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Abstract. The efficient and low-cost distributed domestic sewage treatment technology has become one of 

the important factors restricting the construction of villages in China. Constructed wetlands (CWs) have 

been proved in the treatment of distributed domestic sewage. A pilot scale vertical hybrid constructed 

wetland (VHCW) with a small occupation area was designed and operated. Based on five years of 

continuous and stable operation (2018-2022), the influence of temperature, hydraulic load (HL) and 

hydraulic retention time (HRT) on removal efficiency of domestic sewage was studied. The concentrations 

of chemical oxygen demand (COD), total nitrogen (TN), ammonia nitrogen (NH3-N) and total phosphorus 

(TP) in influent and effluent were monitored in this work. The results showed that the average removal 

rates of COD, TN, NH3-N and TP in VHCW were 73.68%, 57.19%, 81.21% and 72.71%, respectively. The 

removal rates of COD, N and TP decreased with the increase of HL. The purification performance of VHCW 

does not change significantly with the temperature. HRT plays an important role on removal performance 

of VHCW and with the extension of HRT, the concentration of pollutants in the effluent decreased. 

However, excessive prolongation of HRT can also increase the concentration of pollutants in the effluent. 

Keywords: vertical hybrid constructed wetland, hydraulic load, hydraulic retention time, temperature, 

removal efficiency 

Introduction 

CWs (Constructed wetlands, CWs) use the natural functions of wetland plants, 

substrates and microbe to purify domestic sewage and industrial wastewater (Vymazal, 

2011; Ji et al., 2020; Zheng et al., 2022). This appropriate technology is an effective 

method to treat decentralized domestic sewage in rural areas, airports and scattered 

communities (Molinos et al., 2015). The wastewater purification in CWs is considered to 

be achieved through a series of physical, chemical and microbial synergistic reactions, 

including uptake of plants, sedimentation, filtration, biodegradation, adsorption and 

chemical degradation (Kadlec and Wallace, 2009; Chu et al., 2022). Aerobic and 

anaerobic respiration are considered to be the main organic removal mechanisms in CWs. 

Eventually, organic matter is converted in microbial cells to carbon dioxide and water. 
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Moreover, DO (Dissolved oxygen, DO) is a relativity vital parameter for CWs and plant 

roots can increase DO in sewage and provide a more suitable environment for the 

degradation of organic matter (Brix, 1997; Dong et al., 2016). The effects of different 

vegetation on purification efficiency of CWs vary greatly and there are numerous research 

studies on CWs plants (Shelef et al., 2013; Carballeira et al., 2016). Nitrogen is removed 

mainly by microbial and plant uptake (Lin et al., 2008). Nitrogen removal is significantly 

correlated with microbial nitrification/denitrification in CWs (Stottmeister et al., 2003; 

Lu et al., 2004; Bai et al., 2005; Choi et al., 2021). Temperature is a crucial factor, and it 

has a momentous impact on microbial activity, which in turn affects the quality of the 

effluent, especially on nitrogen (Hwang and Oleszkiewicz, 2007; Chang et al., 2013; Hu 

et al., 2021) and such effect was reported by previous work (Jing and Lin, 2004). 

Phosphorus can be removed by adsorption of plants and substrates, but different 

vegetation and substrates have different effects on phosphorus removal (Jenssen et al., 

1993; Dai and Hu, 2019). In general, CWs is a kind of environmental friendly sewage 

treatment technology, which have the advantages of low investment and operating cost. 

In the last decades, notable progress have been to successfully improve the quality of 

CWs effluent (Amin et al., 2016; Pradeep et al., 2018). Although CWs have these 

advantages, they also exist some inevitable disadvantages, such as large occupation area, 

easy to be clogged, low hydraulic load and short operation cycle etc. (Siegrist, 1987; 

Platzer and Mauch, 1997; Geary and Moore, 1999; Huang et al., 2013; Cui et al., 2019). 

Owing to lack of funds and proper geographic position, decentralized domestic 

wastewater hadn’t perfect centralized wastewater treatment facilities and drainage 

systems, causing the collection and treatment of wastewater in such low population 

density areas were often problems in China. The VHCW (Vertical hybrid constructed 

wetland, VHCW) is a novel constructed wetland system for wastewater treatment, which 

is composed of SSFW (Stably surface flow wetland, SSFW) and SFCW (Subsurface flow 

constructed wetland, SFCW). SSFW can reduce clogging and extend the hydraulic 

retention time appropriately (Fu et al., 2011). To sum up, VHCW will greatly reduce 

occupation area, effectively avoid clogging, extend constructed wetland operation period 

and improve constructed wetland efficiency and effluent quality. 

The objective of this study is to investigate (1) Operation state and effluent 

characteristics of constructed wetland under long period. (2) The influencing factors of 

domestic sewage purification by VHCW, including Temperature, hydraulic load and 

hydraulic retention time. 

Material and methods 

Design and operation of VHCW 

The VHCW system was built with concrete in Miaoba Town, Dazhou City of Sichuan 

Province, China during January to April 2018. The experimental study was carried out in 

a pilot scale VHCW (length: 4 m, width: 2 m, height: 2 m) planted with Reeds from May 

2018 to the January, 2022. The planting density in this study (25 plants/m2) was higher 

than that reported in the literatures (Nivala et al., 2013; Kengne et al., 2014; Millot et al., 

2016). SSFW and SFCW are separated by a clapboard in VHCW. SSFW is divided into 

six areas by five guide plates. A lateral perforated pipe (10 mm, diameter) is installed at 

the inlet of SSFW and the bottom of SFCW respectively for the distribution of inflow and 

collect the effluent. Sewage uniformly flows into the SSFW from the hole in the inlet 

pipe, then passes through the six areas of SSFW along the S-shaped route, and finally 

https://fanyi.so.com/#clapboard
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enters SFCW from the distribution pipe. The VHCW system only used well-washed 

gravel (30-40 mm in SFCW and 10-20 mm in SSFW, diameter) as substrate to avoid 

clogging and the total thickness of substrate of VHCW is 1.5 m. The structure of VHCW 

is shown in Fig. 1. 

 

Figure 1. Vertical hybrid constructed wetland model 

 

 

Domestic sewage pretreated by sediment and anaerobic hydrolysis was collected as 

influent from the middle May, 2018 to the January, 2022. Inflow rates of the VHCW were 

maintained constant (2.4 m3/d) by adjusting valves which were installed at the inlet pipe. 

There is no additional power in the whole system and wastewater flows to the VHCW 

only through gravity in this work. The VHCW was acclimatized before the beginning of 

trials by the municipal tap water until the vegetation grew well. Then, domestic sewage 

at a HL (low hydraulic load, HL) was fed into the system to further acclimate the system 

until variation in COD (Chemical oxygen demand, COD), TP (Total phosphorus, TP) and 

TN (Total nitrogen, TN) concentration were not observed in effluent. In this study, the 

wetland has reached the experimental requirements after one month of acclimation. 

Sampling and analysis 

The raw water used in this work come from the domestic sewage and livestock 

breeding wastewater from nearby villages. Influent and effluent samples were collected 

every month for a period of 45 months (May, 2018 to the January, 2022). Water samples 

were collected directly with a glassy sampling device and stored at 5°C. The pH, DO, 

temperature of air and water were immediately measured in situ by portable multi-

parameter analyzer (YSI, ProQuatro). COD, TN, NH3-N (Ammonia nitrogen, NH3-N) 

and TP were determined spectrophotometrically (Thermo Fisher Scientific, 

VarioskanLUX) by use of standard test according to SEPA (2002). Flow data was 

collected from the flowmeter installed in the inlet pipe. The determination methods of 

nitrogen and phosphorus contents in plants refer to the methods of Gacia et al. (2019). 

The influent water quality of this study is shown in Table 1. Pearson correlation was used 

to determine the significance of the VHCW system for pollutant removal efficiency and 

seasonal differences. 
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Table 1. Pollutant concentrations of the influent in this study 

WT 

(℃) 

COD 

(mg/L) 

TN 

(mg/L) 

NH3-N 

(mg/L) 

TP 

(mg/L) 

DO 

(mg/L) 

1-35 180-270 21.31-33.67 10.55-17.38 1.9-4.3 1.23-4.39 

 

 

Hydraulic retention time and removal efficiency calculations 

HRT (Hydraulic retention time, HRT) is established from the Eq. (1) (Crites et al., 

2006; Wang et al., 2023): 

 

 HRT=V/Qi=AYp/Qi (Eq.1) 

 

where Qi (m
3d-1) is the influent flow rate (measured every three days), A is the surface 

area of the bed (m2). V is the bed volume (m3), y is the flow depth (m), and p is the 

porosity (which express the space available for the water to flow through the substrate, 

roots and other solids in the VHCW constructed) (Crites et al., 2006; Wang et al., 2023). 

The volume of the voids (Vv) was measured experimentally at the start of this work and 

the porosity can be calculated by Eq. (2): 

 

 p= (Vv/V)/100 (Eq.2) 

 

The removal efficiency (η) of pollutants in the wastewater can be calculated by the 

Eq. (3): 

 

 η = (Ci-Ce)/ Ci*100% (Eq.3) 

 

where Ci is the pollutant concentration in the influent (mg/L) and Ce is the pollutant 

concentration in the effluent (mg/L). 

Results and discussion  

Growth trend and nitrogen/phosphorus content of plants 

At the beginning of this work, municipal tap water was fed into the VHCW to assist 

plant growth, and visual inspection revealed that all the VHCW plants grew well without 

obvious symptoms of nutrition deficiency, then domestic sewage at a low HL get into 

VHCW to further acclimate the VHCW. The growth changes of plants during the study 

period are shown in Fig. 2. An interesting phenomenon is that plants near the inlet pipe 

grow more luxuriant at the beginning of trials. This may be related to differences in 

contaminant concentrations in different regions of the VHCW. The leaves of some plants 

in VHCW were observed to become yellow and withered due to the low temperature, but 

these plants can grow new branches and leaves after harvesting (Fig. 2c). Plants in the 

VHCW grew well at the beginning and the middle stage of this study, and it can be 

speculated that appropriate temperature and nutrient in wastewater contributed to the 

plant growth. The height of the Reeds when planted is 20-30 cm (Fig. 2a). With the 

progress of the experiment, the plant absorbs nutrients such as nitrogen and phosphorus 

in the sewage, and the height of the Reeds reaches 150-200 cm (Fig. 2b) in the summer. 
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The average content of nitrogen in stems and leaves of Reeds was 2.85% of the DW (Dry 

weight, DW). The phosphorus concentration in the Reeds was 2.3 mg/g DW-1. 

 

Figure 2. The growth changes of plants, (a) Initial height at planting, (b) Maximum height in 

summer, (c) Wilting in winter 

 

 

Pollutant removal performance during the long-term operation 

The removal efficiency of COD, TN, TP and NH3-N under a long-term operation of 5 

years is shown in Fig. 3. Since the plant planting density in this work is higher than that 

in the traditional constructed wetland, the abundant roots of plants provide favorable 

factors for oxygen transport, and the developed roots provide a good breeding 

environment for microorganisms, which can promote the degradation of organic matter 

by VHCW. Additionally, plant roots also play a vital role in intercepting and absorbing 

some insoluble organic matter (Li et al., 2018; Liu et al., 2020). During the study period, 

the effluent COD concentration ranges from 32 to 91 mg/L, with an average value of 

62 mg/L, meeting the requirement of the corresponding specified value of 100 mg/L. The 

average removal efficiency of VHCW for organic matter is 73.67%, with SSFW and 

SFCW contributing 41.98% and 31.69%, respectively. Compared with other studies 

(Choi et al., 2021; Hu et al., 2021), VHCW constructed in this experiment has poor 

organic removal performance, which may be mainly related to the following factors: (1) 

VHCW is composed of SSFW and SFCW, but SFCW is not connected to the atmosphere 

and no plants are planted, and its DO concentration decreases, resulting in a low removal 

rate of SFCW (with an average of 31.69%). (2) In the season of low temperature, the thin 

substrate layer of SSFW failed to keep the system warm, resulting in poor performance 

of the system in winter. The average effluent concentrations of TN and NH3-N are 12.17 

and 2.79 mg/L, respectively. SSFW outperforms SFCW in both TN and NH3-N removal 

performance, and VHCW shows significant seasonal differences (p˂0.05) in nitrogen 

removal performance. Removal performance of TN is closely related to the conditions of 

plants, microorganisms and DO, especially the nitrification and denitrification processes 

of microorganisms (Chang et al., 2019; Ni et al., 2020). The concentration of TN in 

VHCW effluent is relatively high, while the removal effect of NH3-N is good. Therefore, 

it can be inferred that the nitrification process in SSFW is smooth due to the 

photosynthesis of plants and atmospheric reoxygenation. This can also be confirmed by 

the high removal performance of SSFW on NH3-N (42.97% on average). The effluent 
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concentration of TP is 0.98 mg/L, which is lower than the specified limit of 1 mg/L. 

According to the 5-year operation data, it can be seen that VHCW has a relatively stable 

performance in phosphorus removal, with an average removal rate of 72.71%. Even at 

low temperatures, SSFW performs exceptionally well, this may be related to the removal 

of TP mainly through plant absorption, microbial assimilation and substrate adsorption 

(Bolton et al., 2019). However, the removal effect of SFCW on TP needs to be further 

strengthened. 
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Figure 3. The removal performance of COD, TN, TP and NH3-N 

 

 

The seasonal differences in the average purification efficiency of domestic sewage by 

VHCW during the 5-year operation period are shown in Fig. 4. Overall, VHCW shows 

significant (p˂0.05) seasonal differences in the removal rates of COD, TN, and NH3-N, 

all of which have higher removal performance in summer and generally lower removal 

efficiency in winter. The seasonal difference in TP removal efficiency is not significant, 

and the peak value of removal efficiency occurs in autumn, while winter still has lower 

removal efficiency. In VHCW, the removal efficiency of TN is most affected by 

seasonality, with a removal efficiency of only 50.9% in winter, which may be attributed 

to the unique TN removal mechanism in constructed wetlands. Further analysis reveals 

that the seasonal differences in pollutant removal by VHCW are mainly caused by SSFW, 

while SFCW shows no significant seasonal differences for the other three pollutants 
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except TN. Therefore, we can conclude that the low removal rate of TN by VHCW in 

winter is mainly attributed to the low removal rate of SFCW. 
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Figure 4. Seasonal differences in the average purification efficiency of VHCW 

 

 

Effect of temperature, HRT and HL on removal performance 

Effect on COD 

Temperature is generally considered to have a positive effect on the treatment of CWs, 

but the literature indicated that CWs can still achieve higher pollutant removal efficiency 

under low temperature conditions (Werker et al., 2002) and similar results have been 

observed in this study. The effect of temperature on organic matter removal is shown in 

Fig. 5a (The error bars in all figures of this work are standard errors). During the whole 

study process, the temperature has a certain influence on the removal efficiency of organic 

matter in VHCWs. As the temperature decreases, the COD removal rate decreases 

slightly, but the effect is not obvious. In addition, HL is considered to be one of the most 

important factors affecting sewage purification in CWs. High HL enables wastewater to 

pass through the substrate more quickly, while low HL can prolong HRT. The effects of 

HL and HRT on organic matter are shown in Fig. 5b and 5c, respectively. Fig. 5b shows 

that as HL increases, the removal rate of organic matter decreases. The removal rate of 

organic matter is 83.9% at HL=0.1 m3/ (m2.d) and sharply decreased to 50.3% at 

HL=0.6 m3/ (m2.d) in the course of experiment. Fig. 5c indicates that when the HRT 

is168 h, the effluent concentration still meets the discharge requirements. Although 
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extending HRT can increase the contact time of sewage with matrix plants and 

microorganisms, it can be seen from Fig. 2b that excessive extension of HRT has no 

positive contribution to organic matter removal. That is, the removal rate of organic 

matter increases with the increase of HRT, and when the HRT exceeds 144 h, the removal 

rate of organic matter does not increase, but decreases to 81.1%. It is known that the 

removal of organic matter in CWs is mainly accomplished by biodegradation (Steer et 

al., 2002). Microbial activity is closely related to temperature, but Fig. 5a shows that low 

temperature has little influence on organic matter removal, which is similar to previous 

research result (Rozema et al., 2016) and Kato et al. (2013) found that the CW still 

maintained a high removal rate of organic matter at low temperatures (5-8°C). As is 

shown in Fig. 4b and 4c, the removal efficiency of VHCW is the best when the HL is 

0.1 m3/ (m2.d) and the HRT is 144 h days in this study. Rozema et al. (2016) investigated 

the performance in the cold climate and found that COD removal efficiency reached 98%. 

Amin et al. (2016) examined the treatment performance of a constructed wetland 

containing zeolite substrate layer on landfill leachate and domestic sewage mixed 

wastewater, the results showed that the removal rate of COD reached 86.7% by adjusting 

the ratio of landfill leachate to domestic sewage and the residence time. Pradeep et al. 

(2018) studied the effect of recirculation on the purification efficiency of constructed 

wetlands. The results indicated that recirculation could increase the removal efficiency of 

constructed wetlands. When the recirculation ratio was 75%, the constructed wetlands 

have the best removal efficiency. 
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Figure 5. Effect of temperature, HRT and HL on COD removal performance 
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Effect on nitrogen 

Fig. 6 shows the effects of temperature, HL and HRT on the removal rate of TN. It can 

be seen from Fig. 6a that temperature significantly affects the removal performance of 

NH3-N and TN in VHCW. When the temperature exceeds 12 ℃ and 15 ℃, respectively, 

the removal performance of NH3-N and TN by VHCW will be significantly improved 

(p˂0.05). When the HL increases from 0.1 to 0.6 m3/ (m2.d), the removal efficiency of TN 

by VHCW decreases from 60.06% to 11.39%, and the effluent concentration increases 

from 8.35 to 28.54 mg/L. From the perspective of meeting the emission concentration of 

the government, the HL below 0.3 m3/ (m2.d) is in line with the requirements. When the 

HRT is extended from 24 to 168 h, the TN concentration in the effluent of VHCW 

decreases first and then remains stable. That is, when the HRT is greater than 96 h the TN 

removal efficiency of VHCW does not increase with the extension of the residence time 

and is maintained at about 63%. 
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Figure 6. Effect of temperature, HRT and HL on COD removal performance 

 

 

Nitrogen removal is achieved by microbial nitrification/denitrification, plant 

absorption and volatilization in CWs (Lu et al., 2006; Chang et al., 2019), and extensive 

studies indicate that microbial nitrification/denitrification is the main nitrogen removal 

mechanism in CWs (Lu et al., 2004; Bai et al., 2005; Ni et al., 2020). SSFW, planted 

reeds, is equipped with guide plates which can increase the HRT appropriately. The water 

depth of the bed is about 25 cm and the higher DO concentration in the water can be 

ensured by reaeration. Moreover, the reed roots can transport oxygen to the matrix 
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through photosynthesis to make DO in water of SSFW more sufficient. Hence, nitrogen 

purification in SSFW is mainly achieved by nitrification of microorganisms. There is no 

plant planted in SFCW and it is isolated from the outside and cannot exchange oxygen 

with the atmosphere, so it is a strict anaerobic process in SFCW. There are many other 

important factors that can affect nitrogen removal efficiency, such as plant species and 

density, matrix species, microbial community, wetland age and C/N ratio in influent, etc. 

The results of some researchers showed that the exudates and organic carbon released by 

different plant roots vary greatly, and their contributions to denitrification process are 

quite different (Song et al., 2009; Chen et al., 2011; Zhai et al., 2013). Increasing plant 

density, namely bio-rack constructed wetland, can enhance the nitrogen removal 

efficiency of CWs. In addition, bio-augmentation can also improve the treatment 

efficiency of constructed wetlands to some extent (Wang et al., 2012; Zhao et al., 2016). 

Nitrogen removal efficiency is relatively low in this study, which may be attributed to the 

fact that VHCW is not mature enough, only one kind of substrate is used and there is no 

plant roots in SFCW, which reduced the microbial attachment sites. 

Effect on phosphorous 

Fig. 7 shows the variation of TP concentration in the influent and the effluent of the 

VHCW during this study. Specifically, Fig. 7a, b and c are the trends of removal 

efficiency with temperature, HL and HRT, respectively. In this study, the influent TP 

concentration was fluctuant between 1.9 to 4.3 mg/L and the average removal efficiency 

of TP is 72.71%. It can be seen from the figure that the change of removal efficiency of 

TP with temperature is not particularly obvious. However, the removal rate of TP changes 

significantly with the increase of HL and when the HL is beyond 0.3 m3/ (m2·d), the 

removal rate of TP begins to decrease. In the experiment of HRT, the removal rate of TP 

increases with the extension of HRT in a certain range. The average removal rate of 

phosphorus is 44.07% in SSFW and 28.64% in SFCW. SSFW is planted with reed and 

the thickness of its substrate layer is relatively thin. Although no plants are planted in 

SFCW, its substrate layer is thicker, reaching 100 cm. Researchers (Kadlec and Wallace, 

2009; Cui, 2017) found that the main mechanisms of phosphorus removal in CWs are 

adsorption, precipitation, plant uptake and microbial assimilation. It can be concluded 

that the removal rate of SSFW is higher than that of SFCW from the data, which may be 

attributed to the interception and absorption by plant roots and the adsorption of 

substrates. Luo et al. (2017) observed that the phosphorus removal rate reached 70.1% to 

89.4% by using a three-stage pilot scale constructed wetland to treat wastewater. Cui et 

al. (2017) studied the adsorption of different forms of phosphorus in the substrates of a 

long-running intermittent inflow constructed wetland. The results showed that the forms 

of phosphorus adsorbed by substrate of different depths vary greatly and the adsorption 

effect of phosphorus increases with the decreases of substrate particle size. Huma and 

Masih (2018) found that aeration could enhance the phosphorous removal performance 

in vertical-flow constructed wetlands, horizontal-flow constructed wetlands and hybrid 

constructed wetlands. And the study indicated that the removal of TP showed substantial 

variation among different types of CWs and aeration strategies. 
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Figure 7. Effect of temperature, HRT and HL on COD removal performance 

 

 

Conclusions 

The feasibility of VHCW treatment of domestic sewage and the factors affecting the 

performance of VHCW treatment were studied in this work. The wastewater samples 

were collected and analyzed in order to delineate the purification of VHCW. The results 

indicated that all the effluent indicators of the system can meet the level 1 standard of the 

national urban sewage discharge standards. After 5 years of operation period, VHCW has 

shown remarkable performance in the treatment of domestic sewage, and the monitored 

indicators can get high removal effect. Temperature has little effect on the COD and TP 

removal efficiency, but it has a significant influence on the removal rate of nitrogen. 

Specifically, the nitrogen removal rate decreases as the temperature decreases. HL is the 

most important factor affecting the removal of nitrogen in the system. The effluent 

concentration of COD, TN and TP changes obviously with the increase of HL. In addition, 

appropriate HRT can improve the removal performance of VHCW, but excessive 

extension of HRT is not a good choice. In summary, our study confirms that VHCW is 

an ideal candidate for decentralized domestic sewage treatment in remote areas such as 

townships and rural areas. Moreover, according to the local geographical conditions, it is 

an efficient and low-cost treatment technology to make sewage flow only by gravity in 

each unit of VHCW without other additional power. At the same time, VHCW reduces 

the area of occupation compared with the traditional constructed wetland, which is a very 

advantageous technology under the background of the increasing shortage of land supply 

in China. 
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