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Abstract:The pilot scale experiment was conducted to study the efficiency of ammonia nitrogen removal by the 

Vertical Subsurface Flow Constructed Wetlands (VSF CW) and model of the ammonia nitrogen removal by 

using computer software. There were three media layers inside VSF CW: 1) the bottom layer was filled with 

gravel (3-6 cm in diameter), 2) the middle layer was filled with small gravel (1-2 cm in diameter) and 3) the top 

layer was filled with coarse sand (0.1-0.2 cm in diameter). Three types of media were arranged into three treatments: 

VSF CW1 contained bed depths of 10, 10 and 10 cm; VSF CW2 contained bed depths of 20, 20 and 20 cm; and 

VSF CW3 contained bed depths of 30, 30 and 30 cm. The synthetic domestic wastewater was loaded into VSF 

CW1, 2 and 3 every 24 hours at 0.28 l/day, 0.59 l/day and 0.915 l/day, respectively (Hydraulic Retention Times 

of 8 days). The HYDRUS-2D software was applied to model the effluent of flow rate, while CW2D module was 

used to model the removal processes of ammonia nitrogen in VSF CW1, 2 and 3. The results showed VSF CW3 

had a high efficiency for ammonia nitrogen removal. The simulation model results also showed a good match 

with the experimental measured result of ammonia nitrogen removal processes. 

Keywords:HYDRUS-2D, CW2D module, Media depth, Vertical Subsurface Flow Constructed Wetlands. 

 

I. Introduction 

Constructed wetlands are an integration of Science and Engineering systems that are designed to treat 

wastewater by using natural processes [1]. They have been widely used to treat many types of wastewater such as 

domestic wastewater [2], industrial wastewater [3], tannery wastewater [4], acid mine drainage [5] and landfill 

leachate [6]. Generally, constructed wetlands are divided into two types: surface flow constructed wetlands and 

subsurface flow constructed wetlands. The subsurface flow constructed wetland is further divided into two sub-

types, which include the Horizontal Subsurface Flow Constructed Wetland (HSF CW) and the Vertical Subsurface 

Flow Constructed Wetland (VSF CW) [7].  

According to the literature reviewed, VSF CW is widely used due to there are high efficiency of 

ammonium nitrogen removal. The composition of VSF CW consists of four major components including media, 

microorganisms, plants and hydraulic retention times (HRT). The media plays an important role in the efficiencies 

of ammonia nitrogen removal [8]. It is provide supportive base for microorganisms to attach, especially Ammonia-

Oxidizing Bacteria (AOB), Nitrite-Oxidizing Bacteria (NOB) and Denitrifying Bacteria (DN), which can removal 

ammonia nitrogen by nitrification and denitrification processes [7].     

However, ammonia nitrogen removal processes in media bed depths in VSF CW are often described as 

black boxes [9], where the interactions between media and microorganisms are not well known. The most widely 

used approaches and optimizations for VSF CW designs are based on empirical rules outlined from the experience 

of designers [10]. During the last few years, several numerical models have been developed as tools to get better 

understand of the ammonia nitrogen removal processes in VSF CW.  HYDRUS-2D software and CW2D module 

were developed to model the degradation processes in VSF CW [11].   HYDRUS-2D was applied to describe the 

wastewater flow rate, while the CW2D was used to model the transformation and elimination processes of 

ammonia nitrogen removal [10].  In addition, CW2D was used to simulate of 12 parameters as dissolved oxygen 

(DO), readily biodegradable soluble COD (CR), slowly biodegradable soluble COD (CS), inert soluble COD (CI), 

ammonia nitrogen (NH4-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), nitrogen gas (N2), inorganic 

phosphorus, heterotrophic bacteria and ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB) [11].  

As mentioned earlier, the usage of HYDRUS-2D software and the CW2D module can be used to 

design VSF CW easily. However, only a few research studies have been conducted to identify ammonia 

nitrogen removal by VSF CW with the different of media depths by using software computer.  
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Thus, the objectives of this experiment were 1) to comparethe experimental measurement and simulated 

model of ammonia nitrogen removal by VSF CW with the different of bed depth 2) to study the interactions 

between media depth with ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) in VSF CW 

by using HYDRUS-2D software and the CW2D module. This study will be useful for media bed depth usage 

selection in VSF CW, which can reduce construction cost and media cost as well as achieving high treatment 

efficiency. Moreover, the HYDRUS-2D software and CW2D module have been designed to predict the effluent 

concentration of ammonia nitrogen, which should not exceed the effluent standard of the domestic waste water 

treatment plant [12].      

 

II. Materials and Methods 
2.1.   The VSF CW design 

The experiment was conducted at a domestic wastewater treatment plant in Laemchabang City 

Municipality, Sriracha district, Chonburi, Thailand, on January 1 to February 10, 2012. The pilot-scale of VSF 

CW was constructed from poly vinyl chloride pipes with a diameter of 15.5 cm, as shown in Figure 1A. Inside 

the pipes contained three types of media: gravel (3-6 cm in diameter) at the bottom; small gravel (1-2 cm in 

diameter) in the middle layer and coarse sand (0.1-0.2 cm in diameter) in the top layer. Three types of media 

were arranged into three treatments: VSF CW1 contained bed depths of 10, 10 and 10 cm; VSF CW2 contained 

bed depths of 20, 20 and 20 cm; and VSF CW3 contained bed depths of 30, 30 and 30 cm [13], as shown in Figure 1B. 

 

2.2.   Synthetic domestic wastewater  

This experiment used Synthetic Domestic Wastewater (SDWW) [14], due to the properties of real 

domestic wastewater samples that are often highly variable and very dynamic. These properties depends on the 

conditions of sample area and it may be change over time [15].    

The characteristics of SDWW of 12 parameters were temperature, pH, suspended solids, chemical 

oxygen demand (COD), biochemical oxygen demand (BOD), total kjeldahl nitrogen (TKN), ammonia 

nitrogen(NH4-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N) and phosphate (PO4-P) were 25-27ºC, 7.21 

+ 0.01, 0.0052 ± 0.0008 mg/l, 213.15 ± 13.06 mg/l, 131.71 ± 3.39 mg/l, 46.65±0.41 mg/l, 35.08 ± 0.27 mg/l, 

0.04 ± 0.61 mg/l, 1.28 ± 0.03 mg/l, and 5.47 ± 0.0769 mg/l, respectively [16].  

The SDWW was loaded into VSF CW1, 2 and 3 that can calculated from: Influent of SDWW (litre) = 

volume of space area in the VSF CW (litre) / hydraulic retention time (days). Then SDWW was loaded into 

VSF CW1, 2 and 3 were 0.28 l/d, 0.59 l/d and 0.915 l/d, respectively (calculated from hydraulic retention times 

of 8 days) [13], [17].   

 

 
Figure 1(A) VSF CW was constructed from poly vinyl chloride pipes. (B) Inside VSF CW contained 3 

types of media. A: coarse sand (0.1-0.2 cm in diameter), B: small gravel (1-2 cm in diameter), C: gravel 

(3-6 cm in diameter), and number 10, 20 and 30 are media depths (cm). 

 

2.3   Measured of effluent flow rate 

 SDWW was loaded into VSF CW1, 2 and 3 (0.28 l/d, 0.59 l/d and 0.915 l/d, respectively). Then, 

collected the effluent of SDWW every minute and measured the volume by cylinder for 30 minutes.  
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2.4   Parameter and frequency in analyzing 

 The influent and effluent samples were collected every five days and analyzed for wastewater 

temperature, volume of influent wastewater, volume of effluent wastewater, suspended solid, pH, BOD, COD, 

TKN, NH4-N, NO2-N, NO3-N and PO4-P.  

 Amounts of ammonia-oxidizing bacteria (AOB)and nitrite-oxidizing bacteria (NOB) in influent and 

effluent wastewater were analyzed at the beginning and end of an experiment.  The experiment period of this 

study was 30 days. 

 

2.5   The model setup   

 The used of HYDRUS-2D software and the CW2D module have three steps as follow; 

 

2.5.1 Step I: The 2D finite element meshes were generated for the calibration and simulations processes in this 

program [11], [18].  

The 2D finite element of VSF CW1, 2 and 3 was generated into 30 rows and 15 columns (450 nodes), 

60 rows and 15 columns (900 nodes) and 90 rows and 15 columns (1,350 nodes), respectively. On the top of all 

2D finite element of VSF CW were set of an atmospheric boundary condition and at the bottom set of manually 

controlled by a throttle, as shown in Figure 2. 

 

 
Figure 2 The 2D finite element mesh of VSFCW1,2 and 3were generated by HYDRUS-2D. 

 

2.5.2 Step II: Calibration of effluent flow rate 

 The calibration of effluent flow rate model was used to set up a reactive transport simulation. This 

procedure was calibrated by comparing (1) the simulated effluent flow rate and (2) measured of effluent flow 

rate with hydrograph. 

(1) The simulated effluent flow rate wasusing the van Genuchten–Mualem equations [19] implemented in 

HYDRUS-2D. The Soil hydraulic parameters for the van Genuchten–Mualem equations according to Carsel 

and Parrish (1988) [20], as show in Table 1.  

(2) Measured of effluent flow rate (2.3 in Materials and Methods) 

 

Table 1 Soil hydraulic parameters used in this experiment 
 

Media in  

VSF CW 

Soil hydraulic parameters 

  Residual water content 

        (dmw
3/dms

3) 

Saturated water 

content 
 (dmw

3/dms
3) 

Saturated hydraulic 

conductivity (m/h) 

Empirical parameters 

a 

(ms
−1) 

N 

Sand 0.045 0.43 712 0.145 2 

Small gravel 0.050 0.23 3000 0.145 2.8 

Gravel 0.056 0.15 6000 0.145 2.8 

Source: Carsel and Parrish (1988) 

   

From this step, (1) simulatedeffluent flow rate and (2) measured effluent flow rate were plotted to 

hydrograph. The soil hydraulic parameters for effluent flow were altered in an iterative process until a good 

match between simulated and measured effluent concentrations was archived. This procedure proposed for the 

evaluation of the quality of a model fit [21].The hydrograph of this experimental as shown in Figure 3. 
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Figure 3 Hydrograph of experimental measurement and simulation model of effluent flow rates of VSF 

CW 1, 2 and 3. 

 

 Figure 3 shows the calibration of effluent flow rate model graph. It is shown that simulation and 

measurements of flow rate of SDWW were good matched. Then calibration of the effluent flow rate model 

acceptable results was achieved, the model can be used for simulating varying parameters as dissolved oxygen 

(DO), readily biodegradable soluble COD (CR), slowly biodegradable soluble COD (CS), inert soluble COD 

(CI), ammonia nitrogen (NH4-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), nitrogen gas (N2), 

inorganic phosphorus(PO4-P), and ammonia-oxidization bacteria (AOB), nitrite-oxidizing bacteria (NOB) [22]. 

 

2.5.3 Step III: Simulated process; after calibrating effluent flow rate, the influent concentrations of ammonia 

nitrogen were input in CW2D for running program.  

 

III. Results 

3.1 Comparison of experimental measurement and simulated model of ammonia nitrogen removal by 

VSF CW with the different of bed depth. 

 

 
Figure 4 Effluent concentrations of ammonia nitrogen removal by VSF CW1 (A), VSF CW 2 (B) and VSF 

CW3 (C). 

  

In Figure4, the average influent concentration of ammonia nitrogen in SDWW was 35.08 ± 0.27 mg/l. 

After loading SDWW into VSF CW1, 2 and 3, found that the effluent concentration of ammonia nitrogen was 

decreases over time. The concentrations of ammonia nitrogen removal by VSF CW1, 2 and 3 were in the range 

of 19.12+2.31 to 12.22+2.23 mg/l,16.20 +1.65 to 7.15+ 2.88 mg/l and11.50+1.22 to 6.12 +0.35 mg/l respectively. 

While the simulation model showed that the concentrations of ammonia nitrogen removal by VSF CW1, 2 and 3 

were in the range of 24.25-15.04 mg/l, 17.09-11.20 mg/l and 15.50-7.52 mg/l, respectively. 
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Comparison of the experimental measurements and the model simulations of ammonia nitrogen removal 

efficiencies by VSF CW 1, 2, and 3 were presented in Figure 5. The results showed the average ammonia nitrogen 

removal efficiency of VSF CW1, 2, and 3 were 57.46+2.43%, 70.80+2.74%, and 76.46+4.69%, respectively. The model 

simulation efficiencies of VSF CW1, 2, and 3 were 50.86+5.75%, 63.34+2.12%, and 71.00+2.49%, respectively.  

In the experimental measured, the highest efficiency of ammonia nitrogen removal and the model 

simulations were observed in VSF CW3 were 76.46%+4.69%,  and 71.00+2.49%. The lowest efficiency of 

ammonia nitrogen removal was observed in VSF CW1 were 57.46+2.43% and 50.86+5.75%. The experimental 

measurements and the model simulations were consistent with approximately7% different from each other. From 

the observation, the values obtained from experimental measurement and model simulations were good match.  

 

 
Figure 5 Experimental measurements and the model simulations of average ammonia nitrogen  

removal efficiencies by VSF CW 1, 2, and 3. 

   

3.2 Interactions between media depth with ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing 

bacteria (NOB.) 

In Figure 6, CW2D module used to simulate the distribution of AOB and NOB in VSF CW1, 2 and 3. 

This simulation clarified the interaction between media depth and quantities of AOB and NOB. From the 

simulation result, we can observed  that the quantities of high density distribution of AOB and NOB bacteria 

was observed in VSF CW3 from top of media surface 1 to 45 cm depth are presented. VSF CW2 showed quit 

good distribution of AOB and NOB from 1 to 30 cm depth. VSF CW1 had a low density and distribution of 

AOB and NOB (1-15 cm).According to the experimental measured, amounts of ammonia-oxidizing bacteria 

(AOB) and nitrite-oxidizing bacteria (NOB) in effluent wastewater were analyzed at end of an experiment. The 

results showed that, the quantities of AOB and NOB were mostly found in VSF CW3 (AOB, 2.83x10
4
+377 

CFU and NOB, 2.23x10
4
+443 CFU), followed by VSF CW2 (AOB, 2.00x10

4
+720 CFU and NOB, 

1.66x10
4
+544 CFU), and VSF CW1 (AOB, 1.26x10

4
+507 CFU and NOB, 9.66x10

3
+377 CFU), respectively.  

 

 
Figure 6 Simulation scale of distribution of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing 

bacteria (NOB) in the VSF CW1, 2 and 3 at day 30. 
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IV. Discussion 

In comparison, the experimental measurement and model simulation of ammonia nitrogen removal by 

VSF CW by different bed depth found that VSF CW3 had highest of ammonia nitrogen removal efficiency 

(experimental measurements, 76.46% and model simulations, 71.00 %.) The experimental measurement and the 

model simulation were approximately 7% difference. These findings agreed with the 5% different from the 

experimental measurements and the model simulations of ammonia nitrogen removal in a pilot-scale two-stage 

subsurface flow constructed wetlands [23], which used HYDRUS-2D software and CW2D module. In addition, 

Günter Langergraber and JirkaŠimůnek (2006) study on modeling variably saturated water flow and 

multicomponent reactive transport in constructed wetlands indicated that the successful calibration of the 

effluent flow model could be increased the correlations between the experimental measurements and the model 

simulations [24].  Nevertheless, theaccuracy of CW2D modules were depended on the assumptions of constant 

value of pH, constant coefficients in rate equations, and variations of experimental temperatures [25]. 

The major ammonia nitrogen removal mechanism in VSF CW is nitrification and denitrification 

processes, amount of ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB) and denitrifying 

bacteria (DB) plays an important role in removal efficiencies [26],[27]. Hence, the VSF CW3 has a high 

efficiency of NH4–N removal because it showed high distribution of ammonia-oxidizing bacteria (AOB), nitrite-

oxidizing bacteria (NOB) where ammonia nitrogen reduction reaction took place.  VSF CW2 was good with 

high density distribution of AOB and NOB at 1-30 cm depth. For VSF CW1, had poor ammonia nitrogen 

removal efficiency because there was low density distribution of AOB and NOB. The finding was supported 

that the biological active layer has a height of approximate 40 cm from the top of media layer [28]. 

 

V. Conclusion 

Ammonia nitrogen removal by VSF CW with the different of bed depth was compare simulation model 

by HYDRUS-2D software and the CW2D module. The results show a good match between simulation model 

and experimental measured data. Our findings confirm that the hydraulic behavior of the VSF CWmust be 

correctly described to obtain a good match between simulation models and experimental measured effluent 

parameters. The VSF CW3 has a high efficiency of ammonia nitrogen removal because it showed high 

distribution of ammonia-oxidization bacteria (AOB), nitrite-oxidizing bacteria (NOB) where ammonia nitrogen 

reduction reaction took place. In particular, simulated effluent ammonia nitrogen concentrations were similar to 

measured data. 
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