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Abstract: The present paper reports pollutant removal efficiencies and reliability for a four-stage hybrid
constructed wetland (HCW) consisting of the following sequence of subsurface (SS), vertical flow
(VF) and horizontal flow (HF) beds: SSVF-SSHF-SSHF-SSVF. The experiments were carried out
over a period of three years, with sampling done in each season: winter, spring, summer and
autumn. Grab samples of wastewater collected from different stages of treatment were tested for total
suspended solids (TSS), BOD5, COD, total nitrogen (TN) and total phosphorus (TP). The wetland was
found to have a very high efficiency of removal of suspended solids and organics, with relatively
little seasonal variability. The three-year average TSS removal efficiency was approximately 92.7%.
The effectiveness of elimination of organic compounds was very high throughout the study period
at 96.6% BOD5 and 95% COD. The effluent from the four-stage system had significantly lower contents
of TN and TP compared to the wastewater discharged from the first two beds of this facility.
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1. Introduction

Local sewage treatment plants are an ideal solution for the disposal of small amounts of wastewater
in areas with a dispersed development pattern, where the construction of a collective sewage system
is economically unviable. Today, the market offers a number of different technological designs
for the treatment of small quantities of wastewater. However, more and more often, the selection
of a treatment technology is guided by the ecological criterion [1–3]. This is why constructed wetlands
(CWs), which provide highly efficient removal of pollutants, are gaining in popularity, especially
in rural settings, protected areas and areas of a high landscape value [4–7]. CWs are most commonly
classified on the basis of the wastewater flow regime. According to this division, there are two main
types of such facilities: free-water surface flow (FWS) and subsurface flow (SS) CWs. The latter are
further divided into horizontal flow (SSHF) and vertical flow (SSVF) wetlands. In SSVF systems,
wastewater is dosed onto the surface of the bed and then drains by gravity to the bottom layer [8].
A bed of this type consists of several layers of filling material (gravel and sand), with the layers having
a progressively smaller grain size from bottom to top. In the Polish climate, SSVF CWs perform much
better than FWS CWs.

The CWs used in Poland are usually two-stage systems with a SSVF bed and a SSHF bed. Three- and
four-stage CWs are less frequently used. The only examples of such systems described in the Polish
literature are the facilities in Darżlubie (SSHF-SSHF-SSVF-SSHF), Wiklino (SSHF-SSVF-SSHF),
Wieszyn (SSHF-SSVF-SSHF) and Schodno (SSHF-SSHF-SSVF-SSVF), investigated by Gajewska
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and Obarska-Pempkowiak [9]. This study reports, for the first time, the results of an analysis
of a SSVF-SSHF-SSHF-SSVF wetland.

Numerous studies have shown the effectiveness of soil–plant systems in the removal of various
types of pollutants, such as organic matter, pathogens and pharmaceuticals [10,11]. They are slightly less
efficient in removing biogenic elements, such as total nitrogen (TN) and total phosphorus (TP). In these
systems, nitrogen and phosphorus are eliminated from wastewater with various efficiencies, which is
associated with the specific nature of nitrification and denitrification and the processes that lead to the
reduction of phosphorus compounds [12,13]. For that reason, new solutions that would optimize the
conditions of nutrient removal are being looked for. One such option is the use of CW systems [11,14,15].
In these systems, vertical flow (SSVF) beds create better conditions for nitrification owing to pulsed
wastewater dosing. Much better oxygenation of the sewage flowing into SSVF beds also creates
favorable conditions for very effective elimination of organic matter, expressed as BOD5 and COD.
On the other hand, horizontal flow (SSHF) beds ensure a high efficiency of elimination of organic matter
and total suspended solids (TSS) and can create very good conditions for denitrification. Purified
wastewater at the outflow from CWs has lower concentrations of organic matter. CWs also ensure full
nitrification and partial denitrification of wastewater, and hence, discharge lower concentrations of TN
in their effluent [6,7,16].

One line of research on CWs focuses on the introduction of new plant species that could improve the
efficiency of removal of contaminants and ensure a longer life of these soil–plant systems [17]. To date,
CWs in Europe and worldwide have usually been planted with Phragmites spp. (Poaceae), Typha spp.
(Typhaceae), Scirpus spp. (Cyperaceae), Iris spp. (Iridaceae), Juncus spp. (Juncaceae), Eleocharis spp.
(Cyperaceae) and Salix [4,6,18]. To a lesser extent, systems of this type use energy crops, such as the giant
miscanthus (Miscanthus × giganteus Greef et Deu) or the Jerusalem artichoke (Helianthus tuberosus L.).
Currently, there is scant literature on the pollutant removal efficiency of CWs planted with these species.
Giant miscanthus and Jerusalem artichoke can be harvested for energy production. In the case of
constructed farm wetlands, biomass obtained from those plants can be used as a cheap source of energy
by farmers, especially those who specialize in the production of flowers and vegetables in greenhouses,
which are now normally heated using sawdust stoves. In this light, the type of wetland discussed in
this study can not only be used to effectively reduce pollutant loads in wastewater, but it can also be
harnessed to provide a source of alternative energy [19].

The goal of the present study was to determine the effectiveness and reliability of removal of organic
contaminants (TSS, BOD5, and COD), biogenic elements (TN and TP) in a SSVF-SSHF-SSHF-SSVF
CW and to assess the role of energy crops in wastewater treatment processes. The effectiveness of
removing pollutants from wastewater and their quality at individual stages of treatment were analyzed,
and then the validity/desirability of using multi-stage constructed wetlands systems was assessed.

2. Material and Methods

2.1. Characteristics of the Experimental Facility

The investigated wastewater treatment plant was located in Dąbrowica (a village in the Lublin
Province, Poland) (51◦16′13.80” N 22◦27′14.72” E). In this facility, domestic wastewater influent was
first routed through a concrete primary settling tank consisting of three chambers covered with cast
iron manhole covers. The chambers were arranged in a series. Because the settling tank had been
converted from a pre-existing septic tank, wastewater flowed from one chamber to the next by gravity.
The first chamber had a volume of 4.41 m3 (φ 1.5 m and h 2.5 m), and the second and third chambers
had a volume of 1.76 m3 (φ 1.5 m and h 2.0 m) each. The working volumes were 2.65 m3 for the first
chamber and 0.88 m3 for the second and third chambers each.

After preliminary mechanical treatment in the primary settling tank, which involved sedimentation
of solid waste, wastewater flowed through a series of four SS beds connected in the following order:
SSVF-SSHF-SSHF-SSVF. The sequential beds were planted with common reed (Phragmites australis
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Cav. Trin. ex Steud.), Salix (Salix viminalis L.), Jerusalem artichoke (Helianthus tuberosus L.) and giant
miscanthus (Miscanthus × giganteus Greef et Deu.). Each bed was 4 m long × 6 m wide, which means
the CW had a total surface area of 96 m2. The SSVF beds (I and IV) were 0.8 m deep, and the SSHF beds
(II and III) were 1.2 m deep. The SSVF beds were filled with a layer of sand (1–2 mm grain size) to
a height of about 0.8 m. In SSHF beds, a 1 m bottom layer of sand (1–2 mm grain size) was topped
with a 0.2 m layer of humus soil excavated during the construction of the wetland. All beds were lined
with 1 mm thick geomembrane. In the SSVF beds, wastewater was dosed periodically with a pump.
The operation frequency of the pump depended on the amount of influent sewage. Wastewater was
pumped onto the surface of the SSVF beds and then flowed vertically down to the drainage layer
at the bottom of the bed and into a distribution box. Both SSVF beds experienced wet and dry periods
depending on the amount of inflowing sewage. In the case of the SSHF bed with Salix, wastewater
was fed into the bed by gravity. It entered one side of the bed and flowed across it under the surface.
A tilting pipe installed at the outflow from the SSHF beds was used to raise the wastewater level
in both SSHF beds in the summer. In cold periods (below −8 ◦C), the wastewater level was maintained
at 0.4 m above the bottom of the beds, and in the summer it was raised to 0.8 m.

During the study period, the facility serviced a family of eight (Figure 1). The mean hydraulic
load was 0.6 m3

·d−1. Every year, after the winter season, the aboveground plant shoots and part
of the tubers (Jerusalem artichoke) were removed from the fields. The volume of sewage flowing into
the treatment plant was determined on the basis of readings of water meters installed in the building
and average water consumption.
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Figure 1. Technological scheme of the SSVF-SSHF-SSHF-SSVF hybrid constructed wetland with
sampling points S0, S1, S2, S3 and S4. (SSVF—subsurface vertical flow, SSHF—subsurface horizontal
flow).

The theoretical hydraulic retention time (HRT) was determined on the basis of the parameters
of the beds (horizontal dimensions, porosity of the material used to fill the beds, the height of the layer
filled with sewage) and average daily wastewater inflow [20]. The HRT for VF beds was 2.4 d. Thanks
to the use of the tilting pipe downstream of both SSHF beds, the HRT in both beds was extended to
about 12.8 d, and in cold periods to 6.4 d.
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2.2. Experimental Procedure

Pollutant removal efficiency was assessed by determining TSS, BOD5, COD, TN, ammonium
nitrogen (NH4-N), nitrite nitrogen, nitrate nitrogen and TP content in samples collected from
the analyzed facility in three consecutive years (2011–2013). Sewage samples were collected each year
in February, May, August, September and November. Sampling dates were chosen to reflect season
changes in a warm climate in which the average annual air temperature is about 8.8 ◦C [21].

Wastewater samples for physical and chemical assays were labelled as follows: S0—mechanically
treated raw sewage collected downstream of the settling tank, S1—effluent from the SSVF bed with
common reed, S2—effluent from the SSHF bed with Salix, S3—effluent from the SSHF bed with
Jerusalem artichoke and S4—effluent from the SSVF with giant miscanthus (Figure 1).

2.3. Analytical Methods

The analyses were carried out in accordance with the sample analysis procedures described
in the Regulation of the Polish Minister of the Environment of 2014 [22]. Samples were collected,
transported, processed and analyzed in accordance with Polish standards [23–29], which comply with
APHA [30].

The following methods were used:

- TSS—gravimetry directly after filtration through filters and drying at 105 ◦C.
- BOD5—dilution test. Oxygen was measured before and 5 d after incubation at 20 ◦C in total

darkness with the addition of a nitrification inhibitor.
- COD—dichromate test. CODCr was determined after oxidation of a sample in a thermoreactor

at 148 ◦C.
- TN—photometric method after oxidation of a sample in a thermoreactor at 100 ◦C.
- Nitrate nitrogen and nitrite nitrogen—photometric method.
- Ammonium nitrogen—photometric method using a spectrophotometer.
- TP—photometric method after oxidation of a sample in a thermoreactor at 120 ◦C.

Based on the test results, the minimum, maximum and mean values of the investigated parameters
as well as standard deviations were determined (Table 1). The mean concentrations of the analyzed
pollution indicators in influent (Cin) and effluent (Cout) wastewater were used to calculate the mean
pollutant removal efficiencies of the beds according to Formula (1):

Ŋ= 100 × (1 − Cout/Cin) (%) (1)

The assessment of the efficiency of the treatment plant was complemented by calculating the mass
removal rates (MRRs) for the main pollutants contained in the wastewater. MRRs were determined
using the formula below [31]:

MRR =
CinQin −CoutQout

A

(
g/m2/day

)
(2)

where A—surface area of a CW (m2), Qin and Qout—mean quantities of influent and effluent wastewater
(m3/day), Cin and Cout—mean concentrations of a contaminant at the inflow to and outflow from
the CW (g/m3).

Table 1. Ratios between mean values of selected pollution indicators.

Relationship Literature Recommendation [32] This Study

COD/BOD5 ≤2.2 2.43
BOD5/TN ≥4.0 1.30
BOD5/TP ≥25 8.78
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The calculated values were theoretical because they were based on the assumption that the volume
of wastewater flowing out from the individual beds was equal to the volume of influent wastewater.

2.4. Statistical Analysis

In addition, the correlations between air temperature and removal efficiencies for TN and TP were
determined. The null hypothesis that there was no relationship between the analyzed variables

H0: ρ = 0 (3)

was tested against the alternative hypothesis

H0: ρ , 0 (4)

where H0—null hypothesis, and ρ—linear correlation coefficient stating that there was a relationship
between the investigated variables.

Correlations were determined using Pearson’s test, and statistical significance was confirmed
by Student’s t-test at the significance level α = 0.05. Absolute values of the t-tests were compared
against the critical values given in Student’s t-distribution tables. The correlation coefficient was
considered statistically significant if |t| ≥ t αkr.

Sampling frequency was selected in compliance with the provisions of Polish law [22],
which recommends that in the case of small wastewater treatment plants (representing PE less
than 2000) four wastewater samples should be taken per year under a routine pre-scheduled sampling
program. Because of the possibility of occurrence of extreme events, the reliability of discharge
compliance monitoring tests may be questioned, but the results obtained in these tests are sufficient to
evaluate the performance of a treatment plant. In the case of the facility investigated in the present
study, wastewater samples were collected and tested outside periods of intense rainfall and spring
thaws, which could significantly affect the results.

Reliability was assessed for the basic pollution parameters (BOD5, COD, total suspended
solids, total nitrogen and total phosphorus) using elements of Weibull’s theory of reliability.
The Weibull distribution is a useful general probability distribution applicable in reliability testing and
assessment of risk of exceedance of discharge limits [4,33–36]. The Weibull distribution is characterized
by the following probability density function:

f (x) =
c
b
·

x− θ
b

(c−1)
·e −

x−θ c
b (5)

where x—variable defining the discharge concentration of a pollutant, b—scale parameter, c—shape
parameter and θ—location parameter, under the assumption that θ < x, b > 0, c > 0.

Reliability analysis was carried out separately for each parameter using the discharge values.
The analysis consisted in estimating the Weibull distribution parameters by the maximum likelihood
method and verifying the null hypothesis that the variable tested could be described by the
Weibull distribution.

Reliability was determined from the cumulative distribution function using the discharge limits for the
investigated parameters set in the Regulation of the Polish Minister of the Environment [22] for wastewater
discharged from treatment plants with PE less than 2000: BOD5—40 mgO2/L, COD—150 mgO2/L,
total suspended solids—50 mg/L, total nitrogen—30 mg/L and total phosphorus—5 mg/L. In the case
of nitrogen and phosphorus, we adopted limits specified for wastewater discharged into lakes and
their tributaries, and directly to artificial reservoirs located on flowing waters [22].
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3. Results and Discussion

3.1. Composition of Wastewater Treatment

3.1.1. Composition and Quality of Raw Sewage

The mean pollution indicator values for raw sewage flowing from the house to the primary
settling tank were 321.5 mg/L for BOD5, 708.2 mg/L for COD, 397.6 mg/L for TSS, 150 mg/L for TN and
23.1 mg/L for TP (Table 2). These values were similar to those typically reported for domestic sewage
in Poland [32,37,38].

Table 2. Contaminant concentrations at the individual stages of treatment in the SSVF-SSHF-
SSHF-SSVF system.

Parameters Sample
Statistic

Average Median Min Max SD Cv

Dissolved oxygen
(mgO2/L)

RW 0.22 0.17 0.10 0.34 0.08 0.35
S0 0.93 0.32 0.10 2.51 0.97 1.04
S1 4.69 4.65 2.60 6.36 1.12 0.24
S2 3.24 7.06 4.25 9.21 1.79 0.25
S3 3.23 6.12 4.15 11.02 1.91 0.31
S4 7.32 7.83 2.98 11.31 2.19 0.30

pH

RW 7.07 7.15 6.13 7.64 0.37 0.05
S0 7.23 7.32 6.42 7.60 0.32 0.04
S1 7.16 7.17 6.35 7.65 0.35 0.05
S2 7.36 7.49 6.56 7.82 0.40 0.05
S3 7.41 7.40 6.66 7.98 0.35 0.05
S4 7.67 7.87 6.93 8.06 0.44 0.06

BOD5 (mgO2/L)

RW 321.45 189.00 189.00 679.00 136.47 0.42
S0 146.6 129.0 68.0 232.0 50.9 0.3
S1 5.1 4.4 1.0 10.4 3.3 0.6
S2 4.7 4.1 1.0 10.4 3.2 0.7
S3 4.6 4.8 0.7 9.2 2.6 0.6
S4 4.6 3.9 0.5 12.8 4.1 0.9

COD
(mgO2/L)

RW 708.18 620.00 360.00 1300.00 332.23 0.47
S0 356.4 330.0 230.0 490.0 91.7 0.3
S1 32.7 23.0 11.0 76.0 21.8 0.7
S2 18.5 13.0 7.0 38.0 11.8 0.6
S3 21.4 20.0 5.0 36.0 9.4 0.4
S4 17.2 18.5 7.0 26.0 6.6 0.4

TSS
(mg/L)

RW 397.61 176.00 164.00 812.70 209.04 0.53
S0 106.2 109.0 61.0 151.4 30.6 0.3
S1 34.2 16.3 2.0 120.3 50.0 1.2
S2 14.5 14.5 4.3 36.9 8.9 0.6
S3 7.4 8.3 2.2 14.7 4.4 0.6
S4 5.4 4.1 1.0 15.5 4.7 0.9

TN
(mg/L)

RW 149.91 160.00 94.00 256.00 50.63 0.34
S0 112.8 118.0 70.0 148.0 22.6 0.2
S1 82.1 75.0 51.0 123.0 21.3 0.3
S2 78.6 72.0 52.0 119.0 19.1 0.2
S3 70.0 71.0 55.0 94.0 11.1 0.2
S4 60.0 60.0 39.0 83.0 13.2 0.2
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Table 2. Cont.

Parameters Sample
Statistic

Average Median Min Max SD Cv

Ammonium
nitrogen
(mg/L)

RW 111.45 150.00 68.00 160.00 33.95 0.30
S0 95.09 94.00 65.00 141.00 20.92 0.22
S1 9.84 1.07 0.08 49.70 16.97 1.73
S2 1.69 0.52 0.06 5.60 2.32 1.38
S3 0.53 0.52 0.05 1.30 0.43 0.82
S4 0.32 0.14 0.07 0.95 0.32 1.01

Nitrate nitrogen
(mg/L)

RW 1.22 1.14 0.16 3.16 1.17 0.96
S0 1.36 1.49 0.21 2.80 0.96 0.70
S1 38.12 36.02 23.53 57.24 11.65 0.31
S2 46.19 38.96 31.64 89.02 16.49 0.36
S3 37.14 40.14 14.86 49.40 10.41 0.28
S4 33.54 33.60 19.20 44.75 7.14 0.21

Nitrite nitrogen
(mg/L)

RW 0.27 0.16 0.16 0.48 0.12 0.45
S0 0.19 0.16 0.11 0.37 0.08 0.40
S1 0.27 0.17 0.03 0.75 0.25 0.93
S2 0.16 0.10 0.02 0.61 0.18 1.08
S3 0.40 0.26 0.04 1.21 0.38 0.95
S4 0.12 0.07 0.03 0.42 0.11 0.98

TP
(mg/L)

RW 23.10 7.10 7.10 41.90 11.38 0.49
S0 16.7 13.4 6.7 33.5 9.6 0.6
S1 8.6 8.4 6.3 13.3 2.0 0.2
S2 7.4 7.3 4.2 7.3 1.8 0.2
S3 6.4 6.3 4.7 6.3 1.0 0.2
S4 4.9 4.2 2.7 4.2 1.7 0.3

Notation: RW—raw wastewater; S0—outflow from settling tank; S1—outflow from SSVF bed with common reed;
S2—outflow from SSHF bed with Salix; S3—outflow from SSHF bed with Jerusalem artichoke; S4—outflow from
SSVF bed with giant miscanthus; SD—standard deviation; Cv–coefficient of variation.

3.1.2. Efficiency of Removing Impurities in the Primary Settling Tank

The primary settling tank was used to remove solid impurities. As a result of physical processes
taking place in the sedimentation tank, mainly sedimentation of pollutants heavier than water,
the TSS content decreased by almost 73%. The division of the settling tank into two chambers had
a positive effect on the degree of suspension elimination. It reduces the turbulence of the sewage,
stabilizes the flow conditions, especially in the second chamber, and consequently prevents the sludge
from being discharged. In the sewage flowing into the analyzed facility, as typical domestic sewage,
the fraction of easily settling suspensions consists, to a large extent, of organic suspensions; hence,
their removal from the sewage resulted in a significant reduction in BOD5 (by 54%) and COD (by 50%).
The scale of this phenomenon depends on the presence of bacteria capable of anaerobic decomposition
of organic matter. The settling tank is intended mainly for mechanical wastewater treatment; therefore,
the effects of removing biogenic compounds were low, in the case of TN it was 25%, TP—28%.

Despite the relatively high efficiency of the settling tank, the value of BOD5 in the mechanically
treated wastewater was on average 146 mg/L. The concentrations of this indicator ranged between
100 and 150 mg/L in 45% of cases and were higher than 200 mg/L in 20% of cases. TSS concentrations
did not exceed 450 mg/L. Most TSS concentration values were in the range of 50–100 mg/L (45.5%) and
100–150 mg/L (36.5%), with a mean TSS concentration of 106.2 mg/L. The mean level of COD in the
wastewater mechanically treated in the primary settling tank was 356.4 mg/L. The most frequently
recorded COD values were in the range between 300 and 350 mg/L (27.5% of cases) and above
450 mg/L (27% of cases) (Figure 2). The remaining values (18% of cases each) fell within the ranges
of 200–250 and 250–300 mg/L. The differences among COD values measured in the mechanically
treated wastewater leaving the settling tank could have been due to the variable composition of the
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raw sewage entering the tank as well as the operation and performance of the tank itself. TN and
TP concentrations most often (36% of cases) fell within the ranges of 120–140 mg/L and 10–15 mg/L,
respectively. The mean concentrations were 112.8 mg/L for TN and 16.7 mg/L for TP (Table 2).
The values obtained in the present study were similar to those typically measured in wastewater
treated in settling tanks [38–42].Water 2020, 12, x FOR PEER REVIEW 8 of 26 
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Figure 2. Frequency histograms for pollution parameters (BOD5, COD, TSS, TN and TP) in the influent
to the constructed wetland.

Effective removal of pollutants from wastewater in conventional biochemical processes requires
the provision of appropriate quantities of nutrients for the optimal growth of the microorganisms
participating in the treatment. Especially important is the availability of organic matter, nitrogen and
phosphorus. The optimum concentrations of these nutrients in wastewater treated in a settling tank
are expressed by ratios between pairs of the following pollution parameters: BOD5, COD, TN and
TP [32] (Table 1).
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As shown in Table 1, all the ratios calculated in this study deviated from the recommended ratios.
These data indicate that the wastewater flowing into the investigated CW from the settling tank showed
low susceptibility to biochemical degradation [32].

3.1.3. Efficiency of Wastewater Treatment in the VF Bed with Common Reed

After treatment in the SSVF reed bed, the concentration of BOD5 in wastewater dropped to 10.45 mg/L.
The mean concentration of TSS at the outflow from this bed was 34.2 mg/L, and the concentration
of COD was 32 mg/L (Table 2). The concentrations of the biogenic compounds TN and TP were
82.1 mg/L and 8.6 mg/L, respectively (Table 2). Gikas and Tsihrintzis [43], who analyzed a system of two
parallel SSVF reed beds, recorded maximum effluent concentrations of nitrogen in the range from
82.9 to 106.7 mg/L. These values were similar to those obtained in the present study. The concentrations
of organic pollutants, expressed as BOD5 and COD, in wastewater treated in the SSVF bed with
common reed were clearly lower than the admissible values stipulated by the Polish law (Figure 3) [22].
In the case of TSS, the quality of wastewater leaving the single-stage system fell short of the requirements
set out in the 2014 Regulation for sewage discharged into water or soil (50 mg/L), as it sporadically
exceeded the admissible value (Figure 3). Nevertheless, the removal efficiency values were high
for all three organic pollutants: 96.5% for BOD5, 90.8% for COD and 67.8% for TSS.
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In CW systems, organic matter can be mineralized through the biological film that forms
on the particles of bed medium and plant roots. Organic substances can decompose under aerobic or
anaerobic conditions. Aerobic decomposition is much faster because bacteria that live in the presence
of free oxygen (chemoheterotrophs) have much faster metabolism rates than chemoautotrophs [11].
After oxidation of organic compounds, aerobic bacteria use oxygen as the final electron acceptor [1]
and release carbon dioxide, ammonia and other stable chemicals. Aerobic decomposition of organic
compounds most commonly takes place in SSVF beds, which have much higher oxygenation levels than
SSHF beds. This is why, in our study, a significant reduction in organic compounds, expressed as BOD5,
COD and TSS, was observed already in the first bed (SSVF with common reed). Intensive biodegradation
of organic compounds in soil can also occur without the participation of plants, but in the case of systems
with bog vegetation, mineralization of organic contaminants occurs faster and more efficiently as a result
of oxygen being supplied to the root zone. In this study, the use of grass (common reed) in the SSVF
bed also significantly increased the oxygen content in the bed. The results indicate that the first
biological stage of purification provided favorable conditions for the oxidation of organic pollutants and
nitrification. The mean oxygen content in the wastewater downstream of the SSVF bed with common
reed increased to about 4.7 mg/L, while the mean concentration of ammonium nitrogen, which originally
accounted for about 84.3% of total nitrogen, was 9.84 mg/L. Despite the high efficiency of the reed bed in
the removal of ammonium nitrogen, the mean concentration of TN remained rather high at 82.1 mg/L,
with values substantially exceeding 100 mg/L. The efficiency of TN removal in this bed was 27.2%.
This may mean that a large part of the ammonium nitrogen did not undergo further transformation
after it had been converted into the nitrate form. This supposition is confirmed by the high nitrate
nitrogen concentrations in the effluent from the first bed—on average 38.1 mg/L (Table 2). At this
stage of treatment, the wastewater also contained high concentrations of TP (a mean of 8.6 mg/L).
The mean phosphorus removal efficiency of the reed bed was 48.5%. The mean concentrations of the
two biogenic indicators were more than double the admissible level stipulated in the Regulation for
sewage treatment plants of up to 2000 PE discharging wastewater to standing waters [22].

3.1.4. Efficiency of SSHF Bed with Salix

In this bed, only a slight reduction in the concentrations of organic contaminants was observed.
BOD5 removal efficiency was merely 8.1%, and COD and TSS removal efficiencies were 43.6% and
57.7%, respectively. The drastic decrease in the efficiency of removal of organic pollutants could
have been caused by the quality of the wastewater flowing into the Salix bed. Most of the pollutant
load carried in the influent into the CW had been reduced in the reed bed under aerobic conditions,
and so the Salix bed was fed with sewage that contained very low concentrations of contaminants.
This may have been associated with the fact that CWs have the ability to accumulate and retain
organic matter, as was observed for the SSVF bed with reed. After flowing through the Salix bed,
wastewater had the following organic matter parameters: BOD5 4.7 mg/L, COD 18.5 mg/L and TSS
14.5 mg/L. These numbers show that organic pollutant concentrations were reduced by half in this
bed relative to the values obtained at the outflow from the SSVF bed with common reed. In addition,
as shown by the results from the entire study period, TSS concentrations in the effluent from the
Salix bed no longer exceeded the admissible value specified by the Polish standards [22]. This means
that the use of a two-bed (SSVF-SSHF) system was justifiable. Organic matter accumulating in a CW
bed as a result of the constant inflow of sewage, biochemical transformations and the presence of
microbial debris is a source of nutrients that are used for further conversion of organic matter [44].
SSHF beds are used in hybrid systems to optimize the removal of nitrogen and organic compounds,
mainly due to the anaerobic and hypoxic conditions they provide [11,13]. The horizontal flow of
wastewater in the SSHF bed and the use of the Salix reduced the diffusion and transport of oxygen
from the atmosphere into the bed. Under the anaerobic conditions found in SSHF beds, organic matter
is transformed in the presence of inorganic ions such as NO3−, Mn4+, Fe3+, SO4

2− and CO2, which act
as electron acceptors [11,45]. Soil–plant systems, especially hybrid systems consisting of at least two
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beds with different flow modes (vertical and horizontal), are ideal for removing organic pollutants,
as confirmed by the present results (BOD5 4.7 mg/L, COD 18.5 mg/L) as well as reports from other
authors [6,16,31,46–48].

The mean concentrations of TN and TP in wastewater treated in the Salix bed (78.6 mg/L and
7.4 mg/L) did not meet the requirements specified in the 2014 Regulation (Figure 4). The efficiency
of this bed in removing biogenic elements was 4.2% for TN and 13.9% for TP. The mean concentration
of nitrite nitrogen (0.16 mg/L) was lower than that found in the effluent from the reed bed (0.27 mg/L).
At the same time, the content of nitrate nitrogen increased to 46.2 mg/L. This rise indicated that
nitrification had occurred in this bed; however, given the low concentrations of the pollutants, it is likely
that environmental factors, precipitation, temperature or random changes in operating conditions had
a much greater impact on the results than nitrification.
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3.1.5. Removal Effect in SSHF Bed with Jerusalem Artichoke

If the results for organic matter alone were considered, it could be argued that the use of the SSHF
bed with Jerusalem artichoke was unfounded because the concentrations of organic pollutants were
lower than those required by the Polish standards already at the outflow from the SSHF bed with
Salix (two-stage system) [22]. However, the use of another bed providing the same conditions as
the Salix bed resulted in a further reduction of TN to 70.0 mg/L and TP to 6.4 mg/L. Jerusalem artichoke,
which was used in the second SSHF bed, supplied much smaller amounts of oxygen to the bed
than did Salix. Additionally, oxygen diffusion in that bed was reduced due to the horizontal flow
of wastewater. The SSHF bed with Jerusalem artichoke provided good conditions for denitrification,
enabling a reduction in the nitrate level to 37.1 mg/L and a two-fold increase in the nitrite concentration
to 0.4 mg/L. This bed contributed to a decrease in the TN concentration, as the nitrate form was converted
into molecular nitrogen. On this basis, it can be concluded that the construction of the three-stage
treatment system was justified from the point of view of reducing the amounts of TN and TP discharged
into the environment. As far as the removal of organic contaminants was concerned, the SSHF bed
with Jerusalem artichoke showed a low efficiency (BOD5 2.5%, COD 16.2%, TSS 47%). Actually,
the mean COD concentration recorded at the outflow from this bed was higher than that measured
at the inflow. This could have been influenced by the fact that organic matter produced in a bog
environment accumulates on the surface of the bed and is then transformed, in microbiological
processes, into recalcitrant organic substances, such as humic compounds, to create a new soil layer,
or into easily decomposable compounds, such as proteins, carbohydrates, and fats [45,49,50].
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3.1.6. Composition and Quality of Wastewater in Outflow of Constructed Wetland

The use of the fourth bed allowed us to obtain substantially lower effluent concentrations
of pollutants than those specified in Polish standards (BOD5 40 mg/L, COD—150 mg/L and
TSS—50 mg/L) (Regulation 2014). Mean BOD5 was 4.6 mg/L, COD—17.2 mg/L and TSS—5.4 mg/L.
Again, exceptions were the concentrations of TN (60.0 mg/L) and TP (4.9 mg/L). An analysis of the values
of the individual organic pollutants given in Figure 3 shows that the only pollution parameter
whose concentrations were reduced consistently as the wastewater flowed from one bed to the next
was TSS. No such relationship was found for BOD5, the mean concentrations of which at the
individual purification stages were as follows: SSVF-SSHF—4.7 mg/L, SSVF-SSHF-SSHF—4.6 mg/L,
SSVF-SSHF-SSHF-SSVF—4.6 mg/L. In this case, the use of a four-stage system was unwarranted.
The two-stage system provided sufficient protection against the discharge of increased amounts
of organic matter, expressed as BOD5 (>40 mg/L), in the event of a decrease in the efficiency of the SSVF
with common reed. Figure 3 shows that the concentrations of COD in the investigated treatment system
were quite low throughout the study period. At no stage of biological treatment was the admissible
norm of 150 mg/L exceeded. Similarly to BOD5, the use of a four-stage system was unjustified
in the case of COD. However, the use of a single-stage system over a longer period of time can be risky.

Elimination of nitrogen from wastewater in soil–plant systems, similarly to other treatment plants,
is possible due to the transformation of nitrogen compounds in the processes of nitrification and
denitrification. It is very important that both processes take place in a treatment plant, otherwise nitrogen
will only change its form instead of being released in molecular form. Nitrification can only occur in the
presence of oxygen, while denitrification requires anaerobic or oxygen-deficient conditions. This is why
authors of numerous scientific publications claim that single-stage soil–plant systems cannot achieve a
high nitrogen removal efficiency, since it is impossible for the two processes to occur simultaneously in
one bed [13]. The present results confirm this observation. The hybrid set-up with a larger number of
beds providing both anaerobic and aerobic conditions showed an improved efficiency in reducing
TN and TP.

3.2. Efficiency of Pollutant Removal in the All CW System

The test results indicated that the SSVF-SSHF-SSHF-SSVF CW was highly efficient at removing
organic impurities (BOD5 96%, COD 95% and TTS 92%) but much less efficient at eliminating biogenic
compounds (TN 41% and TP 65%). At the same time, discernible differences were found between
the individual stages of treatment: the basic contaminants were removed much faster in the SSVF
with reed than in the SSHF bed with Salix. The first stage of purification (the reed bed) created
favorable conditions for the biodegradation of organic pollutants and moderately good conditions for
the removal of biogenic contaminants. Several factors may have affected those processes, among others
the way the bed was fed with sewage, and determinants directly associated with it, such as the
availability of oxygen, hydraulic load and pollutant load of the bed, as well as the plant species
used [51,52]. In addition, cyclic dosing of wastewater to the SSVF bed with reed and the alternating
occurrence of dry and wet periods may have significantly increased the diffusion of atmospheric oxygen
and improved the conditions for the oxidation of organic pollutants and nitrification, as observed
in previous research [53,54]. Similar TSS reduction values were obtained by Lesage et al. [39] and
Vera et al. [55] in SSVF-SSHF CWs planted with Phragmites australis and Typha latifolia, respectively
(87–98%), and Melián et al. [56] in a hybrid system with Phragmites australis and Scirpus sp. (95%).
Tanner et al. [40] reported a 95% efficiency of removal of TSS from urban sewage for a three-stage
SSHF-SSHF-SSVF system planted with Phragmites australis.

During the three-year study period, the average TSS removal efficiency in the SSVF-SSHF-
SSHF-SSVF CW ranged from 85.8 to 99.2% (Figure 4). Data for the individual months show that
the highest mean efficiencies were obtained in May (97.4%) and February (99.2%). In August and
November, the efficiencies were lower at 85.8% and 86.3%, respectively (Figure 5). This suggests
that the air temperature did not have a clear impact on the efficiency of TSS removal in the analyzed
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facility. The three-year air temperature averages for the particular months of the study were as follows:
February 4.5 ◦C, May 14.4 ◦C, August 18.4 ◦C and November 3.7 ◦C (Figure 6).Water 2020, 12, x FOR PEER REVIEW 13 of 26 
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To provide a more in-depth analysis of the impact of air temperature on the facility’s pollutant
removal efficiency, a correlation analysis was carried out using the Pearson correlation test (Table 3).
The test showed there were no statistically significant relationships between air temperature and
reduced or elevated removal efficiencies for TSS, BOD5, COD, TN or TP.

Table 3. Pearson’s correlations and the corresponding p-values.

Temperature

System TSS BOD5 COD TN TP

SSVF with common reed −0.2521
p = 0.482

0.3572
p = 0.385

0.1626
p = 0.701

0.6094
p = 0.081

0.4925
p = 0.178

SSHF with Salix −0.3775
p = 0.282

−0.2426
p = 0.563

−0.0912
p = 0.830

0.1831
p = 0.637

0.1899
p = 0.625

SSHF with Jerusalem artichoke −0.2696
p = 0.451

0.0053
p = 0.990

−0.6217
p = 0.100

0.2872
p = 0.454

−0.0943
p = 0.809

SSVF with giant miscanthus 0.0083
p = 0.982

−0.4600
p = 0.251

−0.6934
p = 0.056

0.3195
p = 0.402

0.5418
p = 0.132

3.2.1. BOD5 Removal Effect

The mean BOD5 removal efficiency in the SSVF-SSHF-SSHF-SSVF wetland ranged from 95.5 to
96.6% over the three-year study period, depending on the season (Figure 6). A much lower
removal efficiency (89%) for this indicator was found in a SSVF-SSVF-SSHF CW in Japan [57].
CWs located in the Polish villages of Darżlubie (SSHF-SSHF-SSVF-SSHF), Wiklina (SSHF-SSVF-SSHF),
Wieszyn (SSHF-SSVF-SSHF) and Schodno (SSHF-SSVF-SSHF-SSVF) were characterized by an average
BOD5 removal efficiency of 87% [9]. Ghrabi et al. [58] analyzed a three-stage SSHF-SSVF-SSHF system
with common reed, which had a 97% BOD5 reduction efficiency. Tanner et al. [40] reported a 98%
efficiency for an SSHF-SSHF-SSVF facility. Shrestha et al. [59], Rivas et al. [60] and Singh et al. [61]
obtained BOD5 removal efficiencies ranging between 97 and 99% for SSHF-SSVF wetlands.

3.2.2. COD Removal Effect

The mean COD removal efficiency in the Dąbrowica CW ranged from 89.7 to 95.2%. The highest
efficiency was recorded in colder months, i.e., February (97.3%) and November (96.8%). In May
and August, the efficiency of COD removal dropped to 94.6% and 92.1%, respectively (Figure 6).
Similar values were obtained by Zhai et al. for a SSVF-SSHF system planted with Cyperus alternifolius
(94%) [42]. The same research team recorded a significantly lower efficiency of 84% for a SSVF-SSHF
facility with common reed. In Turkey, Ayaz et al. [62], who studied a SSHF-SSVF CW, found a 95%
COD removal efficiency. Comparable results were obtained by Laber et al. [63], who reported 95 to 98%
removal efficiencies for this parameter in a SSVF-SSHF wetland. The same type of facilities studied
by Seo et al. in South Korea [64] and Melián et al. in Spain [56] had COD removal efficiencies of 98%
and 80%, respectively. Vymazal and Kröpfelová [41] reported a mean COD reduction efficiency of 84%
for a SSVF-SSHF wetland located in the Czech Republic. Lesage et al. [39] obtained a 90% COD removal
efficiency for the same kind of two-stage system planted with common reed. Vera et al. [55] reported
a 77% efficiency for a facility with Typha latifolia, and Melián et al. [56] recorded a 83% efficiency for
a wetland with Phragmites australis and Scirpus sp. Ghrabi et al. [58], who investigated a three-stage
SSHF-SSHF-SSVF wetland with common reed used for the treatment of urban sewage, recorded a 95%
COD removal efficiency.

3.2.3. Total Nitrogen Removal Effect

The three-year mean TN removal efficiency in the Dąbrowica CW was 41.35%. The highest
efficiency was found in August (49.3%). Only slightly lower efficiencies were recorded in February
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(47.9%) and November (43.1%), and the lowest efficiencies were measured in May (25.1%) (Figure 3).
Wu et al. [65], who conducted research on nitrogen removal in microcosmic wetland systems planted
with four different plant species (Typha orientalis, Phragmites australis, Scirpus validus and Iris pseudacorus)
noted a maximum TN removal efficiency of 68%. In an Italian SSVF-SSHF installation planted with
reed, TN was removed with an efficiency of 75–78% [66]. The lowest efficiency of 43% was reported
for a SSVF-SSHF wetland with T. latifolia, located in Spain [55]. In this present study, the SSVF bed
with common reed provided favorable conditions for nitrification owing to the intermittent loading
of wastewater. The mean TN removal efficiency in this bed was 26.8%, but there was significant
seasonal variation (Figure 3). The highest efficiency was recorded in May (31.8%) and the lowest in
February (18.6%) and November (28.0%). Probably, the differences in efficiency were due to changes in
air temperature, which in May averaged 18.5 ◦C, but dropped to −5.1 ◦C in February and 4.3 ◦C in
November. It can be concluded from these data that the effectiveness of the SSVF bed with common
reed was moderately dependent on air temperature. This is confirmed by the statistical analysis
which also points to a relationship between TN removal efficiency in the reed bed and air temperature.
The highest TN removal efficiency reported in the literature so far was recorded in a SSVF bed in China,
where the average performance during the spring months was 55.1% but increased to 79.4% in the
summer [67] Wu et al. [65] also observed a significant correlation between air temperature and the
efficiency of TN elimination. Lower temperatures have a decisive influence on the development of
rhizosphere microorganisms, which are responsible for the process of nitrification in treatment beds.
Furthermore, in winter, an inhibition of plant metabolism causes a reduction in nitrogen assimilation
by plants [68]. Gajewska and Obarska-Pempkowiak [31] observed, in a long-term study of five hybrid
CWs (HCWs) located in Poland, that total nitrogen removal was ca. 10% higher in the vegetation
season (from May to September). The present study demonstrates that efficient elimination of TN
requires the use of a multi-stage CW.

3.2.4. Phosphorus Reduction

The wetland in Dąbrowica had a mean phosphorus removal efficiency of 64.8%. The best results
were obtained in August—69.3% and November—71.6%. The lowest efficiencies were recorded in
February—63.5% and May—54.9%.

Research shows that the effectiveness of phosphorus removal in HCWs is very high at early stages
of operation but decreases after a while due to the loss of sorption capacity by the filter material [69].
Previous worldwide research results showed that the mean phosphorus removal efficiency of wetlands
with a SS SSVF bed followed by a SSHF bed ranged from 70 to 89% [7,56,57,70,71]. The mean
phosphorus removal efficiency in the SSVF bed with reed was 37.0%. The best performance was
observed in November (44.9%) and May (36%). In February and August, the efficiencies of phosphorus
removal were lower at 34 and 33%, respectively (Figure 3). To compare, Gizińska et al. [19] recorded a
TP removal efficiency of 67.8 % for a SSVF bed with reed.

The efficiency of TP removal in the SSHF bed with Salix ranged between 42 and 48% during
the whole study period. The highest efficiencies were observed in February (49%) and November
(48%), and the lowest in August (42%) and May (43%). Similar values (48%) were obtained by
Zapater-Pereyra et al. [70] for SSHF reed systems. Leto et al. [72], who studied SSHF beds with two
different plant species, recorded TP removal efficiencies of 47.9% (Typha latifolia) and 31.7% (Cyperus
alternifolius). In their experiments, a control bed without plants reduced the TP load by 14.2%.

The four-stage SSVF-SSHF-SSHF-SSVF wetland allowed to increase the mean TP removal efficiency
to 65%. It is difficult to find any dependencies among the individual months of sampling. The lowest
efficiencies were found for May (55%) and the highest for August (69%). This suggests that the lower
efficiency may have been due to the fact that in May the plants had only just began to grow. In August,
the plants were in full flush, which may have been why the efficiencies were higher.

The four-stage system fulfilled its role perfectly in the case of TSS reduction, with removal
efficiencies increasing as wastewater flowed from one bed to the next: 76% (SSVF), 83% (SSVF-SSHF),
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87% (SSVF-SSHF-SSHF) and 92% (SSVF-SSHF-SSHF-SSVF) (Figure 4). The same relationship
was observed for the biogenic elements TN and TP. The removal efficiencies for TN in the
individual stages of treatment in the investigated wetland were 27% (SSVF), 30% (SSVF-SSHF),
36% (SSVF-SSHF-SSHF) and 41% (SSVF-SSHF-SSHF-SSVF), and those for TP were 37% (SSVF),
46% (SSVF-SSHF), 47% (SSVF-SSHF-SSHF) and 65% (SSVF-SSHF-SSHF-SSVF). These results
demonstrate that the use of a four-stage system significantly improves the efficiency of removal
of biogenic elements from wastewater. The only indicators that remained unaffected by the use of the
larger number of beds were COD and BOD5.

By comparing the values presented in Table 4 to the yield of harvested plant biomass, one can
determine the role of plants in removing biogenic elements (the approximate amounts of the individual
biogenic components taken up by plants). A measure that can be used for this purpose is the mass
removal rate (MRR), which relates the amount of a component removed to the unit of surface area of a
CW system. Table 4 compares the theoretical MRR values (calculated using formula (2)) for the main
contaminants for each bed and for the entire SSVF-SSHF-SSHF-SSVF system.

Table 4. Mass removal rates (MRR) of BOD5, COD, TN and TP.

SSVF with
Reed

SSHF with
Salix

SSHF with
Jerusalem
Artichoke

SSVF with
Giant

Miscanthus

TSS

Load
(g/m2/day) 2.65 1.32 0.88 0.66

MRR
(g/m2/day) 1.80 1.15 0.82 0.63

BOD5

Load
(g/m2/day) 3.66 1.83 1.22 0.92

MRR
(g/m2/day) 3.54 1.77 1.18 0.89

COD

Load
(g/m2/day) 8.91 4.45 2.97 2.23

MRR
(g/m2/day) 8.09 4.22 2.79 2.12

TN

Load
(g/m2/day) 2.82 1.41 0.94 0.705

MRR
(g/m2/day) 0.76 0.85 0.44 0.703

TP

Load
(g/m2/day) 0.42 0.21 0.14 0.10

MRR
(g/m2/day) 0.20 0.12 0.09 0.07

The participation of plant uptake in the removal of contaminants from wastewater, expressed as
the content of nitrogen and phosphorus in biomass, was relatively small (Table 4). The mean weight of
biogenic elements in the total reed crop was 0.23 kg N and 0.02 kg P. This means that in the first bed,
reed accumulated 7% of the N load and 2.3% of the P load removed in this bed during the six-month
growing season (April–October). Similar results were recorded for Salix, for which the contents of
nitrogen and phosphorus accumulated in the aerial plant parts were 0.15 kg and 0.2 kg, respectively.

The lowest amounts of the biogenic elements were accumulated in Jerusalem artichoke—0.08 kg
N and 0.01 kg P—and giant miscanthus—0.06 kg N and 0.01 kg P. Those values represented 1.7% of
the mean N load and 1.8% of the mean P load removed in the SSHF bed with Jerusalem artichoke and
1% N and 8.3% P eliminated in the SSVF with giant miscanthus.

The differences in nutrient removal efficiencies were not as large as those reported by other
authors. This mainly concerns nitrogen transformations, the intensity of which is strongly related to
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temperature [11,73]. In the present study, nitrogen removal may have been substantially affected by
physicochemical processes such as oxidation or adsorption by bed material [11,74]. Physicochemical
processes, and in particular sorption by bed particles, may have also influenced the elimination of
phosphorus from wastewater [3].

It is important to note that the values of the biogenic components were determined assuming that
the average annual sewage discharge from the individual stages of the treatment plant was equal to
the average annual incoming wastewater. In real-life conditions, however, these values may differ to a
greater or lesser extent, which is primarily influenced by evapotranspiration and precipitation [75,76]).
Evapotranspiration efficiency in CWs is subject to large fluctuations: depending on the season, it can
range from 0 to 50 mm/day [76]. According to Herbst and Kappen [77], who studied a reed belt around
a lake in northern Germany, evapotranspiration may exceed 10 mm/day in the full growing season,
but can drop to nearly zero in other periods (from November to April). These researchers also found
that under certain conditions (cloudy and rainy weather), annual evapotranspiration efficiency may
be similar to, or even lower than, total annual precipitation. Chazarenc et al. [75], in their study of
a SSHF bed that was part of a multi-stage CW, observed that evapotranspiration from beds could
be largely balanced by atmospheric precipitation. In the case of the Dąbrowica sewage treatment
plant, evapotranspiration efficiency may have been limited by the vicinity of high-tree stands on the
southwest side of the facility, which periodically shaded the beds and restricted air movement. A study
by Toscano et al. [78] also indicates that evapotranspiration efficiency of beds with giant miscanthus
located in warm climate is distinctly lower than that of reed beds.

The four-stage wetland analyzed in this present study had an organics removal efficiency similar
to other systems with “traditional” plant species. This means that the use of the giant miscanthus
and the Jerusalem artichoke did not significantly increase the performance of this facility. Indeed,
plants used in CWs are only intended to support wastewater treatment by creating favorable conditions
for the activity of microorganisms and for biochemical transformations [79–81]. This is confirmed by
the present results, including those pointing to a lack of clear differences in efficiency values at different
times of the year. In the case of both the individual beds and the entire wasteland, no significant
relationship was observed between increases or decreases in efficiency and the individual seasons.
Most efficiency values remained similar throughout the study period. In situations where there were
visible declines in efficiency, they were not connected to seasonal changes in the weather. In the
case of TSS and COD, the CW showed a higher efficiency in spring and winter, and in the case of
BOD5—in autumn and winter. Most researchers report an inverse relationship [11,73], and some report
no differences in the removal of these compounds between summer and winter [74]. The lack of a clear
impact of seasonal conditions on microbiological removal processes can be associated with the intensity
of the physical processes. In addition, Ouellet Plamondon et al. [82] claim that favorable oxygen
conditions may offset the relationship between the kinetics of biological reactions and temperature in a
colder climate. The mean nitrogen and phosphorus removal efficiencies were slightly higher in August
and November compared to the other sampling months. However, also in this case, there did not seem
to exist a significant correlation between efficiency and seasonal temperature changes.

3.3. Pollutant Removal Reliability

The reliability of a wastewater treatment plant can be defined as its ability to treat a specific
amount of wastewater to a purity level that meets the requirements for the receiving body. In the
present study, reliability was determined using the Weibull method, which allows to analyze data,
with reference to applicable legal requirements, more accurately than the use of mean values. In the
first step, the distribution parameters were estimated, and the null hypothesis that empirical data could
be described by the Weibull distribution was tested. Data sets included the levels of BOD5, COD, TSS,
total nitrogen and total phosphorus in wastewater discharged from the SSVF-SSHF-SSHF-SSVF system
to a receiving body. The null hypothesis was supported, and the results of the Hollander–Proschan
goodness-of-fit test along with the estimated parameters are shown in Table 5.
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Table 5. Parameters of the Weibull distribution and the Hollander–Proschan goodness-of-fit test.

Parameter
Parameters of Weibull Distribution Hollander–Proschan

Goodness-of-Fit Test

θ c b stat p

BOD5 0.2151 1.2213 4.9595 0.1420 0.8870
COD −1.0000 2.8239 18.4340 −0.1047 0.9165
TSS 0.6606 1.3697 6.0458 0.1876 0.8511

Total Nitrogen 25.9090 5.1395 64.7720 0.1636 0.8700
Total Phosphorus 2.0808 3.1134 5.4310 0.2207 0.8253

Symbols: stat—value of the test statistic, p—significance level of the test; when p ≤ 0.05 the data do not follow a
Weibull distribution.

The goodness-of-fit of the distributions was high at 82–91%, significance level α = 0.05.
The technological reliability of the treatment plant was determined based on distribution functions,

taking into account the discharge limits set in the Regulation of the Polish Minister of the Environment
for treatment plants representing less than 2000 PE [22] (Figure 7). Statistical analysis demonstrated
that the SSVF-SSHF-SSHF-SSVF constructed wetland was 100% reliable at removing organic pollutants,
i.e., BOD5, COD and TSS (Figure 7). On this basis, it can be concluded that the investigated
facility worked flawlessly throughout the entire study period. During the three years of observation,
none of the above-mentioned parameters exceeded the discharge limits prescribed by Polish law,
i.e., 40 mgO2/L—BOD5, 50 mg/L—TSS and 150 mgO2/L—COD. This shows that, at the operator’s
risk of α = 0.05, the facility would have successfully passed inspection with regard to the parameters
concerned throughout the year.

Compared to organic pollutants, the reliability of removal of biogenic compounds was much
lower. The probability that the concentration of total nitrogen in treated wastewater would reach the
limit (30 mg/L) set for wastewater discharged to stagnant waters from wastewater treatment plants
of less than 2000 PE was 2%. This means that the concentration of nitrogen in the effluent exceeded
the discharge limit, and the SSVF-SSHF-SSHF-SSVF system operated incorrectly on 358 d of the year.
According to the guidelines proposed by Andraka and Dzienis [83], the minimum level of reliability
for sewage treatment plants of less than 2000 PE is 97.27%, which means that these plants, even when
operating poorly for 9 d a year, still have a 95% chance of successfully going through inspection
procedures. Given these guidelines, the excessive concentrations of total nitrogen in wastewater
discharged from the investigated treatment plant could potentially lead to a failed inspection on 349 d
of the year.

A much higher level of reliability was obtained for the removal of total phosphorus. The exceedance
probability for this parameter (maximum discharge limit 5 mg/L) was 54%. This result indicates that
the wastewater treatment plant operated properly on 197 d of the year, and excessive concentrations of
total phosphorus in the effluent could potentially lead to a failed inspection on 159 d of the year.
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each pollution parameter. Notation: dashed red line—reliability function, dashed black line—probability
of achieving the indicators limit in the effluent.

The reliability levels calculated in this study indicate that the treatment plant showed excellent
performance when it comes to removing organic pollutants. Throughout the study period, wastewater
discharged from the facility contained stable, low concentrations of BOD5, TSS and COD. Reports by
other authors confirm that constructed wetlands provide a high degree of reliability with regard to the
removal of organic pollutants [4,35,51,52]. The reliability of the SSVF-SSHF-SSHF-SSVF constructed
wetland was higher than reliabilities reported for single-stage systems [3,4] and similar to those
reported for two-stage systems [51,52]. In facilities using other technological solutions for wastewater
treatment, such as activated sludge, a biological filter bed or a hybrid reactor, removal reliability levels
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for organic pollutants expressed by BOD5 and COD ranged between 60 and 88% as well as 89 and 92%,
respectively, and in some extreme cases were as low as 30% [33,84,85].

The reliability of nutrient removal treatment was 54% for total phosphorus and 2% for total
nitrogen. These values indicate that the probability of exceedance of the load of these biogenic
compounds in the effluent was high. The reliability levels we obtained were lower even than those
recorded for single-stage constructed wetlands [3]. A clearly higher level of reliability of nitrogen
removal treatment (32%) was obtained for a hybrid system by Marzec and colleagues [51,52]. However,
compared to the wetland analyzed in this present article, the SSVF-SSHF plant they studied had
a significantly lower reliability of total phosphorus removal treatment (28%). Considerably higher
nutrient removal reliabilities were obtained for a hybrid treatment plant by Jucherski et al. [35]: 76.8%
for total nitrogen and 95.2% for total phosphorus.

Of note, pursuant to Polish law, the concentration of nutrients is subject to assessment only
when the effluent is discharged into lakes and their tributaries, as well as directly into artificial water
reservoirs situated on flowing waters [22]. In addition, there is no obligation to monitor the operation
of domestic wastewater treatment plants and carry out qualitative tests of their discharges into the
environment. This notwithstanding, reliability tests carried out in randomly selected facilities in
conjunction with the analysis of the efficiency of those treatment plants allow to determine what
technological solutions perform best from the point of view of protecting waters against pollution.
Results of such studies may help limit the use of the cheapest solutions, which instead of protecting
the environment pose a potential threat to it [2,3,85].

4. Conclusions

The SSVF bed with common reed used in the first stage of treatment provided favorable conditions
for the biodegradation of organic pollutants and moderately good conditions for the removal of
biogenic pollutants. Several factors may have played an important role here, among others the way
the bed was fed with sewage and the determinants directly associated with it, such as the availability
of oxygen, the hydraulic load and the pollutant load of the bed, the plant species used, and air and
sewage temperatures.

In addition, cyclic dosing of wastewater to the reed bed and alternating occurrence of dry and
wet periods may have significantly increased the diffusion of atmospheric oxygen and improved the
conditions for oxidation of organic pollutants and nitrification, as suggested by other authors.

The use of the four-stage SSVF-SSHF-SSHF-SSVF treatment system generally improved the
efficiency of removal of TSS, BOD5 and COD, compared to systems with fewer beds. In the case of the
biogenic elements TN and TP, the removal efficiency increased as wastewater passed from one bed to
the next.

In the temperate climate of Poland, the multi-stage system provided a high and stable efficiency of
removing organic pollutants throughout the year. On average, over 96% of the organic pollutant load
(BOD5 and COD) flowing in with wastewater was removed in the first bed. Biodegradation of organic
pollutants in this bed was probably promoted by the operating conditions, including periodic feeding
of the bed with large wastewater batches and the use of common reed. The average BOD5, COD and
TSS values in wastewater discharged to the receiver were considerably lower than the limits specified
in the 2014 Regulation. Admissible concentrations of these pollutants were found already after the first
stage of treatment in samples collected downstream of the SSVF bed with common reed. However,
these concentrations were further reduced as wastewater flowed through the subsequent beds.

The removal efficiencies for TN and TP were relatively low (41% and 65%, respectively), and the
mean contents of these components in the effluent from the treatment plant exceeded the admissible
levels. The low TN removal efficiency may have been associated with the lack of proper conditions
for denitrification in the SSHF bed with Salix, including the deficit of organic compounds. All the
same, the use of the four-stage system resulted in a significant increase in the efficiency of removal of
biogenic compounds compared to traditional two-stage systems.
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Reliability assessments of domestic wastewater treatment plants allow to determine what
technological solutions are optimal from the point of view of environmental protection, and they
should be an important element of planning sanitation infrastructure in rural areas.

The investigated SSVF-SSHF-SSHF-SSVF constructed wetland was 100% reliable at removing
BOD5, COD and TSS, a result that was similar to the levels recorded for two-stage systems. In the given
operational conditions, the facility ensures problem-free operation and meets Polish discharge limits
throughout the year at a low operator’s risk. The reliability of total phosphorus and total nitrogen
removal was 54% and 2%, respectively. These results indicate that the probability of exceedance of the
load of these nutrients in the effluent was high.

The giant miscanthus and the Jerusalem artichoke showed features that were beneficial from the
point of view of the use of these plants in CWs in a temperate climate.
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