3783 mm and 27 °C, respec-
tively. Table 1 provides the mean values of the temperature 
recorded during the experimental period. 

Existing STP

NITK treatment plant is one of the treatment plants inside 
the campus, which receives water from girls hostel and staff 
quarters of NITK. The girls hostel is having occupancy of 
about 1000, and that of the staff quarters is about 1300. The 
pilot-scale study is done for the effluent taken out from the 
existing treatment plant. The layout of the existing treat-
ment plant and the proposed area for the pilot plant is shown 
in Fig. 1a, and the secondary treatment is done by well-
accepted activated sludge process. It receives raw waste-
water with an average chemical oxygen demand (COD) of 
500 mg/l and biological oxygen demand (BOD) of 300 mg/l 
and an average effluent concentration of 250 mg/l for COD 
and 100 mg/l for  BOD5, which neither meets the discharge 
standards to dispose it to streams nor can be reused. So it 
is proposed to have a post-treatment to the effluents of the 
secondary treatment unit so as to bring it to reusable levels. 
The layout of the proposed wetlands pilot plant is shown in 
Fig. 1b.

Design of pilot‑scale model

Design of pilot‑scale HSSF‑CW

The pilot-scale wetland system is of 1.45 m2 area. The sizing 
of the wetland was in accordance with Wallace and Knight 
(2006) and the design considerations based on the total area 
required to remove the pollutant. The areal loading rate for 
 BOD5 is fixed as 22 kg/ha day (USEPA 2000). The tank 
was 1.32 m long and 1.1 m wide with vertical sides, 0.77 m 
deep, and had a floor sloped at 0.5%. The cells were filled 
with crushed limestone gravel to a depth of 0.4 m, ranging in 

Table 1  Mean values of temperature

Parameter Month

Jan Feb March April May

Temperature (°C) 33 33 34 35 32

Fig. 1  a Layout of the existing 
NITK treatment plant, b layout 
of the proposed pilot-scale 
HSSF-CW and VFCW
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size from 8 to 32 mm, with an average porosity of 51%. The 
wetland is operated as a batch flow reactor at two HRTs of 
24 h and 12 h from the effluent of existing NITK treatment 
plant. The water depth was maintained at 0.4 m within the 
gravel bed and with the aid of fixed outlet pipes (collecting 
effluent from the floor level of the wetland cell).

The media of vegetative submerged bed systems perform 
many functions: (1) act as rooting material for vegetation, 
(2) help to evenly distribute and collect flow at the inlet 
and outlet, respectively, (3) provide surface area for micro-
bial growth, (4) filter and trap particles. In short, they act as 
media for water flow as well as for planting the vegetation 
(Wallace and Knight 2006). The wetland system is divided 
into three zones, namely inlet zone, treatment zone and out-
let zone. The large-sized gravel was placed near the inlet and 
outlet of the wetland for uniform distribution of the influ-
ent wastewater and drainage of the wetland, respectively 
(USEPA 2000). The treatment zone is again divided into 
two, zone 1 of 30% length with gravel grading of 16–32 mm 
and zone 2 with 6–10 mm (USEPA 2000). The treatment 
zone was maintained at an aspect ratio of 1:1 (Wallace and 
Knight 2006). Figure 2 represents the schematic representa-
tion of pilot-scale HSSF-CW.

Design of pilot‑scale VFCW

The pilot-scale VFCW has a surface area of 0.70  m2. 
Here, areal-based design methods were adopted for pollut-
ant reduction (Kadlec and Wallace 2008). The pilot-scale 
VFCW is designed for an influent flow of 0.25 m3/day con-
sidering an average BOD loading of 100 mg/l. The areal 
loading rate (ALR) is provided of 35 kg/ha day for attaining 
a discharge limit of BOD less than 30 mg/l (Wallace and 
Knight 2006). In situ locally available media were used for 
the construction of the pilot-scale model.

The media from bottom consist of gravel size of 
16–32 mm of 0.15 m depth, gravel size of 6–10 mm of 
0.20 m depth and top layer with a d10 between 0.25 and 
1.2 mm, a d60 between 1 and 4 mm, and the uniformity coef-
ficient (U = d60/d10) less than 3.5 of a depth 0.35 m. A top-
most layer gravel size of 16–32 mm was provided at a depth 
of 0.05 m in order to avoid problems during clogging and 
fly nuisance as shown in Fig. 3.

Wetland vegetation

Wetland plants require optimum environmental conditions 
in each phase of their life cycles, including germination and 
initial plant growth, adequate nutrition, normal seasonal 
growth patterns, and rates of plant senescence and decay 
(USEPA 2000). The pilot plants used in the vegetation were 
Cyperus rotundus and Pennisetum pedicellatum.

Cyperus rotundus is a small plant with its individuals 
reaching up to a height of 40 cm. It is a very proliferative 
weed and found in several countries. It is normally found in 

Fig. 2  Schematic representation 
of pilot-scale HSSF-CW

Fig. 3  Schematic representation of pilot-scale model VFCW
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agricultural lands and garden soils locally. It is used in Ayur-
veda to treat fevers, digestive system disorders, etc. Plant 
extract is used in hair oils and for other medicinal purposes. 
Cyperus showed a steady increase in shoot density over the 
trial (Tanner 1996) on a comparison of growth and nutrient 
uptake.

Pennisetum pedicellatum is an aggressive grass weed, 
commonly invading agricultural land in the tropics, where 
dense infestations can force the abandonment of whole 
farms. It spreads quickly and is difficult to control. The 
plant individuals reaching an average height between 30 
and 150 cm might show more growth rate on the influent 
water characteristics, commonly used as fodder locally. 
These plants were planted at a center-to-center spacing of 
15 cm with 2:1 ratio between Pennisetum pedicellatum and 
Cyperus rotundus.

Operational and analytical procedures

The pilot-scale HSSF-CW and VFCW were monitored 
from February 14, 2018, to May 15, 2018. All wastewater 
samples were grab samples taken manually. Poor removals 
are attributed to the microbial breakdown of carbonaceous 
compounds being limited by low oxygen availability (Solano 
et al. 2004). The pilot-scale models HSSF-CW and VFCW 
were monitored for two different hydraulic retention times 
(HRTs) of 12 h and 24 h.

The parameters measured to assess the performance of 
the HSSF-CW included COD,  BOD5, total suspended sol-
ids (TSS),  NO3–N,  NH4–N,  PO4–P and most probable num-
ber. All wastewater and treated samples were analyzed in 

accordance with the Standard Methods for Examination of 
Water and Wastewater (APHA 2012).

Results and discussion

In this study, the domestic wastewater effluent from NITK 
treatment plant is fed at a constant flow rate of 0.25 m3/day 
to the pilot-scale HSSF-CW and VFCW systems operated 
in subsurface flow. The CWs were operated at 24-h and 12-h 
HRTs. The analysis for 12-h HRT was done after attaining 
the stable removal rate, from the first week of April 2018.

BOD5

Removal of BOD in vegetated submerged wetlands is sup-
posed to be due to the aerobic microbial degradation and 
sedimentation processes (Choudhary et al. 2011). Soluble 
organic compounds are removed by the microbial growth on 
the media surfaces and attached to the roots and rhizomes of 
plants. Organic matter in wastewater contains nearly 45–50% 
carbon (C), which is consumed by a wide array of microor-
ganisms as a source of energy. The  BOD5 removal efficien-
cies were found to be increasing during the first 3 weeks 
of operation of the pilot-scale plants. The influent–effluent 
variation of  BOD5 concentration in HSSF-CW and VFCW 
at 24-h hydraulic retention time is shown in Fig. 4a.

The  BOD5 removal efficiency was found to be stable from 
the fourth week of operation of the pilot model VFCW and 
from the fifth week in HSSF-CW. At this time, the plant 
growth was observed to be 18–28 cm for C. rotundus and 
53–98 cm for P. Pedicellatum in VFCW and 16–23 cm for 
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Fig. 4  a BOD5 influent, effluent concentration and percentage removal of HSSF-CW and VFCW for 24-h HRT, b BOD5 influent, effluent con-
centration and percentage removal of HSSF-CW and VFCW for 12-h HRT
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C. rotundus and 46–87 cm for P. Pedicellatum in HSSF-CW. 
It was found to have an average removal efficiency of 83% 
in VFCW and 77% in HSSF-CW for 24-h retention time, as 
shown in Fig. 4b. In 12-h retention time, the average removal 
efficiencies were 68% and 64% in VFCW and HSSF-CW, 
respectively. The average outflow concentration in VFCW 
and HSSF-CW is 17.86 (± 4.95) mg/l and 24.97 (± 4.92), 
respectively, which is lower than the desirable standards.

COD

In the wetland systems, the presence of humic materials 
leads to higher COD values. The  BOD5/COD ratio in the 
influent wastewater to the pilot HSSF-CW ranged from 
0.45 to 0.71, which indicates that the wastewater is read-
ily biodegradable. It is shown that both the horizontal flow 
and vertical flow systems can remove more than 90% of 
organic load and of total N and P (Luederitz et al. 2001) 
with multiple-stage treatment wetlands. VFCW units were 
quite efficient in organic matter  (BOD5 and COD) with mean 
removal efficiencies of 78% for pilot-scale plant of 0.57 m2 
(Stefanakis and Tsihrintzis 2012). The experimental analy-
sis on the effluent from pilot-scale models was carried out 
and found to have an average removal efficiency of 65% in 
VFCW and 60% in HSSF-CW in 24-h retention time as 
shown in Fig. 5b. As expected, the 12-h HRT was showing 
lesser removal efficiency than 24-h HRT in case of COD 
removal due to the lesser amount of oxygen released from 
roots. The average removal efficiency for 12-h HRT is 50% 
and 48% in VFCW and HSSF-CW, respectively. The effluent 
outflow of 24-h HRT pilot-scale models shows an average 

outflow concentration of 60.52 (± 4.78) mg/l in VFCW and 
71.33 (± 6.75) in HSSF-CW, as shown in Fig. 5a.

Nitrogen

Plant species differ in their preferred forms of nitrogen 
absorbed, depending on the forms available in the soil 
(Lambers et al. 1998). The movement of nitrogen through 
the vegetation results in the enhancement of processes other 
than those in the soil, water column and the associated bio-
films (Kadlec and Wallace 2008). Mainly three forms of 
nitrogen (ammonia nitrogen, nitrite and nitrate nitrogen) 
were tested during the experimental period in which nitrite 
levels in the influent as well as in the effluent from VFCW 
were very low. Treatment of domestic wastewater in vertical 
and horizontal subsurface flow constructed wetlands had an 
average removal of 72.2% for  NH4

+–N (Zurita et al. 2009). 
Ammonia nitrogen average removal efficiency was found 
to be 67.19% and 84.47% for 12-h and 24-h HRTs, respec-
tively, in VFCW and 57% and 64% for 12-h and 24-h HRTs 
in HSSF-CW (Fig. 6a, b). The results show that a greater 
reduction of ammonia nitrogen concentration was found in 
VFCW than HSSF-CW for the same HRT.

Nitrate nitrogen average removal efficiency was 47.54% 
and 66.75% for 12-h and 24-h HRTs in VFCW and 69% 
and 51% in HSSF-CW. A slightly better removal efficiency 
is found in HSSF-CW in terms of nitrate removal during 
the study period. The effluent concentration for 24 h for 
VFCW is 7.493 (± 2.1348) mg/l and for HSSF-CW is 7.5570 
(± 1.6145) mg/l as shown in Fig. 7a and b.
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Fig. 5  a COD influent, effluent concentration and percentage removal of HSSF-CW and VFCW for 24-h HRT, b COD influent, effluent concen-
tration and percentage removal of HSSF-CW and VFCW for 12-h HRT
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Phosphorus

Phosphorus reduction in VFCW has been found in signifi-
cant rate for the pilot scale and found to be high when com-
pared to the reduction in nitrogen removal (Fig. 8). Low 
TP concentrations can be reduced to even lower ones, but 
large phosphorus load removal requires a large wetland area 
(Kadlec and Wallace 2008). Phosphorus can be removed 
directly by cattail uptake or storage in sediments (Sakade-
van and Bavor 1998). Phosphorus removal is significantly 
influenced by physicochemical characteristics of the used 
substrate (Brix and Arias 2005).

In subsurface flow wetlands, soluble phosphorus will 
move with the flow, whereas phosphorus linked with par-
ticulate matter will be removed by filtration and interception 
mechanisms present in the wetland bed (Kadlec and Wallace 
2008). The phosphorous is measured as  PO4–P in the labo-
ratory, and the average mass removal efficiency is 90% and 
75% for 24-h and 12-h HRT in VFCW and 85% and 72% in 
HSSF-CW as shown in Fig. 8a and b. The  PO4–P concentra-
tion, shown in Fig. 8a, shows higher treatment performance 
than that reported in the literature (20–30%) for VFCWs 
treating medium-strength domestic sewage (Wood 1995; 
Lantzke et al. 1999; Brix and Arias 2005).The average outlet 
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concentration in VFCW and HSSF-CW is 0.3429 (± 0.1907) 
mg/l and 0.3231 (± 0.1204) mg/l, respectively, for 24-h HRT 
as mentioned in Fig. 8a.

TSS

In contrast to the results obtained in the reduction of BOD 
and COD for 24-h pilot-scale VFCW and HSSF-CW, TSS 
average removal efficiency was significant and found to be 
90–95%. TSS are removed mainly by physical processes 
such as sedimentation and filtration (Kadlec and Wallace 

2008) in accordance with aerobic or anaerobic microbial 
degradation inside the substrate. The uniformly graded sand 
and gravel substrate along with the vegetation provided bet-
ter treatment efficiency for the pilot plants. The high TSS 
removal rates observed in this study are not different from 
those reported in other studies. During the whole study 
period, the average total suspended solid concentration in 
the effluent was 8.46 (± 2.6 mg/l) in HSSF-CW and 8.32 
(± 1.7) mg/l in VFCW.

Coliform

Pathogen treatment in wetland systems depends on mecha-
nisms within the CW system including sedimentation, natu-
ral die-off, temperature, oxidation, predation, unfavorable 
water chemistry, adhesion to biofilm, mechanical filtration, 
exposure to biocides and UV radiation. Total coliforms were 
the first approved indicator organisms which include bac-
terial species that are rod-shaped, are stain gram-negative, 
do not form spores, are facultative anaerobic, and ferment 
lactose with gas production in 48 h at a temperature of 35 °C 
(Kadlec and Wallace 2008).

The most probable number (MPN) of total coliforms per 
100 ml was calculated by doing presumptive test and was 
observed that the influent to the wetland system has a value 
of 28/100 ml of sample and the effluent to the wetland sys-
tem has a value of 6.1/100 ml of sample in HSSF-CW and 
5.5/100 ml of sample in VFCW, which shows the reduc-
tion in concentration of total coliforms after the tertiary 
treatment. There is a significant reduction in the microbial 
count from the inlet to outlet of the HSSF-CW. So after 
providing disinfection, the water can be reused accordingly. 
The USEPA 2000 (Agency et al. 2004) suggests the reuse 
of treated water after disinfection if MPN of fecal coli-
form/100 ml is found to be < 200FC/100 ml for landscape 
impoundments, construction use, industrial reuse such as 
once-through cooling and recirculating cooling towers, envi-
ronmental reuse in wetlands and marshes where groundwater 
should be evaluated.

Wetland vegetation

The pilot-scale model vegetation growth rate measure-
ment during the operational phase is given in Table 2. The 
vegetation was cut during the end of April 2nd week and 
has observed significant regrowth in just 2-week duration. 
VFCW showed significantly higher plant growth than com-
pared to HSSF-CW, which is in line with the variations in 
the removal efficiencies of various parameters for the treated 
wastewater. Further, while cutting the plant for an attempt 
to uproot one of the plants, the widespread of roots to the 
substrates was observed.
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Fig. 8  a Phosphates  (PO4–P) influent, effluent concentration and 
percentage removal of HSSF-CW and VFCW for 24-h HRT, b 
phosphates  (PO4–P) influent, effluent concentration and percentage 
removal of HSSF-CW and VFCW for 12-h HRT
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Cost analysis

The total cost of the pilot-scale models includes a major 
portion of the capital cost and a minor operational and 
maintenance cost. The expenditure for the entire process 
is mentioned in Table 3. The land cost is excluded from 
the expenditure since it was utilized besides the existing 
NITK treatment plant. The substrate cost and plant cost are 
excluded from the cost analysis since it was obtained from 
the local premises. The total expenditure for the pilot-scale 
models is shown in Table 3.

Conclusion

The treatment process in the wetland is generally difficult 
to understand due to the complex physical, chemical and 
biological processes involved in it along with variations in 
the real-time wastewater. The major conclusions arrived 
during the study are summarized as follows:

• This study revealed the successful performance of the 
HSSF-CW and VFCW for the tertiary treatment of 
NITK treatment plant effluent with respect to organic 
matter  (BOD5 and COD), TSS, nitrogen, phosphorous 
and pathogen.

• The VFCW showed better mass removal efficiency 
when compared with HSSF-CW.

• The total treatment process is influenced by the vegeta-
tion, sand strata and substrate interaction.

• Locally available plants used in the pilot-scale model, 
C. rotundus and P. pedicellatum, showed prominent 
growth and quick survival in the treatment wetland bed.

• Phosphates removal efficiency was promising and sta-
ble in the treatment process and hence can be adapted 
in small-scale purposes.

• Constructed wetland process being complex there 
should be regional-specific design and vegetation selec-
tion studies to be carried out for proper guidelines for 
upcoming CWs.

Thus, constructed wetland can be considered as a sus-
tainable alternative to the tertiary conventional treatment 
of domestic wastewater, thus making it possible for reuse. 
Provided the minimal maintenance necessities, the easi-
ness of operation and the decent removal performance of 
contaminants, the cost-effective constructed wetland tech-
nology can help to relieve the current wastewater manage-
ment problem in developing countries.
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Table 2  Plant growth 
measurement during the 
operational period of pilot-scale 
VFCW from February 14, 2018, 
to May 15, 2018 (vegetation 
cutting was carried out at the 
end of April 2nd week)

Month Feb March April May

Week 2–4 1–2 3–4 1–2 3–4 1–2

Plant height (cm)
 C. rotundus
  HSSF-CW 5–10 10–16 16–23 23–38 8–14 14–32
  VFCW 5–10 10–18 18–28 28–42 8–22 22–38

 P. Pedicellatum
  HSSF-CW 15–24 24–46 46–87 87–142 15–38 38–96
  VFCW 15–28 28–53 53–98 98–147 15–42 42–104

Table 3  Cost analysis of the pilot-scale model HSSF-CW and VFCW 
during the study period from February 14, 2018, to May 15, 2018

Cost Unit US Dollar ($)

HSSF-CW VFCW

Capital cost
 HSSF tank (650 L) 1 114.78 85.90
 0.5HP pump 1 18.51 18.51
 Overhead water tank (250 L) 1 6.66 6.66
 Pipes and fittings 11.11 11.11
 Labor charge 14.81 14.81
 Transportation charges 14.81 14.81

Operational and maintenance cost
 Pump operation cost per KLD 

(electricity for 90 days)
0.30 0.30

 Miscellaneous 2.96 2.96
Total 183.94 155.06
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