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Abstract: The aim of this study was to assess the influence of atmospheric air temperature on the
efficiency and reliability of pollutants removal from wastewater. The studied facility was a hybrid
constructed wetland wastewater treatment plant with vertical and horizontal flow serving a single-
family building in the village of Krajanów in south-western Poland. The operation of the facility was
evaluated on the basis of studies conducted in 2021–2022. The tests included a physico–chemical
analysis of wastewater treated mechanically in a settling tank and effluents from constructed wetland
beds with the vertical and horizontal flow. The following parameters were determined: BOD5, COD,
total suspended solids, total nitrogen, and total phosphorus. No statistically significant effect of air
temperature on the analyzed pollutants removal levels was found. The temperature in the soil–plant
bed never fell below 0 ◦C, and so the wastewater flowing through the beds never froze. The discussed
facility was characterized by high efficiency and reliability of the tested pollutants removal across the
seasons. The mean concentrations of pollutants in treated wastewater did not exceed the limit values
specified in the currently binding legal act. It was shown that hybrid constructed wetlands can be
successfully used for wastewater treatment in the climatic conditions of southern Poland.

Keywords: hybrid constructed wetland system; wastewater treatment plant; domestic wastewater;
efficiency and reliability of pollutant removal; air temperature

1. Introduction

In today’s world, water resources should always be managed in compliance with the
principle of sustainable development, which means that the Earth’s limited and overex-
ploited water supply must not be depleted either quantitatively or qualitatively [1,2]. It is
necessary to maintain water reserves in a proper condition so that they can also be used by
future generations [3,4]. This encourages water management that involves both reducing
water consumption and recovering water through wastewater treatment [5,6].

The most commonly used and most profitable wastewater management method is
treatment in centralized wastewater systems, which serve entire cities or municipalities [7–11].
However, in regions with scattered development, such as rural areas in Poland (which
are inhabited by 40% of the country’s population), centralized systems cannot be used for
economic reasons. Instead, wastewater has to be neutralized and disposed of at the place
where it is generated, i.e., in so-called household wastewater treatment plants.

Depending on the type of land and the specific local conditions, various methods of
domestic wastewater treatment can be used [12,13]. Nowadays, both domestic and collec-
tive wastewater treatment plants most often use technology based on the activated sludge
process. However, as research has repeatedly shown, this method is associated with high
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operating costs and requires constant maintenance by qualified staff. The answer to the
search for uncomplicated and inexpensive alternative treatment technologies is constructed
wetlands, which are increasingly used for wastewater treatment all over the world [14,15].
They are used not only for the management of typical domestic wastewater but also for the
treatment of stormwater, greywater, overflows, and runoff [16], as well as municipal, indus-
trial, and refinery wastewater, post-mining wastewater, and leachate from landfills [17–19].
Hybrid constructed wetland systems have already been studied for the removal of basic
pollutants (organic pollutants and suspended solids), biogenic pollutants (nitrogen and
phosphorus) [20,21], as well as additional and emerging contaminants (pharmaceuticals,
antibiotics, drugs, etc.) [22].

In comparison to wastewater treatment plants with activated sludge, constructed wet-
lands are highly resistant to both changes in wastewater inflow rates and the composition
of sewage across the year. Moreover, they are characterized by a high efficiency of pollutant
removal and low operating costs [23,24].

There are two main groups of constructed wetlands: free-water surface flow wetlands
and subsurface flow wetlands, which are most commonly used in Central Europe. Subsur-
face flow systems can be further divided into those with horizontal and vertical flow [25].
Most often, constructed wetlands are technological systems in which wastewater is passed
through an initial settling tank, and beds filled with soil are vegetated with appropriately
selected plants. In these facilities, organic and biogenic pollutants are removed by mi-
croorganisms that form a biological membrane as wastewater flows through the beds [26].
Initially, systems with only one soil-plant bed were used, but years of research have shown
that systems that combine several beds with different wastewater flow regimes are much
more efficient, especially when it comes to eliminating nitrogen compounds. Vertical flow
(VF) beds provide good (aerobic) conditions for nitrification, while horizontal flow (HF)
beds ensure the anaerobic conditions necessary for denitrification. Owing to the use of
combined systems, also known as hybrid systems, the wastewater treatment processes
taking place in the VF and HF beds can complement each other [27–29]. As reported
in the literature, there are many factors that affect the efficiency of pollutant removal in
constructed wetlands [30–33]. The most important of them are the type of wastewater
flow regime (VF or HF), the number and sequence of beds [26], the surface area and depth
of the beds [34,35], the type of material filling the beds [36,37], the hydraulic load and
the quantity of inflowing wastewater [37,38], the pollutant load in wastewater [39], and
the type of vegetation growing in the bed [37,40]. Another factor that determines the
efficiency of the operation of constructed wetlands is the air temperature [37,41]. It was
found that the biochemical and microbiological processes in soil-plant beds work properly
at air temperatures above 5 ◦C [41].

The efficiency and reliability of constructed wetlands are the focus of research con-
ducted by a growing number of scientists around the world. The operation of small
constructed wetlands (<2000 PE) has been analyzed both in Poland [21,26,42–46] and in
other countries worldwide [47–52].

The aim of the present study was to assess the impact of air temperature and soil-
plant bed temperature on the efficiency and reliability of organic and biogenic pollutants
removal in a household VF-HF constructed wetland wastewater treatment plant serving a
single-family building located in south-western Poland.

2. Materials and Methods
2.1. Experimental Facility

The investigated constructed wetland was located at a private household owned by
Polish 2018 Nobel Prize Winner Mrs. Olga Tokarczuk. The residential building from which
wastewater is discharged into the analyzed treatment plant is situated in the village of
Krajanów in the commune of Nowa Ruda, Kłodzko County, the Lower Silesian Voivodeship,
in southwestern Poland, as shown in Figure 1. The discussed technological system was
designed for a population equivalent (PE) of 8 and an average daily wastewater inflow
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Qa.d = 0.8 m3·d−1. The facility consists of four main parts, as shown in the technological
scheme in Figure 2. The construction of the researched wastewater treatment plant has
been described on the basis of information provided in the service instruction [53]. A view
of the investigated constructed wetland is shown in Figure 3.
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Raw wastewater discharged from the house first flows into the mechanical wastewater
treatment system, which consists of a two-chamber initial settling tank integrated with
a wastewater pumping station. In the settling tank, the largest solid contaminants are
removed by mechanical treatment, which involves sedimentation and flotation processes,
as well as biological treatment—fermentation and biochemical processes [57]. The facility
under study has a system for dewatering and neutralizing initial sewage sludge at the
place of its formation, which means sewage sludge does not have to be removed by a septic
tank truck. Sewage sludge is pumped periodically (once a month) from the first chamber of
the initial settling tank to the surface of a wetland bed, where it is dewatered. In the 9 m2

reed bed, the solid fraction is separated from the wastewater as a result of filtration. The
leachate water (filtrate) percolates into the collecting drainage system at the bottom of the
bed and then flows back to the first chamber of the settling tank [53].

The biological treatment part of the investigated hybrid constructed wetland is com-
posed of a system of two soil-plant beds. Wastewater from the pumping station is fed
periodically, in pulses (after each activation of the pump), into the first 18 m2 VF bed
planted with giant miscanthus (Miscanthus giganteus × Greef et Deu) and distributed over
its surface via a drainage system. Next, the wastewater filtered through the VF bed layer is
collected by drainage pipes located at the bottom of the bed and discharged gravitationally
to the second bed, which is a 30 m2 HF bed planted with willow (Salix viminalis L.). As
indicated in the service instructions for the constructed wetland [53], the VF bed has a
wastewater supply control system installed on its surface, which allows for the adjustment
of sewage inflow depending on the season (summer/winter). According to recommenda-
tions, when low air temperatures (below −10 ◦C) persist for a longer time, the valve on the
pipeline supplying wastewater to the surface of the VF bed should be closed and another
valve that directs wastewater flow straight under the surface of the first bed should be
opened. Moreover, the inspection well after the HF bed has been equipped with a swivel
elbow at the end of the outlet pipe, which is used to bring up the wastewater level in this
bed. During warm winters (when the air temperature does not drop below −10 ◦C), it is
recommended that wastewater levels be elevated in the HF bed throughout the year to
ensure better wastewater treatment.

The studied wastewater treatment technology based on the use of a hybrid constructed
wetland system (consisting of one bed with vertical sewage flow and one bed with horizon-
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tal flow) has already been typically applied in an upland area in southeastern Poland under
conditions of a temperate transitional climate [45]. In contrast, the area where the studied
facility in Krajanów is located is the Sudeten climate region, where conditions are much
more diverse. The mountainous landform shapes not only the temperature, cloud cover,
and precipitation but also the direction and speed of winds [58]. As altitude rises, precipita-
tion increases, temperature decreases, summer shortens, and winter lengthens. Therefore,
it was assumed that it would be worthwhile to perform a case study on the effectiveness
of the discussed wastewater treatment technology in other climatic conditions in Poland.
Thereby, the research conducted represents a novelty in relation to those previously carried
out on this topic.

2.2. Analytical Methods
2.2.1. Wastewater Quality

There were analyses of wastewater treated mechanically in the initial settling tank
and wastewater treated biologically in the VF and HF beds. Samples of wastewater from
three measuring points were collected and subjected to physico-chemical analyses from
the beginning of April 2021 to the end of March 2022. During that period, 12 samples
of each type of wastewater were collected at 1-month intervals. Mechanically treated
wastewater was collected from the third chamber of the settling tank, i.e., the wastewater
pumping station—sampling point 1 (Figure 2). Effluent from the VF bed, after the first
stage of biological treatment, was sampled from the inspection well located behind this
bed—sampling point 2 (Figure 2). Samples of wastewater from the second stage of biologi-
cal treatment were collected from the inspection well behind the HF bed—sampling point 3
(Figure 2). Wastewater samples from the facility were collected, transported, and analyzed
in compliance with international reference recommendations [59,60]. The physico-chemical
analyses included the measurement of basic pollution parameters (five-day biochemical
oxygen demand (BOD5), chemical oxygen demand (COD), total suspended solids (TSS),
and biogenic pollutants (total nitrogen (TN) and total phosphorus (TP)). The assay meth-
ods for each parameter are listed in Table 1. The tests were carried out at the Water and
Wastewater Quality Testing Laboratory, Department of Sanitary Engineering and Water
Management, University of Agriculture in Kraków.

Table 1. Assay methods used to measure the selected pollution parameters.

Item Parameter Unit Assay Method

1 BOD5 [mgO2·dm−3] manometric method using the Oxi Top IS-6 kit

2 COD [mgO2·dm−3]
spectrophotometric method using the PhotoLab

7100 VIS spectrophotometer

3 TSS [mg·dm−3]
weight method using ashless filter strainers

after drying in a laboratory dryer of type SLW
32 Smart

4 TN [mgN·dm−3]
spectrophotometric method using

Merck-certified cuvette assays with a PhotoLab
7100 VIS spectrophotometer

5 TP [mgP·dm−3]
spectrophotometric method using

Merck-certified cuvette assays with a PhotoLab
7100 VIS spectrophotometer

BOD5—five-day biochemical oxygen demand, COD—chemical oxygen demand, TSS—total suspended solids,
TN—total nitrogen, TP—total phosphorus.

The constructed wetland under study is a domestic wastewater treatment plant de-
signed for 8 PE (<2000 PE), which means that in accordance with Polish guidelines [61], the
maximum permissible concentrations of pollutants in treated wastewater discharged from
this facility may not exceed BOD5—40 mgO2·dm−3, COD—150 mgO2·dm−3,
TSS—50 mg·dm−3, TN—30 mgN·dm−3 and TP—5 mgP·dm−3. These reference values
should be used each time the parameters of the effluent from the investigated treatment
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plant are evaluated. A comparison of the effluent parameters with the reference values al-
lows one to determine whether the facility provides sufficient treatment efficiency, bringing
sewage to a state in which it can be safely discharged into the environment without the
risk of contamination. The Regulation of the Minister of Maritime Economy and Inland
Navigation of 12 July 2019 [61] stipulates that it is necessary to control the content of
nutrients in sewage discharged from small wastewater treatment plants of up to 2000 PE.
However, this requirement only pertains to wastewater discharged into lakes and their
tributaries and directly into artificial water reservoirs located on flowing waters. Despite
the fact that there is no obligation to monitor nitrogen and phosphorus concentrations in
the effluent from facilities such as the one investigated in this paper, the content of these
nutrients in treated wastewater was determined to see whether or not the treatment plant
contributed to the eutrophication of the nearby pond, which is the recipient of the treated
wastewater from this facility.

2.2.2. Assessment of Atmospheric Air Temperature and Temperature Inside the HF Bed

The air temperature and temperature inside the HF bed were measured using EL-USB-
1-pro LASCAR electronic sensors. A sensor integrated with a data recorder (set in a stainless
steel case) was used to continuously measure temperature at a pre-set time interval. The
air temperature sensor integrated with the recorder was placed 2 m above ground level
under the ceiling beam of the patio on the northern side of the house. The sensor was not
exposed directly to sunlight to prevent interference with the measurements. The sensor and
recorder for measuring bed temperature were put in a perforated casing pipe and placed in
the HF bed at a depth of 0.5 m below ground level. Readings from the period between the
beginning of April 2021 and the end of March 2022 were analyzed. Air temperature and
bed temperature were measured continuously at 6-h intervals (4 measurements per day),
and the arithmetic mean of 4 measurements was calculated as a reliable daily value.

2.3. Statistical Analysis

The results were analyzed statistically, graphed, and tabulated using Microsoft Excel
2016 and Statistica 13.1. The tables and graphs show changes in the levels of the investigated
wastewater pollution parameters after each stage of treatment.

In order to analyze and evaluate the operation of the wastewater treatment plant,
a statistical analysis of the initial data was performed. The most important descriptive
statistics were determined: measures of location (mean (x), minimum (min), and maximum
(max)), and measures of spread (standard deviation (s) and coefficient of variation (Vs)).
The values of the coefficient of variation (Vs) of wastewater composition were interpreted in
accordance with Mucha’s classification [62], which features the following variation groups:
low (0–20%), moderate (20–40%), high (40–100%), very high (100–150%), and extremely
high (>150%) variation.

Pearson’s linear correlation analysis was carried out to determine the effect of the air
temperature and the constructed wetland bed temperature on the pollutant removal efficiency.

The operational reliability of wastewater treatment plants is commonly assessed
using a method based on the Weibull distribution, which allows for the assessment of
the risk of exceeding pollutant limits for treated wastewater discharged into the envi-
ronment [9,10,63–65]. This method also permits determining the time for which a facility
operates at reduced efficiency, which may be used as an indication that some modernization
is required [66]. This study reported in this paper was carried out in the first year of opera-
tion of the treatment plant, during its start-up. Hence, only 12 series of data concerning
the composition of wastewater samples from the three stages of treatment were available
for statistical analyses. Due to the scarcity of data, the reliability analysis method based on
the Weibull distribution could not be accurately applied to assess the functioning of the
wastewater treatment plant in Krajanów. Instead, the operational efficiency and reliability
of the studied facility were measured on the basis of the following four parameters:

• Pollutant removal efficiency ï;
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• Treatment plant reliability factor (RF);
• Technological efficiency of wastewater treatment PSW;
• Risk of a negative assessment of the wastewater treatment plant operation RS.

The pollutant removal efficiency (= the reduction coefficient) was defined as the ratio
of the difference in pollutant concentrations between sewage before treatment (influent)
and after treatment (effluent) to the pollutant concentration in untreated sewage (influent).
The pollutant removal efficiency was calculated from Formula (1) [67,68]:

ï =
Ci − Ce

Ci
·100 [%] (1)

where:

Ci—concentration of a pollution indicator in influent [mg·dm−3],
Ce—concentration of a pollution indicator in effluent [mg·dm−3].

The treatment plant reliability factor was calculated according to Formula (2) [67,69]:

RF =
x

xper
[−] (2)

where:

x—mean concentration of a pollution indicator in treated wastewater [mg·dm−3],
xper—permissible concentration of a pollution indicator in treated wastewater [mg·dm−3].

The higher the mean concentrations of the tested pollutants in treated wastewater and
the closer they are to the limit value, the higher the values of the treatment plant reliability
factor RF.

The technological efficiency of wastewater treatment shows what part of the pollutant
readings obtained at the outflow of the treatment plant are within the permissible limits
specified in the regulation that is in force in Poland [61]. This value was calculated according
to Formula (3) [67,70]:

PSW =
nc

N
[−] (3)

where:

nc—number of outflow readings compliant with the Regulation [–],
N—number of all the outflow readings [–].

PSW has values in the range [0, 1]. The more samples that meet the conditions set in
the Regulation, the higher the technological efficiency of wastewater treatment.

The risk of negative assessment of the wastewater treatment plant operation is defined
as the probability of exceeding the pollutant concentration limits in treated wastewater; it
was calculated using Formula (4) [67,71]:

Rs = P
(
nn > Nper

)
[−] (4)

where:

nn—number of samples collected at the outflow from the treatment plant in which the
concentration limits for the tested pollutant were exceeded [–],
Nper—the maximum permissible number of samples that, according to the Polish Regula-
tion [61], may exceed the pollutant concentration limits during one year; two exceedances
are allowed per 12 samples [–].

The lower the value of the RS rate, the more likely it is that the relevant guidelines are
met and that the operation of the treatment plant will be assessed positively.
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3. Results and Discussion
3.1. Wastewater Quality

Table 2 presents the basic descriptive statistics for the individual pollution parameters
measured in wastewater after mechanical treatment in the settling tank, wastewater after
biological treatment in the VF bed, and biologically treated effluent from the HF bed.

Table 2. Basic descriptive statistics for pollution parameters in the effluent from the successive stages
of treatment.

Parameter
¯
x

[mg·dm−3]
min

[mg·dm−3]
max

[mg·dm−3]
s

[mg·dm−3]
Vs
[%]

Mechanically treated effluent from the settling tank
BOD5 125.3 44.0 350.0 93.3 74.4
COD 336.0 140.0 636.0 168.5 50.1
TSS 67.3 9.0 128.0 42.6 63.3
TN 56.7 24.0 131.0 30.5 53.8
TP 10.9 5.1 16.1 3.5 32.1

Effluent from the VF bed
BOD5 20.6 1.0 105.0 30.2 146.9
COD 71.7 30.0 137.0 32.9 46.0
TSS 27.1 2.4 100.0 28.8 106.1
TN 27.3 12.0 71.0 15.3 56.1
TP 4.1 1.8 7.0 1.7 41.7

Effluent from the HF bed
BOD5 5.2 0.5 15.0 5.5 105.9
COD 33.8 6.0 118.0 31.0 91.9
TSS 12.7 2.0 33.6 12.6 99.1
TN 17.4 8.0 35.0 8.2 47.1
TP 2.5 1.5 4.0 0.8 32.9

3.1.1. Mechanically Treated Wastewater

The concentrations of organic pollutants in mechanically treated effluent from the
two-chamber initial settling tank ranged from 44.0 to 350.0 mgO2·dm−3 for BOD5 and
from 140.0 to 636.0 mgO2·dm−3 for COD. The mean values of the indicators were: for
BOD5—125.3 mgO2·dm−3 and for COD—336.0 mgO2·dm−3. The concentration of total
suspended solids in mechanically treated wastewater ranged from 9.0 to 128.0 mg·dm−3,
with a mean of 67.3 mg·dm−3. The concentrations of biogenic compounds in the ef-
fluent from the settling tank ranged between 24.0 and 131.0 mgN·dm−3 of total nitro-
gen, mean 56.7 mgN·dm−3, and from 5.1 to 16.1 mgP·dm−3 for total phosphorus, mean
10.9 mgP·dm−3. High standard deviation values were recorded for all the pollution
parameters: BOD5—93.3 mgO2·dm−3, COD—168.5 mgO2·dm−3, TSS—42.6 mg·dm−3,
TN—30.5 mgN·dm−3, TP—3.5 mgP·dm−3. This indicates that the individual observations
were heavily scattered and did not cluster around the means. The values of the coefficient
of variation interpreted according to Mucha’s scale [62] additionally confirmed the high
variation and diversity of the values of BOD5, COD, TSS, and TN, as well as the moderate
variation in the concentrations of TP in mechanically treated wastewater.

As experiences from the operation of wastewater treatment plants show, the efficiency
of pollutants removal processes depends not only on the values of the individual parameters
but also on the ratios between them [72,73]. Literature reports indicate that in order to
ensure the proper biodegradability of wastewater, it is important to maintain these ratios
at the following levels [44,74]: COD/BOD5 ≤ 2.2; BOD5/TN ≥ 4.0; BOD5/TP ≥ 25.0.
The calculations conducted showed that, in the mechanically treated effluent, the mean
COD/BOD5 ratio was 3.0, the mean BOD5/TN ratio was 2.2, and the mean BOD5/TP ratio
was 11.1. The obtained values indicate that the investigated facility did not provide proper
conditions for biodegradation, which could potentially adversely affect the removal of
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organic and biogenic compounds (nitrogen and phosphorus) from the wastewater in the
constructed wetland beds.

3.1.2. Effluent from the VF Bed

The organic pollutant concentrations in the effluent from the VF bed ranged from
1.0 to 105.0 mgO2·dm−3 for BOD5 and from 30.0 to 137.0 mgO2·dm−3 for COD. The
mean values were BOD5—20.6 mgO2·dm−3 and COD—71.7 mgO2·dm−3. The concen-
trations of total suspended solids in samples collected at the outflow from the VF bed
ranged from 2.4 to 100.0 mg·dm−3, with a mean of 71.7 mg·dm−3. The standard de-
viations for wastewater sampled after the first stage of biological treatment were as follows:
BOD5—30.2 mgO2·dm−3, COD—32.9 mgO2·dm−3, TSS—28.8 mg·dm−3, TN—15.3 mgN·dm−3,
TP—1.7 mgP·dm−3. The individual observations were highly varied and did not cluster
around the means. The values of the coefficient of variation interpreted by Mucha’s
scale [62] additionally confirmed the high variation and diversity of COD, TN, and TP
values, as well as the very high variation of BOD5 and TSS values in the effluent from the
VF bed.

3.1.3. Effluent from the HF Bed

The values of BOD5 and COD in the wastewater discharged from the HF bed,
i.e., wastewater that has gone through all the stages of the technological line, ranged
from 0.5 to 15.0 mgO2·dm−3 and from 6.0 to 118.0 mgO2·dm−3, respectively. The mean
value of BOD5 was 5.2 mgO2·dm−3 and the mean COD value was 33.8 mgO2·dm−3. The
concentration of total suspended solids in the effluent from the HF bed ranged from 2.0
to 33.6 mg·dm−3, with a mean of 12.7 mg·dm−3. Standard deviations in the wastewater
after the second stage of biological treatment differed considerably among the individual
pollution parameters: 5.5 mgO2·dm−3 for BOD5, 31.0 mgO2·dm−3 for COD, 12.6 mg·dm−3

for TSS, 8.2 mgN·dm−3 for TN, and 0.8 mgP·dm−3 for TP. Figure 4 shows changes in the
concentrations of the studied parameters (BOD5, COD, TSS, TN, and TP) in wastewater out-
flowing from the treatment plant throughout the study period in relation to the standards
in force in Poland [61] (red line), together with a trend line (dotted line). From the data
presented in Figure 4A–E, it can be seen that the concentrations of pollutants in the outflow
from the analyzed wastewater treatment plant usually decrease with the duration of the
facility’s operation.

The relatively low standard deviation values show that the individual observations
were only slightly scattered and were mostly clustered around the means. According to
Mucha’s scale [62], these values showed that the variation of total phosphorus concentra-
tions was moderate, whereas COD, TSS, and TN concentrations displayed a high variation,
and BOD5 had a very high variation.

The mean concentrations of the researched pollutants in treated wastewater were
many times lower than the limits stipulated in the relevant Polish Regulation [61]. The
facility provided sufficient treatment efficiency, bringing wastewater to a state in which it
could be safely discharged into the environment without the risk of contamination.

The performance of hybrid constructed wetlands with the same bed configuration
(VF-HF) has also been analyzed by other authors. Jóżwiakowski [26] and Marzec et al. [44]
obtained similar or slightly higher mean values of the basic pollution parameters in
wastewater discharged from the treatment plants they investigated than those reported
in this study. The researchers achieved the following results: BOD5—11.1 mgO2·dm−3,
COD—36.9 mgO2·dm−3, TSS—16.4 mg·dm−3 [26], and BOD5—6.6 mgO2·dm−3,
COD—31.8 mgO2·dm−3 and TSS—18 mg·dm−3 [44]. At the same time, their readings for
nutrients were substantially different from those obtained in this paper. They observed
significantly higher mean concentrations of total nitrogen and total phosphorus in wastew-
ater samples from each treatment stage (effluent from the settling tank, the VF bed, and
the HF bed). The mean concentrations of TN and TP in treated wastewater discharged
into the environment were respectively 53.0 mgN·dm−3 and 6.4 mgP·dm−3 [26] and
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56.4 mgN·dm−3 and 6.7 mgP·dm−3 [44], i.e., they were several times higher than those
recorded in Krajanów. It can be surmised that the lower concentrations of nutrients ob-
served in this study were an effect of the ecological attitude of the owners of the building
in which the sewage was produced. They declared that they paid special attention to the
quality of the cleaning products they used and chose detergents with a reduced content of
phosphorus compounds.
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Different observations were made by Lavrnić et al. [75], who investigated a VF-HF
hybrid constructed wetland located in Italy. Despite the fact that in their study, the wastew-
ater supplied to the wetland beds had higher contents of nutrients in comparison to the
wastewater discharged from the treatment plant in Krajanów, the wastewater discharged
from that Italian treatment plant contained lower concentrations of total nitrogen and total
phosphorus, i.e., on average 4.0 mgN·dm−3 and 0.75 mgP·dm−3. The VF and HF beds in
the facility investigated by Lavrnić et al. [75] were vegetated with a different plant species
(Phragmites australis) and filled with a different material than the beds in Krajanów. This
could have contributed to the better removal of nutrients from wastewater in the Italian
treatment plant.

3.2. Pollutants Removal Efficiency

As shown in the previous sections, the efficiency of the removal of the analyzed
pollutants from wastewater varied depending on the wastewater flow regime in the soil–
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plant bed (vertical flow or horizontal flow). Figure 5 compares the mean removal efficiencies
for the individual pollution indicators recorded in the two wetland beds of the investigated
facility. In addition, the chart illustrates the values of the standard error of the mean, that is,
the deviation of individual measurement results from the mean values.
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Figure 5. Mean pollutants removal efficiencies for the VF and the HF beds.

The pollutant removal efficiency in the VF bed was assessed by comparing the values
of the pollution parameters measured in this bed with the values of these parameters in the
mechanically treated effluent. The VF bed enabled the elimination of 84% BOD5, 79% COD,
60% TSS, 52% TN, and 62% TP.

The quality of wastewater treated in VF beds has been analyzed, among others, by
Brix and Arias [35]. They recorded the following levels of the reduction coefficient: 92%
BOD5, 91% TSS, 43% TN, and 25% TP. The differences in the efficiency of organic pollutants
removal between the facility studied by Brix and Arias [35] and the one analyzed in the
present study may be due to differences in the depth of the wetland beds: the bed in the
Danish study was 1.4 m deep, and the bed in Krajanów was 0.8 m deep. The thickness
of the filtration layer in Krajanów was smaller, and so the time when sewage had contact
with the material filling the bed was shorter, which is probably why the bed had a lower
efficiency of organic pollutants removal.

The pollutants removal efficiency in the second HF bed was calculated by comparing
the values of the pollution indicators in the effluent from this bed to the corresponding
values obtained in the effluent of the VF bed. It was observed that the HF bed, on aver-
age, ensured the following reduction coefficients: BOD5—75%, COD—53%, TSS—53%,
TN—36%, and TP—39%. All the pollutants analyzed, both the basic ones (BOD5, COD,
total suspended solids) and the biogenic ones (total nitrogen and total phosphorus), were
more efficiently removed in the first wetland bed with the vertical sewage flow regime than
in the second, in which wastewater flew horizontally (Figure 5).

Other authors have also studied hybrid systems with the same bed configuration
(VF-HF). Marzec et al. [44] reported that the average level of elimination of the individual
pollutants in the HF bed they tested was: BOD5—64%, COD—54%, TSS—54%, TN—32%,
TP—44%. These results were similar to those obtained for the treatment plant in Krajanów.
In the study carried out by Jóźwiakowski [26], the HF bed allowed to reduce the levels of
basic pollutants by 36%—BOD5, 31%—COD, and 26%—TSS. The efficiency of that bed was
then nearly twice smaller than that of the HF bed in Krajanów, which was probably due
to the smaller depth of the wetland bed [26]. The mean nutrient removal efficiencies in
Jóźwiakowski’s study [26] were similar to the ones recorded in Krajanów, i.e., 28% TN and
36% TP.
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Lavrnić et al. [75], who also investigated a VF-HF hybrid constructed wetland wastew-
ater treatment plant, showed that the first bed with vertical sewage flow ensured the
elimination of 70.4% COD, 80.4% TSS, 49.3% TN, and 47.3% TP, i.e., it was much more
efficient than the first VF bed in the treatment plant described in this study. The same
situation was also observed in the second bed, with horizontal sewage flow. In the study of
Lavrnić et al. [75], the HF bed allowed of the removal of 40.1% of COD, 72.7% of TSS, 88.8%
of TN, and 88.5% of TP. The authors investigated the facility after a 4-month start-up period
and not immediately after it had been constructed, as was the case with the treatment
plant in question. It can be presumed that the wetland beds in Krajanów had not been
fully run-in yet, which resulted in a slightly lower pollutant removal efficiency. Probably,
had the observations of the treatment plant been continued, there would have been an
improvement in the efficiency of its operation in successive years.

Many years of studies of various constructed wetlands in Poland and around the world
have demonstrated that systems with several soil-plant beds and different wastewater flow
regimes show a higher efficiency of pollutants removal, both organic and biogenic, than
single-stage systems [26,27,43,45,46,48,50,51].

The final evaluation of the performance of a wastewater treatment plant is assessed for
the facility as a whole, i.e., the elimination of individual pollutants is measured in samples
of wastewater that have passed through all the stages of treatment. Figure 6 shows the
removal efficiency ranges for the individual pollutants during the entire study period for
wastewater that was processed through the entire technological line of the analyzed facility.
The points indicate the mean level of individual pollutant removal efficiency; additionally,
the minimum and maximum efficiency values are shown. In the present study, very high
basic contaminant removal efficiency values were obtained at all stages of treatment. The
reduction coefficient for BOD5 ranged from 75 to 99.5%, and the mean value was 95%.
Similar results were obtained for COD, whose value decreased by 73 to 98%, with a mean of
89%. The efficiency of total suspended solids removal ranged from 54 to 95%, with a mean
of 81%. Biogenic pollutants were removed at a slightly smaller level, but still satisfactory.
The level of total nitrogen removal ranged between 29 and 81%, with a mean of 66%. Total
phosphorus was eliminated more efficiently; the removal efficiency ranged from 59 to 91%,
with a mean of 76%.
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The tests conducted showed that the constructed wetland wastewater treatment plant
in Krajanów treated wastewater with a high efficiency, similar to that obtained in some
other facilities of this type (hybrid VF-HF systems) operating in Poland and around the
world. Table 3 summarizes the mean values of removal efficiencies for the individual basic
and biogenic pollutants in various VF-HF hybrid constructed wetlands.

Table 3. Mean pollutant removal efficiencies in some VF-HF hybrid constructed wetlands described
in literature.

A VF-HF Constructed Wetland
Mean Pollutants Removal Efficiency [%]

BOD5 COD TSS TN TP

Paistu, Estonia [49] 91 - 78 63 89
South Korea [50] 99 98 99 68 72

Gran Canaria, Canary Islands, Spain [51] 86 80 86 88 24
Tylicz, Poland [42] 97 95 84 67 -
Janów, Poland [26] 96 94 89 66 95

Skorczyce, Poland [44] 99 98 94 64 68
Florianka, Poland [46] 98 96 87 86 94

various VF-HF facilities, Poland [45] 97 94 92 65 89
KRAJANÓW, POLAND 95 89 81 66 76

When the pollutants elimination levels obtained in the present study are compared
to those recorded in other facilities, it should be noted that the constructed wetland in
Krajanów seems to be slightly less efficient in individual pollutants removal than most
wastewater treatment systems operating in Poland and around the world. It is worth
emphasizing, however, that unlike in most of the articles reviewed, in this study, the quality
of treated wastewater discharged from the treatment plant was not compared to the quality
of raw sewage but to sewage that had been treated mechanically in a settling tank before it
was supplied to the first VF bed. Hence, the smaller differences in the pollution parameter
values/concentrations of pollutants between the influent and the effluent wastewater in the
studied facility. The lower pollutant removal efficiency in the treatment plant in Krajanów
may also have been due to the fact that it had only been put into use for a short time
before the study. The analyses of wastewater from this facility were conducted in the
first year of its operation, immediately after it had been built, i.e., in the so-called start-up
period. Literature reports show that in order to achieve their maximum pollutant removal
efficiency, constructed wetlands require a longer “run-in” period during which the plants
growing in the beds can fully develop their root systems [76].

3.3. Atmospheric Air Temperature and Temperature in the HF Bed

The main goal of the present study was to determine the effect of the air temperature
and the temperature in the HF bed on the efficiency of organic and biogenic pollutants
removal. To this end, the variability of bed temperature as a function of air temperature
was analyzed. Figures 7 and 8 show diagrams of monthly variations of the air temperature
and the temperature in the second HF bed during the study period. Median values are
marked with dots, and the ranges between the minimum and maximum values recorded in
each month of the study are shown. Additionally, the red line marks the temperature of 0 ◦C.

Over the twelve months of the study, significant fluctuations in average daily air
temperature and much smaller monthly temperature amplitudes in the HF bed were
observed. During that whole year, there was not a single day with an average daily bed
temperature below 0 ◦C, which means that the wastewater flowing through the bed was
never directly exposed to freezing.
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To determine the effect of the air temperature (an independent variable) on the temper-
ature of the HF bed (a dependent variable), a correlation between the two parameters was
calculated. The conducted analysis indicated there was a strong association, as evidenced
by the value of the Pearson’s linear correlation coefficient (rx,y = 0.91). The Student’s t-test
demonstrated that the correlation was statistically significant at the significance level α
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= 0.05. The scatterplot in Figure 9 shows the individual data points, the regression line
(solid line), and the confidence interval range (significance level α = 0.05) (dashed line). A
linear regression equation was also generated, which showed that as the air temperature
increased by 1 ◦C, the temperature inside the HF bed also grew by 0.64 ◦C. The coefficient
of determination, R2, was 0.82, which means that the regression line fit the data very well.
These findings demonstrate that one can effectively predict the temperature in the wetland
bed on the basis of the air temperature using the generated regression equation.
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bed.

Table 4 shows Pearson’s linear correlation coefficients rx,y, which represent the correla-
tion relationships between the efficiency of the investigated pollutants removal with the air
temperature and the temperature in the HF bed.

Table 4. Pearson’s linear correlation coefficients measure the dependency of the values of the analyzed
pollution parameters on the air temperature and the temperature of the HF bed.

Removal Efficiency
for Individual

Pollution Indicator

Temperature [◦C]

Atmospheric Air HF Bed

BOD5 −0.13 −0.22
COD 0.14 0.29
TSS −0.03 0.12
TN 0.07 0.17
TP 0.05 −0.01

The absolute values for all the correlation coefficients rx,y were lower than 0.30, which
means that the correlations were weak. Also, they were statistically non-significant at the
significance level α = 0.05. These findings demonstrate that the removal efficiency of both
basic (BOD5, COD, and total suspended solids) and biogenic pollutants (total nitrogen
and total phosphorus) in the investigated treatment plant did not depend either on the air
temperature or the temperature of the soil-plant bed. Thus, the research hypothesis was
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disproven, and it was demonstrated that the tested and constructed wetland wastewater
treatment plant operated similarly across seasons regardless of the air temperature.

Other authors have also analyzed the influence of air temperature on the operation
of constructed wetlands in Poland [26,42,57,77–83]. They did not notice a clear effect of
low temperatures in the winter season on the efficiency of reducing the values of BOD5
and COD or the removal of total suspended solids. However, as some experiments demon-
strate, at lower air temperatures, sewage treatment plants based on various technologies
show poorer performance when it comes to the removal of nutrients. It has been observed
that the processes of nitrogen removal from sewage are more efficient in warmer periods
of the year as the wastewater temperature increases [84–86]. Mietto et al. [87] explored
seasonal changes in the rate of elimination of various forms of nitrogen in a VF-HF hybrid
constructed wetland. They observed a linear relationship between air temperature fluctua-
tions and the efficiency of the processes of nitrification and nitrogen compound removal.
The reduction coefficient was clearly lower in the winter months (January, February, and
March). Kuslu [88] examined a constructed wetland with a VF bed operating in cold
climate conditions in Turkey. In winter, the wastewater distribution pipelines froze, which
prompted a search for solutions to protect the bed against the adverse influence of weather
conditions. Güneş [89] pointed out that in a cold climate, a HF wetland bed should be
properly insulated against the cold. The bed achieved a higher pollutant removal efficiency
when it was covered with a layer of plant waste (e.g., straw), dead leaves of the plants
growing in the bed, and snow cover.

3.4. Pollutants Removal Reliability

In order to fully assess the operation of a wastewater treatment plant, it is necessary to
determine not only its efficiency, but also its operational reliability. Table 5 lists the values
of three parameters that were used to describe the operational reliability of the hybrid
constructed wetland wastewater treatment plant.

Table 5. Reliability indicators for the hybrid constructed wetland in Krajanów.

Indicator RF [-] PSW [-] RS [-]

BOD5 0.13 1.00 0.00
COD 0.23 1.00 0.00
TSS 0.25 1.00 0.00
TN 0.58 0.92 0.50
TP 0.50 1.00 0.00

As the calculations show, the hybrid constructed wetland in Krajanów ensured very
high reliability in the removal of the basic pollutants from wastewater. The best reliability
(the lowest value of the reliability factor RF) was achieved for BOD5, with the mean value
of this parameter in treated wastewater discharged into the environment being almost
8 times lower than the limit stipulated in the relevant legal act. The highest value of the RF
factor was obtained for total nitrogen (RF = 0.58), i.e., the mean concentration of TN in the
wastewater discharged from the treatment plant was the closest to the limit value specified
in the regulation in force in Poland [61].

As for wastewater treatment performance, the facility in Krajanów achieved the
maximum level of wastewater treatment technological efficiency (PSW = 1.00) when it came
to the elimination of all the basic pollutants (BOD5, COD, and total suspended solids) and
total phosphorus, i.e., all the tested samples of treated wastewater met the conditions for
discharging treated sewage to a receiver. In the case of total nitrogen, one exceedance of
the concentration limit was recorded, which corresponded to a slightly lower technological
efficiency level of 0.92.

An analysis of the risk of negative assessment of the wastewater treatment plant operation
showed that for all the basic pollutants values (BOD5, COD, total suspended solids) and for
the concentrations of total phosphorus, the probability of exceeding the permissible limit in
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treated wastewater discharged into the environment was zero (RS = 0.00). For total nitrogen,
only one case of exceedance of the limit concentration in treated wastewater was recorded,
which meant the risk of negative assessment of the wastewater treatment plant operation
in the case of this biogenic contaminant was 0.50.

4. Conclusions

The researched hybrid VF-HF constructed wetland wastewater treatment plant showed
high mean rates of pollutants removal efficiency: BOD5—95%, COD—89%, total sus-
pended solids—81%, total nitrogen—66%, and total phosphorus—76%. The mean val-
ues/concentrations of pollution indicators in treated wastewater were as follows:
BOD5—5.2 mgO2·dm−3, COD—33.8 mgO2·dm−3, TSS—12.7 mg·dm−3, TN—17.4 mgN·dm−3,
TP—2.5 mgP·dm−3. These values were much lower than the required limits stipulated in
the legal act currently in force in Poland.

In the analyzed facility, no statistically significant effect of the air temperature or
the constructed wetland bed temperature on the pollutant removal efficiency was found.
This indicates that treatment plants of this type can be successfully used in the climatic
conditions of southern Poland. During the research period, the temperature in the HF bed
did not fall below 0 ◦C, and so the wastewater flowing through the bed did not freeze. This
shows that it is not necessary to lower the level of wastewater in soil-plant beds in winter.
The unchanging wastewater flow conditions in the beds allow of high rates of pollutant
removal efficiency throughout the year.

It was found that the analyzed wastewater treatment plant had no risk of exceeding
(RS) concentration limits in treated sewage when it comes to the pollutants from the
basic group (BOD5, COD, total suspended solids) and total phosphorus and achieved
the maximum level of technological efficiency of wastewater treatment (PSW) in terms of
elimination of these pollutants. In the one-year study period, only one case of exceedance
of the limit concentration of total nitrogen in the effluent from the facility was observed.
The reliability factor RF reached the following values: BOD5—0.13, COD—0.23, TSS—0.25,
TN—0.58, and TP—0.50.

Given their high efficiency and reliability in removing organic and biogenic pollu-
tants from wastewater, hybrid constructed wetland systems can be successfully used as
household wastewater treatment systems in areas where no centralized sewage systems
are planned to be built. Also, their specific features and low operating costs make them
a perfect wastewater treatment option. This paper indicated that the studied wastewater
treatment technology can also be used in the climatic conditions of mountainous areas.
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53. Jóźwiakowski, K.; Malik, A.; Jóźwiakowska, K. Operating instructions for the hybrid constructed wetland wastewater treatment
plant with a daily throughput of Q = 0.8 m3·d-1 in Krajanów, Nowa Ruda Commune (typescript), 2020. (In Polish)

54. Wikimedia Commons, Poland in Europe (-rivers -mini map).svg. license: CC BY-SA 3.0. Available online: https://commons.
wikimedia.org/wiki/File:Poland_in_Europe_%28-rivers_-mini_map%29.svg (accessed on 14 July 2023).

55. Wikipedia, Lower Silesian in Poland (+rivers).svg. license: CC BY-SA 3.0. Available online: https://en.wikipedia.org/wiki/
Lower_Silesian_Voivodeship#/media/File:Lower_Silesian_in_Poland_(+rivers).svg (accessed on 14 July 2023).

56. Gminy pl. Available online: http://www.gminy.pl/powiaty/12.html (accessed on 14 July 2023).

https://doi.org/10.2166/wst.2011.520
https://doi.org/10.1016/j.cej.2011.11.108
https://doi.org/10.1016/j.ecoleng.2005.07.009
https://doi.org/10.1016/j.ecoleng.2006.06.013
https://doi.org/10.2166/wst.1999.0172
https://doi.org/10.1016/j.biortech.2019.122722
https://doi.org/10.1016/j.ecoleng.2018.11.008
https://doi.org/10.1016/j.ecoleng.2018.12.013
https://doi.org/10.3390/w12123435
https://doi.org/10.2166/wst.2003.0296
https://doi.org/10.1016/j.desal.2006.11.014
https://doi.org/10.1016/j.ecoleng.2006.07.010
https://doi.org/10.1039/B806017G
https://www.ncbi.nlm.nih.gov/pubmed/19137149
https://doi.org/10.1016/j.ecoleng.2010.03.009
https://doi.org/10.2166/wst.2011.563
https://www.ncbi.nlm.nih.gov/pubmed/22049731
https://commons.wikimedia.org/wiki/File:Poland_in_Europe_%28-rivers_-mini_map%29.svg
https://commons.wikimedia.org/wiki/File:Poland_in_Europe_%28-rivers_-mini_map%29.svg
https://en.wikipedia.org/wiki/Lower_Silesian_Voivodeship#/media/File:Lower_Silesian_in_Poland_(+rivers).svg
https://en.wikipedia.org/wiki/Lower_Silesian_Voivodeship#/media/File:Lower_Silesian_in_Poland_(+rivers).svg
http://www.gminy.pl/powiaty/12.html


Sustainability 2023, 15, 11790 20 of 21
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75. Lavrnić, S.; Zapater Pereyra, M.; Cristino, S.; Cupido, D.; Lucchese, G.; Pascale, M.R.; Toscano, A.; Mancini, M. The Potential Role
of Hybrid Constructed Wetlands Treating University Wastewater–Experience from Northern Italy. Sustainability 2020, 12, 10604.
[CrossRef]

76. Chojnicka, A.; Gajewska, M. Constructed wetland systems for domestic wastewater treatment. Design according to French
principles. Install. Mark. 2014, 11, 69–74. (In Polish)

77. Kuczewski, K.; Paluch, J. Treatment of Domestic Wastewater in Rural Areas in Plant-Soil Treatment Plants; Scientific Notebooks of
the Wrocław University of Life Sciences—Monographs 309 (IX); Wrocław University of Life Sciences: Wrocław, Poland, 1997.
(In Polish)

78. Soroko, M. Seasonal changes in removal efficiency of horizontal subsurface flow reed bed. Sewage treatment by means of pine,
willow, reed and grass vegetation filters. In Proceedings of a Joint Polish–Swedish Workshop in Starbienino, Poland, 25–28 May 1997;
Report No. 61; Perttu, K., Obarska-Pempkowiak, H., Eds.; Department of Short Rotation Forestry: Uppsala, Sweden, 1997;
pp. 99–105.

79. Sadecka, Z. Performance evaluation of selected hydrobotanical wastewater treatment plants. Environ. Prot. 2003, 25, 13–16. (In Polish)
80. Gajewska, M.; Obarska-Pempkowiak, H. Pollutant removal efficiency during the growing and non-growing seasons in a hybrid

constructed wetland wastewater treatment plant. In Proceedings of the 6th National Scientific Conference “Complex and Detailed
Problems of Environmental Engineering”, Koszalin–Ustronie Morskie, Poland, 29 May–1 June 2003; pp. 365–383. (In Polish)

http://www.nowaruda.biuletyn.net/archiwum/plik.php-id=6358.pdf
http://www.nowaruda.biuletyn.net/archiwum/plik.php-id=6358.pdf
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20190001311
https://doi.org/10.3390/w12113153
https://doi.org/10.2166/wst.2017.139
https://doi.org/10.12911/22998993/134044
https://doi.org/10.3390/su122410604


Sustainability 2023, 15, 11790 21 of 21

81. Gajewska, M.; Obarska-Pempkowiak, H. Seasonal variations in pollutant removal efficiency in hybrid constructed wetland
systems. In Wastewater Treatment and Sludge Treatment, Volume 1; Publishing House of the University of Zielona Góra: Zielona
Góra, Poland, 2007; pp. 85–96. (In Polish)
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