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Abstract 

The removal of organic matter and nitrogen in constructed wetlands (CW) is 
highly dependent on the availability of dissolved oxygen in the treatment system. 
Therefore it is of great importance to develop innovative methods to enhance 
oxygen supply in the CW matrix. This paper focuses on and describes the 
methods used to enhance oxygen supply in CWs. Also, a pilot scale experimental 
batch-operated lightweight aggregate (LWA) filter system (FS) consisting of 
eight identical LWA filter cells (with a depth of 1.15 m and an area of 1 m2 each) 
was established during the summer of 2005 for the treatment of municipal 
wastewater. The main objective of this study was to evaluate the performance of 
the experimental batch-operated FS on the basis of performance indicators. 
During the experiments, the effect of different operational regimes on the 
purification efficiency of the filter system was also investigated. The highest 
purification efficiencies of 96% and 51% for BOD7 and Ntot, respectively, were 
achieved when the recirculation rate of 200% was applied at the hydraulic 
retention time of ~2 days. The highest organic matter removal rate of the 
experimental FS as KBHT=0.19 m d-1 is approximately two times higher than the 
removal rate of typical horizontal-flow CWs. However, the highest aeration 
capacity of 21.1 gO2 m-2 d-1 is somewhat lower than the average aeration 
capacity of vertical-flow CWs, and substantially lower than the aeration capacity 
of a VF filter with re-circulation or tidal-flow systems. As the aeration capacity 
of the system partly depends on the oxygen demand of inflow wastewater, it is 
necessary to carry out studies of shorter hydraulic loading rates in order to 
optimize the performance of experimental batch-operated FSs.  
Keywords: aeration capacity; batch operation; constructed wetland; LWA filter 
system; oxygen supply; re-circulation. 
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1 Introduction 

In the past two decades, constructed wetland (CW) technology has been 
developed to a considerable extent, and the CW approach to wastewater 
treatment has become widespread throughout the world as an ecological 
alternative to conventional wastewater treatment systems.  
     Carbon compounds present in wastewater are degraded in CWs through both 
anaerobic and aerobic processes, but as the aerobic process is faster, most of the 
organic carbon is consumed by aerobic processes. As regards nitrogen removal, 
sequential nitrification/denitrification appears to be the major mechanism, with 
high respiratory oxygen demand and low oxygen availability in constructed 
wetlands making nitrification the rate-limiting step [1, 2]. 
     There is substantial evidence that the removal of organic matter and nitrogen 
in CWs is, in addition to temperature, determined by the availability of dissolved 
oxygen in the treatment system [3−5]. Therefore it is of great importance to 
develop innovative methods to enhance oxygen supply in the CW matrix and 
thereby the purification efficiency of the treatment system in order to minimize 
the space needed for wastewater treatment. 
     This paper focuses on the methods used to enhance oxygen supply in CWs, 
such as vertical-flow systems, systems with effluent recirculation, systems with 
fluctuating water level, tidal-flow systems and batch-operated systems. The 
performance of a batch-operated CW compared to conventional CWs is also 
studied. 

1.1 Methods used to enhance oxygen supply in CWs 

The high oxygen demand of wastewater together with the limited oxygen supply 
of the CW filter often limits the amount of dissolved oxygen used for 
nitrification processes. Nitrification could also be limited by insufficient contact 
between wastewater and micro-organisms due to the lower oxygen consumption 
rate of autotrophic nitrifying bacteria compared to heterotrophic carbon 
consuming bacteria [6]. 

1.1.1 Vertical-flow CWs 
In a vertical-flow (VF) filter, wastewater is pumped onto the filter body at 
alternating periods, water flows vertically through the filter media, is collected 
by the drainage system on the bottom of the filter and flows into the next stage. 
Effective aeration is achieved by generating a fast water flow through the filter 
media, the phenomenon called passive air-pump. Thus the filter consists of 
material with different hydraulic conductivity. Usually, the two VF filters are 
loaded intermittently, which allows the degradation of accumulated suspended 
organic material in order to prevent clogging of the filter [8] and also lets the 
surface dry out for certain periods of time [7].  
     VF ensures better oxygenation of filter media, which favours aerobic 
processes and therefore ensures better organic matter and ammonia nitrogen 
removal than horizontal-flow filter [5, 8−11]. It is shown [12, 5] that in a VF 
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filter BOD and suspended solids (SS) can be removed successfully, and 
sufficient nitrification is achieved even at low temperatures.  
     A common problem regarding the VF filter is the uneven distribution of water 
onto the filter surface and the short contact time between wastewater and filter 
material. In addition, the VF filter does not assure sufficient total nitrogen (TN) 
removal if the anoxic conditions required for denitrification are not evolved. 

1.1.2 Re-circulation of treated water 
In order to improve the purification efficiency of CW systems, the re-circulation 
of treated water is often used [11−14]. Re-circulation is not used in horizontal-
flow (HF) filter systems, as the process considerably increases hydraulic loading. 
However, it proves to be appropriate in VF filters, as materials of much higher 
hydraulic conductivity are used in VF filters. Re-circulation assures better 
oxygenation of wastewater, as water is repeatedly pumped back onto the surface 
of the filter. Re-circulation also favours purification processes through longer 
contact time between wastewater and micro-organisms attached to the filter 
material [11].  
     The positive effect of re-circulation on purification efficiency, especially 
regarding TN, have been described in several studies [12, 11, 14]. It has been 
shown that the re-circulation of treated water in a vegetated VF filter improves 
BOD and ammonia nitrogen removal [11]. Brix et al. [12] studied the effect of 
the re-circulation of treated water on denitrification processes occurring in the 
septic tank and found that the re-circulation rate of 100% (1:1) resulted in 50% 
denitrification. This was concurrently more stable and effective when re-
cirulation was applied. Noorvee [15] recommends that the re-circulation rate 
should be from 100 to 300 percent of the inflowing wastewater in order to 
achieve satisfactory results in terms of effective BOD and COD removal and 
nitrification/denitrification, as well as TSS removal. 

1.1.3  Batch-operated CW system 
In a batch operated CW, the filter is rapidly filled to capacity, remains filled for a 
sufficient period of time and is repeatedly drained and refilled. The advantage of 
batch-operation over continuous-flow operation in wetland systems is supported 
by the fact that even at very low drain-fill frequencies, the batch operation of 
subsurface flow (SSF) CWs ensures that the microbial population at any given 
point will be exposed to decreasing organic carbon concentration, which allows 
the wetland environment to be subjected to temporal redox variation (between 
aerobic and anoxic conditions), therefore enhancing BOD and N removal [16].  

1.1.4 CW with fluctuating water level 
In CW systems with fluctuating water levels, the CW cells are filled and drained 
(water level fluctuation) with the same wastewater at a determined frequency 
over a certain period of time. When the filter is filled with wastewater, anoxic 
and anaerobic conditions are developed over a short period. During the draining 
process, additional flux of oxygen is sucked into the filter, which favours aerobic 
treatment processes. Thus it is necessary to perform several short fill-drain 
cycles in order to enhance nitrification processes [1].  
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     Tanner et al. [1] studied the effect of water level fluctuation on COD, 
ammonia nitrogen and TN removal in CW mesocosms and found that the 
increase in frequency of short fill-drain cycles (0–6 cycles per day over 7 days) 
remarkably improved the purification efficiency of organic matter and reduced 
forms of nitrogen, and that COD and TN removal can be enhanced by optimizing 
the frequency of fill-drain cycles. 

1.1.5 Tidal-flow CW 
Several recent studies have shown that the purification efficiency of CWs can be 
enhanced by applying an innovative operation method called “tidal-flow”. [13, 
17, 18]. During the tidal-flow operation, the wetland matrix is alternately filled 
with wastewater and drained. When the wetland is filled, air is repelled from the 
matrix. When the wetland is drained, air is drawn from the atmosphere into the 
matrix [17]. Tidal-flow operation has the potential to enhance the removal of 
BOD through aerobic processes and the removal of ammonia nitrogen through 
nitrification, as the maximum pollutant-biofilm contact is established and the rate 
of oxygen transfer is increased during the operation [13]. 
     Nitrogen removal through sequential nitrification and denitrification in tidal-
flow systems is mainly based on adsorption processes [19, 18]. During the 
process ammonium ions (NH4

+) present in wastewater adsorb onto a negatively 
charged biofilm. During the draining process, atmospheric oxygen is drawn 
down into the filter body, resulting in rapid aeration of the biofilm and 
nitrification of NH4

+. Nitrate ions rapidly desorb from the biofilm into the 
wastewater during the subsequent filling of the filter and are used as an electron 
acceptor during denitrification [18]. Thus the essential factor for nitrogen 
removal in tidal-flow systems is absorption of NH4

+ ions for the nitrification 
process [19, 1], which depends on the characteristics, especially on the cation 
exchange capacity of the filter material used in treatment system [20].  
     Austin et al. [18] conducted experiments with a vegetated tidal-flow CW 
system with re-circulation using artificial wastewater (BOD5=402mgl-1; 
Ntot=38mgl-1; Q=1.7m3d-1), and achieved BOD5 and Ntot concentrations below 
10mg l-1, showing that tidal VF CW systems ensure sufficient TN removal 
through a simultaneous nitrification/denitrification process. Studies [18, 17] have 
shown that tidal-flow CW systems require substantially less space than 
conventional CW systems to obtain the same purification efficiency. In addition, 
nitrogen removal through the nitrification/denitrification process in the tidal-flow 
system is energetically more effective, as atmospheric oxygen is used for the 
nitrification. The major disadvantage of tidal-flow CW systems is that there is no 
good technical solution to use them in cold climate conditions if a hard freeze is 
possible [21].    
     It appears that each of the method described above has its advantages and 
disadvantages. Prior experiments have yielded promising results in the testing of 
methods that use water level fluctuation and concurrent variable redox 
conditions such as batch-operation, water level fluctuation and tidal-flow 
operation. The aim of developing new operating methods is to enhance 
purification efficiency and reduce the space requirements of CW systems. There 
is, however, still little information available on the performance of batch-
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operated and tidal-flow CWs, as most of the studies that have been carried out so 
far have been conducted in lab conditions using artificial wastewater [16−18, 
22].  
     The main objective of this study was to investigate the anticipated advantages 
of a batch-operated CW system on conventional CW systems (HF and VF filters) 
on the basis of a batch-operated CW pilot. During the test period, the purification 
and aeration capacity of the batch-operated pilot was studied, and the effect of 
different operational regimes on the purification efficiency of the filter system 
was also investigated.  

2 Materials and methods 

During summer 2005, a pilot-scale batch-operated filter was established near the 
existing activated sludge treatment plant (ASTP) in Ilmatsalu for the treatment of 
municipal wastewater from Ilmatsalu settlement.  

2.1 Experimental design 

2.1.1 Construction 
The system consists of a septic tank (2 m3), distribution well, eight identical 
lightweight aggregate (LWA) filter cells operated in a batch mode (with a depth 
of 1.15 m and an area of 1 m2 each) and an outflow/ recirculation well (Fig. 1). 
As the experimental period of the pilot CW is expected to be only one year, the 
cells were not planted. Therefore FS do not meet the strict definition of a 
wetland, and we used the term “LWA filter system”. During the winter, when the 
ambient temperatures were below zero, the filter and the covers of wells were 
 

 

Figure 1: Plan view of Ilmatsalu batch-operated SF with associated septic 
tank, inflow and outflow well. 
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isolated with 50 mm foamed plastic to keep the system from freezing due to its 
small dimensions. 

2.1.2 Filter material 
The cells are filled with a 1.15 m deep LWA. The LWA used in the Ilmatsalu 
pilot filter system is produced from local clay mineral in Estonia (trademark 
name Filtralite S) and does not have characteristics of Filtralite-P, for instance 
high phosphorus sorption capacity as reported by Jenssen and Krogstad (2003). 
It is, however, suitable for use in CWs due to its high hydraulic conductivity, 
porosity and good insulation properties [23]. The fraction of 2-4mm was used in 
all of the cells. The porosity of the humid LWA measured at site was 0.43 m3m-3. 

2.2 Operation 

The hydraulic and pollution load of the Ilmatsalu LWA filter is determined by 
the test regime, the pore volume of the filter material and the water level in the 
wetland cells. While operating in batch mode, it is possible to re-circulate the 
treated water. The batch cycle consists of filling time, incubation time (variable), 
draining time (~0.5-1 hour) and recuperation time (up to ~24 h). The inflow and 
outflow fluxes of the cells are controlled by 25 mm solenoid valves installed in 
the inflow and outflow wells. As the hydraulic load of the Ilmatsalu LWA filter 
system was ~0.5 m3 during the six test periods, the hydraulic retention time 
(HRT) of the septic tank was 4 days.  
     Wastewater from the grit channel of the ASTP is first pumped into the septic 
tank and further flows to the inflow well, from which it is pumped to the cells 
through solenoid valves. The cells are filled and drained in rotary mode: when 
the first cell is filled, the next is drained, etc. Pumps and valves are operated by a 
controller installed in the service building of the ASTP. The time between the fill 
and drain operation of the same cell is the incubation time, and the time between 
drain and fill operation of the same cell is the recuperation (rest) time. The 
recuperation (rest) period allows for the degradation of accumulated suspended 
organic material in order to prevent clogging of the filter [8]. In addition, 
intermittent flushing lets the surface dry out for certain periods of time [7]. 
Recirculation of the treated water is achieved by pumping the water from the 
outflow well back to the inflow well at the same time as filling takes place. 

2.2.1 Operational regimes 
Different operational regimes were tested during the experiments. The variations 
in loading rates are mainly dictated by varying incubation and recuperation time, 
loading rate and re-circulation rate. The FS has been in operation from the 
beginning of November 2005, and this paper covers the experimental data about 
6 different operational regimes with hydraulic load, incubation and recuperation 
times, re-circulation rates and water quality parameters in the inflow reported in 
Table 1. 

2.3 Sampling and comparison parameters 

Water grab samples from the inflow of the cells (outflow of the septic tank) and 
the outflow of the cells were taken randomly once a week. Water samples were  
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Table 1:  Parameters of different operational regimes (recirculation rate is 
given as a percent of daily inflow flow rate) and average values of 
water quality parameters in the inflow of the studied FS. 

Operational regime Parameter 
1 2 3 4 5 6 

Duration Nov-
Dec 

Jan-
Mar 

Mar-
May 

May-
Jul 

Aug-Oct Oct-Dec 

Water level in SF cell (m) 1.1 0.8 1.1 1.1 1.1 1.1 
Incubation time (d) 7 ~5.3 ~5.3 3.5 2.3 1.8 
Recuperation time (h) ~23 ~17 ~17 ~11 ~7 ~5 
Re-circulation rate (%) 0 0 20 100 200 300 
Q (m3 d-1) 0.47 0.46 0.53 0.47 0.47 0.47 
pH 7.5 7.3 7.3 7.2 7.2 7.3 
Temp (0C) 5.4 3.1 7.3 13.4 14.6 8.4 
BOD7 (mg l-1) 135 191 168 237 206 100 
TSS (mg l-1) 33 48 37 66 97 55 
CODCr (mg l-1)  224 311 248 385 383 163 
Ntot (mg l-1) 54 44 33 68 82 40 
Ptot (mg l-1)  6.6 6.6 5.8 8.1 10.3 6.6 

 
analyzed by an accredited laboratory according to Estonian standards for pH, 
BOD7, SS, CODCr, Ntot, NH4-N, NO2-N, NO3-N, Ptot. Portative measures of 
temperature and dissolved O2 were measured on site. A total of 8, 9 and 7 
samples were taken during the first, second and third operational regime 
respectively.  
     This paper presents the data and the purification efficiencies of 6 different 
operational regimes in the pilot FS. For comparison of purification efficiencies, 
BOD7, CODCr, SS, Ntot, and Ptot are used as performance indicators. In addition, 
the oxygen demand (OD) of the wastewater was calculated on the basis of the 
following equation: 

OD = [(BODin – BODout) + (NH4-Nin – NH4-Nout)*4.3]*Q ,         (1) 
where OD is oxygen demand (gO2/d); BODin is BOD7 concentration in the 
inflow of FS (gO2 m-3); BODout is the Estonian effluent standard for BOD7 in 
treatment plants <2000 pe (15 g O2 m-3); NH4-Nin is NH4-N concentration in the 
inflow of FS (g m-3); NH4-Nout - since there is no exact effluent standard for 
treatment plants smaller than 2000 pe in Estonia, the set target is that all the 
NH4-N should be removed (0 g m-3); Q – flow rate (m-3 d-1). 
     When we replace the standard values (BODout and NH4-Nout) in Eqn. 1 with 
the real values of effluent concentrations during the experiments, we obtain the 
total aeration capacity (gO2 d-1) of the FS, and when we divide it with the area of 
the FS, we obtain the specific aeration capacity of the FS (gO2 m-2 d-1). 

3 Results and discussion 

3.1 Purification efficiencies 

The purification efficiencies of BOD7, Ntot and Ptot of 88%, 28% and 48%, 
respectively, were achieved as an average of six test periods (Table 2). The 
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highest purification efficiencies of 96% and 51% for BOD7 and Ntot respectively, 
were achieved when the recirculation rate of 200% was applied at the same 
hydraulic loading rate. The main factors affecting the performance of the batch-
operated FS as concerns BOD7 and Ntot removal are water temperature and 
recirculation rate, in which the effect of recirculation and thus retention time was 
more protruding [24].  

Table 2:  Average purification efficiencies (PE, %) of organic matter (by 
BOD7), total suspended solids, CODcr, Ntot and Ptot at the outflow 
of the filter system (FS).  

Operational regime PE at outflow (%) 
1 2 3 4 5 6 

BOD7  88 74 83 91 96 95 
TSS  82 91 81 83 84 89 
CODCr   70 61 69 83 90 85 
Ntot  16 0 8 43 51 48 
Ptot  62 36 41 53 53 44 

3.2 Rate of organic matter removal  

In order to compare the performance of batch-operated FS with other systems, 
the rate of organic matter removal is calculated by using the following “Kickuth” 
equation, which is widely used for constructed wetlands in the secondary and 
tertiary treatment of municipal sewage [17]: 

( ) ,lnln 0

BOD

e
h K

QCCA ×−
=          (2) 

where Qd is the average daily flow rate of the sewage (m3/d); C0 and Ce are 
values of BOD7 (mgO2/l) at the inlet and outlet of the FS respectively; Ah is 
surface area (m2) and KBOD is the rate constant (m/d), when the removal of 
organic matter is described using first-order kinetics. Although there is no clear 
evidence that the rate of organic matter removal in constructed wetlands is 
indeed first-order, especially as concerns the treatment of strong sewage, and 
many studies have argued that position [26], it may still be used as a comparison 
method for different FS [17]. Table 3 presents the KBOD values for different 
operational regimes using average data about BOD7 concentrations.  

Table 3:  Values of KBOD for different operational regimes.  

Operational regime 1 2 3 4 5 6 
KBOD value 0.13 0.08 0.12 0.14 0.19 0.18 

 
     As shown in Table 3, the KBOD values range between 0.08–0.19 m d-1, which 
are higher than reported for typical values of 0.07–0.1 m d-1 for HF filters in the 
UK [25]. The average value of KBOD during the first three operational regimes 
was 0.11 m d-1, but the average value of KBOD during the next three operational 
regimes was 0.17 m d-1, indicating the positive effect of re-circulation on the rate 
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of organic matter removal. Nevertheless, KBOD values reported in Table 3 are 
lower than reported by Sun et al. [17] for four-stage tidal-flow FSs without re-
circulation (0.28–0.40 m d-1) and with 100% re-circulation (0.38–0.93 m d-1).  

3.3 Aeration capacity 

In addition to the rate of organic matter removal, another typical parameter used 
to estimate the performance of an FS is aeration capacity (gO2 m-2 d-1), which 
shows the amount of oxygen that is introduced into wastewater per unit of area 
per day. In order to estimate the performance of an FS, it is necessary to compare 
he aeration capacity with the oxygen demand of the inflow wastewater to the FS 
(gO2 m-2 d-1). Table 4 reports the average values of the oxygen demand of 
wastewater in the inflow of the FS and aeration capacity during the six 
operational periods calculated using the equations presented in chapter 2.3.  

Table 4:  Average values of the oxygen demand of wastewater and aeration 
capacity of FS during the six operational periods. 

Operational regime 1 2 3 4 5 6 
Oxygen demand (gO2 m-2 d-1) 19.1 19.4 19 28.2 29.2 13.1 
Aeration capacity (gO2 m-2 d-1) 8.5 8 10.7 20.1 21.1 10.3 

 
     According to the results reported in Table 4, the highest aeration capacity of 
21.1 gO2 m-2 d-1 was achieved during the 5th operational period, when the re-
circulation rate of 200% was applied. Also, the increase in re-circulation rates 
during the last three operational periods improved the average aeration capacity 
of the FS about twofold compared to the average aeration capacity during the 
first three operational periods. In the case of VF filters, the average aeration 
capacity is considered to be 30 gO2 m-2 d-1 [27, 25], and could reach up to 50–90 
gO2 m-2 d-1 without re-circulation [9]. Sun et al. [11] found that the aeration 
capacity of the VF filter increased from 29.7 gO2 m-2 d-1 to 57.1 gO2 m-2 d-1 when 
re-circulation was applied. Furthermore, Sun et al. [17] reports an aeration 
capacity of up to 473 gO2 m-2 d-1 in the tidal-flow system. Therefore the aeration 
capacity of the Ilmatsalu batch-operated FS is comparable to a VF filter when re-
circulation of effluent is applied, but is substantially lower than the aeration 
capacity of a VF filter with re-circulation or tidal-flow systems. However, when 
comparing the aeration capacities of different systems, the oxygen demand of 
inflow wastewater has also been taken into consideration, as the aeration 
capacity of the systems depends on the oxygen demand of wastewater. The latter 
also explains the slightly lower aeration capacity during the 6th operational 
period compared to the 5th period, regardless of the application of the higher re-
circulation rate.   

4 Conclusions 

There are several operational methods used to enhance oxygen supply in CWs, 
such as vertical-flow systems, systems with effluent recirculation, systems with 
fluctuating water level, tidal-flow systems and batch-operated systems.  
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     The pilot scale batch-operated FS has shown BOD7, Ntot and Ptot purification 
efficiencies of 88%, 28% and 48% respectively, as an average of six test periods. 
However, the highest purification efficiencies of 96% and 51% for BOD7 and 
Ntot respectively, were achieved when the recirculation rate (given as percent of 
the daily inflow flow rate) of 200% was applied at the hydraulic retention time of 
~2 days.  
     During the study, the comparison between batch-operated and conventional 
CWs were made, and the possible advantages of batch-operated CWs were 
analyzed on the basis of the organic matter removal rate calculated by the 
“Kickuth” equation and the aeration capacity of the FS. The highest organic 
matter removal rate of KBHT=0.19 m d-1 is approximately two times higher than 
the removal rate of typical horizontal-flow CW (that our experimental system 
most closely matched in terms of flow path) reported in the literature. However, 
the highest aeration capacity of 21.1 gO2 m-2 d-1 is somewhat lower than the 
average aeration capacity of vertical-flow CWs, and substantially lower than the 
aeration capacity of a VF filter with re-circulation or tidal-flow systems. We 
believe that the performance indicators should be interpreted regarding the low 
inflow concentrations of wastewater, and as the shorter hydraulic retention times 
could be applied during the future studies, the performance indicators of batch-
operated FS are expected to improve substantially.  
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