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Abstract: This study presents the efficiency of TSS and organic pollutants (BOD5 and COD) removal
in a hybrid constructed wetland wastewater treatment plant (VF-HF type) with an aeration system.
This study was conducted over 6 years (2017–2022) in a facility with a capacity of 4.5 m3/day located
in southeastern Poland and designed to treat real domestic wastewater from a school building. The
studied facility consists of a three-chambered septic tank, a pumping station with an aeration system,
and two beds with vertical and horizontal flow planted with giant miscanthus and willow. As
a result of artificial aeration, the dissolved oxygen concentration in wastewater after mechanical
treatment increased significantly, by an average of 1.18 mg O2/L, and was negatively correlated with
wastewater temperature. The cumulative pollutant removal effects of the treatment plant (primary
settling tank + VFCW + HFCW) were 81% for TSS, 98% for BOD5, and 89% for COD. There was no
statistically significant effect of aeration on the organic pollutant removal effects in the VF bed, and
such an effect was found for the temperature of wastewater entering the VF bed. The TSS, BOD5, and
COD removal effects in the VF bed and BOD5 in the VF-HF system were positively correlated with
air temperature. The technological reliability of the treatment plant was 98% for TSS and 100% for
BOD5 and COD. The use of artificial aeration of wastewater makes it possible to achieve high organic
pollutant removal efficiency in SSF CWs and to compensate for limitations due to the reduction in
the area of constructed wetland beds.

Keywords: hybrid constructed wetland; pollution removal efficiency; wastewater treatment; wastewater
aeration; technological reliability

1. Introduction

Constructed wetlands (CWs) are engineered systems that treat wastewater using nat-
ural processes [1]. Various pollutants, including organics, can be removed in CWs through
a complex, interconnected system of plants, media, water, and microorganisms [2–5]. Com-
pared to conventional wastewater treatment technologies, CWs have low operating costs
and high resistance to changes in process conditions, including hydraulic loading and
pollutant loadings [4,6–10]. CWs are considered an environmentally sustainable, socially
acceptable, cost-effective wastewater treatment technology and a favorable alternative for
minor- and medium-scale domestic wastewater treatment [11–14].

CWs for wastewater treatment are classified into two types, with surface (FWS) and
subsurface (SSF) wastewater flow [3–5]. Pollutant removal mechanisms in SSF CWs are
quite complex and include physical processes such as precipitation, filtration, volatilization,
and biochemical processes induced by plants and wetland microorganisms. Microbial degra-
dation is the dominant process for removing organic matter and other pollutants [1,15–17].

The degradation of organic pollutants in CWs, in addition to temperature, wastew-
ater quality, and substrate properties, is decisively influenced by dissolved oxygen (DO)
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content [4,17–20]. Its increase determines the activity of microorganisms, thus accelerating
the process of organic degradation [4,17,18,20], while a decrease in oxygen availability,
especially in highly polluted wastewater, is one of the main factors limiting the removal of
pollutants [11]. The degradation of organic pollutants is considered a preferential process
from the point of view of oxygen consumption over nitrification, so most of the oxygen is
preferentially consumed during organic degradation, which may reflect negatively on the
rate of oxidation of nitrogen compounds [21].

In SSF CWs, the oxygen demand exerted by incoming wastewater generally exceeds
the amount of oxygen available in the system [17]. For oxygen to be available for pollutant
oxidation processes, it can be transferred into the wastewater or to the surface of the biofilm.
The main pathways for oxygen transfer in SSF CWs are atmospheric diffusion, plant-
mediated oxygen transfer, and convective airflow in the pore space of the medium [17,18].

Atmospheric diffusion in SSF CWs with the horizontal flow (HSSF-CW) is hampered
by the fact that air must pass through a layer of unsaturated gravel and leaf litter before
reaching the water surface, and the surface area of the air-water interface is severely limited
due to the presence of sand or gravel in the substrate. Additionally, the actual rates of plant-
mediated oxygen transfer are not high enough to meet the demand exerted by pretreated
domestic wastewater under typical loading conditions [18,22].

The limited oxygen transfer capacity of conventional systems with HSSF-CWs has
led to the development of alternative design configurations that improve oxygen transfer
to the subsurface zone. These include unsaturated vertical-flow (VSSF-CW) systems that
take advantage of intermittent wastewater metering and frequent wastewater level fluctua-
tions [18,23–26]. Connecting VSSF-CW units in series with the upward and downward flow
can accelerate diffusion and oxygen transfer. It leads to a gradient of physical, chemical, and
biological conditions conducive to microbial growth and reproduction, resulting in high
removal efficiency of nutrients and organic pollutants [27–29]. Against the background of
these solutions, artificial aeration of the substrate or wastewater is considered the most
effective way to supply oxygen and increase the efficiency of SSF CWs [11,30]. Studies of
such solutions using continuous and intermittent aeration are gaining increasing attention
in the literature and engineering practice. This is especially true for HF CW systems, which
tend to be more limited in terms of oxygen availability due to the permanent water backing
up in the filter bed [22]. According to a study by Nivala et al. [31], it is possible to achieve
higher carbon removal rates in aerated HF-CWs systems than in non-aerated systems,
even by more than 20%. Comparing the treatment efficiencies of several HF-CW systems
working in parallel, these authors showed that all aerated systems achieved up to 99%
removal of TSS and BOD. Removal efficiencies of more than 90% for suspended solids and
organic COD pollutants were demonstrated by Pascual et al. [32] and Aguilar et al. [33] in
studies of aerated HF-CW systems. Lower removal potential for these pollutants (around
65%) was found in their studies by Ugetti et al. [34] and Xu et al. [35]. Far fewer studies
refer to VF-CW and aerated VF-HF CW hybrid systems. They show that artificially sup-
plying oxygen to the beds does not significantly improve the removal effects of organic
pollutants [31,33].

In most of the CWs described above, aeration is realized by introducing oxygen into
the beds. The aeration capacity (oxygen transfer efficiency) is relatively low in them for
reasons such as the distribution of aerators, and the impeded mixing of water due to
the presence of porous material [22]. Furthermore, the cited studies were conducted at
laboratory scales or pilot facilities. There is a lack of studies on operating aerated CWs at full
technical scale [31,32,34]. Also, in Poland, CWs are usually built as classical, non-aerated
systems [9,24,36–38].

Given the above, it was decided to conduct this study in a two-stage VF-HF CWs
system, in which oxygen is introduced directly into the wastewater before it is fed to the
vertical flow bed. Wastewater aeration in this system is carried out ad hoc, in conjunction
with the wastewater pumping cycle to the VF bed. The facility was built next to a school
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building based on the concept of the article’s authors. This study was conducted under
actual conditions, at full technical scale, during many years of facility operation.

This study aimed to analyze the efficiency and reliability of total suspended solids
and organic pollutant removal, as well as the process’s aeration efficiency and energy
intensity. In addition, this study was intended to show whether aeration of wastewater
can contribute to high organic pollutant removal performance in VF-HF CW at higher
hydraulic bed loading.

2. Materials and Methods
2.1. Characteristics of the Experimental Facility and Test Conditions

The analyzed treatment plant is located in Poizdów, Poland (51◦37′48.9′′ N 22◦20′46.8′′ E)
and has been operating since 2016. The facility is designed to treat domestic wastewater
from the building of the School Complex in Poizdów and periodically also wastewater
brought by septic tankers from no-outflow tanks. The designed capacity of the treatment
plant is 4.5 m3/d [39].

The treatment plant process line includes a primary settling tank, a pumping station
with an aeration system, and a soil–plant beds system with vertical (VF) and horizontal
flow (HF) (Figures 1 and 2). Wastewater from the school building flows into the three-
chamber primary settling tank with an active capacity of 8.64 m3. From the settling tank,
wastewater flows by gravity to a pumping station with an active capacity of 1.4 m3. A
wastewater aeration system was installed in the pumping station and included a Hiblow
HP-120 membrane blower (Techno Takatsuki, Osaka, Japan), an Akwatech HD 340 disk
diffuser (AKWATECH SYSTEMS, Poznań, Poland), and technical hoses. At the pumping
station, the wastewater is oxygenated and then pumped by a WQ 450F pump (Omnigena,
Swiecice, Poland) to a bed of vertical flow (VF) wastewater. The duty cycle of the blower
and pump depends on the level of wastewater in the pumping chamber and is based on
signals from float sensors. The setting of the float sensors ensures almost simultaneous
startup and shutdown of both devices. In the VF bed, wastewater flows vertically down
and then flows by gravity to the HF bed (Figures 1 and 2).
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Figure 2. Longitudinal profile of the tested VF-HF CW [39]. Notation: I, II, III—numbers of primary
settling tank chambers.

The first bed, with a vertical flow of wastewater (VF), has an area of 70 m2 and a depth
of 0.8 m, and the second bed, with a horizontal flow (HF), has an area of 70 m2 and a depth
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of 1.2 m. The beds were isolated from native soil with a 1 mm thick PEHD waterproofing
geomembrane. The VF and HF beds were filled with a layer of sand with a grain size
of 1–6 mm. The bed with the vertical effluent flow was planted with giant miscanthus
(Miscanthus x giganteus Greef et Deu.), while the bed with the horizontal flow was planted
with willow (Salix viminalis L.). On the outflow from the HF bed, a tilting pipe is installed
to regulate the level of wastewater in this bed. Treated wastewater is discharged into the
ground via an infiltration pond [39]. The technological system also used a filter with a
sorption material for phosphorus removal (Figures 1 and 2), but it was not studied.

The school building is supplied with water from the collective water supply system.
There are toilets for students and staff equipped with toilet bowls and urinals with flushable
water, and washbasins with cold water. The institution has a canteen, except meals are
prepared outside the building. There is no so-called nonreturnable water consumption in
the building, i.e., the water used in the building is practically all sent as domestic sewage
to the sewage treatment plant. During the study period, approximately 160 students
attended the school each year, and the number of school employees was 30. The amount of
wastewater inflow to the wastewater treatment plant was determined based on readings
from a water meter installed in the school building and the average water consumption
calculated from them.

The average 24 h wastewater inflow to the treatment plant during a typical period
was approximately 3.8 m3. The average hydraulic loading of the bed with vertical flow
VF (70 m2) was approximately 0.054 m3/m2·d (54 mm/d). The theoretical retention time
of wastewater, determined based on the parameters of the beds (horizontal dimensions,
porosity of the bed-filling material, and height of the layer filled with wastewater) and the
average daily inflow of wastewater [40], was 1.1 d for the VF bed and 5.9 d for the HF bed.

The meteorological conditions were characterized based on data from the Automatic
Meteorological Station “Klimaks” in Sosnowica, located in the same region. During the
research period, a temperate climate with continental influences was typical. The highest
total precipitation and average air temperatures were recorded in the growing season
(April–October) (Figure 3). Average air temperatures in the summer months (June–August)
reached 19.7 ◦C, while in the winter months (December–February) they ranged from
−1.0 ◦C to 1.0 ◦C. On average, the highest monthly rainfall sums were recorded in summer—
in July (87 mm), and the lowest in winter—in March (24 mm) (Figure 3). Analyzing annual
rainfall in the years 2017–2022, it should be stated that they were characterized by very
high variability. The years 2018, 2021, and 2022 were close to normal, i.e., average annual
precipitation fluctuated around the long-term average from 1985 to 2016 (532 mm). In turn,
2019 was a dry year (80% of normal), while 2020 was very wet (137% of normal). In turn,
based on average annual air temperatures compared to the average from the multiannual
period 1985–2016 (8.5 ◦C), a higher average annual air temperature was observed in all
years, except for 2021. The year 2017 (average annual air temperature—9.4 ◦C) was warm,
while the years 2018 (10.0 ◦C), 2019 (10.5 ◦C), and 2020 (10.0 ◦C) were very warm (Figure 4)
compared to the multi-year average.

2.2. Analytical Methods

The removal of organic pollutants from wastewater at the subject treatment plant was
analyzed based on test results collected in 2017–2022. Wastewater samples for analysis
were taken at a frequency of once a month at four points of the treatment plant: S1—raw
wastewater flowing into the first chamber of the primary settling tank; S2—mechanically
treated and aerated wastewater, S3—wastewater flowing out of the VF-type bed with giant
miscanthus, and S4—wastewater flowing out of the HF bed with willow (Figure 1). A total
of 55 measurement series were performed. The course of wastewater sampling considered
weather conditions to minimize their influence on the results obtained.
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Temperature, pH, dissolved oxygen concentration (DO), total suspended solids (TSS),
biochemical oxygen demand (BOD5), and chemical oxygen demand (COD) were deter-
mined in wastewater samples. Dissolved oxygen concentration and pH were determined
using an ORION Star A329 Set meter (Thermo Scientific, Waltham, MA, USA). BOD5
was determined by the dilution and inoculation method with allylthiourea based on the
measured dissolved oxygen concentration immediately after sampling and after 5 days of
incubation. COD was determined by the photometric method using tube tests. Measure-
ments were made with a NANOCOLOR® UV–VIS spectrophotometer (Macherey-Nagel,
Düren, Nordrhein-Westfalen, Germany) after oxidation of the samples at 148 ◦C for 2 h.
Total suspended solids were determined by the weight method using filtration through
65 g/m2 paper filters. The sampling, transport, and processing of samples and their analy-
sis were performed following Polish standards [41–45], which are in accordance with the
American Public Health Association (APHA) [46].
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2.3. Statistical Analysis

Based on the results, basic statistics were determined for the analyzed pollutant
indicators and treatment stages, including mean, minimum, and maximum values, medians,
standard deviations, and coefficients of variation. In addition, the relative frequency of
characteristic pollutant levels in mechanically treated wastewater entering the biological
stage (VF-HF) was determined. The number of class intervals and their range for each
pollutant indicator was chosen to make the frequency distribution as detailed as possible
without affecting the transparency of the statistical set structure [47].

Based on the average values of pollutant indicators in the influent (Cin) and effluent
from the beds (Cout), the average pollutant removal efficiency (BOD5, COD, and TSS) was
calculated according to the formula:

η = 100
(

1 − Cout

Cin

)
[%] (1)

The relationships between the efficiency of removal of pollutants from wastewater in
the VF bed and the concentration of oxygen in the wastewater fed to the VF bed, as well as
the effects of pollutant removal and air temperature, were subjected to statistical analysis.
As a first step, the normality of the distributions of the variables under study was tested
using the Shapiro–Wilk test. A nonparametric Spearman rank correlation analysis was
performed since the data did not follow a normal distribution.

The effectiveness of the applied wastewater aeration system was statistically verified
using the nonparametric Wilcoxon paired-order test for dependent samples. The effect
size of wastewater aeration was determined based on the Z parameter and the number of
observations and then evaluated according to Cohen’s terminology [48].

A reliability assessment of technological wastewater treatment plants was carried out
for fundamental pollutant indicators (TSS, BOD5, and COD) using elements of Weibull
reliability theory. The Weibull distribution is a practical general probability distribution
that applies to the study of reliability and assessment of the risk of exceeding limit values of
pollutant indicators in treated wastewater [49]. The following probability density function
characterizes it as follows:

f (x) =
c
b
· x − θ

b

(c−1)
·e − x−θc

b (2)

where x—a variable describing the concentration of a pollution parameter in the treated
effluent, b—scale parameter, c—shape parameter, θ—position parameter, and e—constant
(2.71828. . .), assuming: θ < x, b > 0, c > 0.

Reliability analysis was carried out separately for each indicator, considering the
indicators’ values in the treated wastewater flowing out of the HF bed with willow wilt
(n = 55). The analysis consisted of estimating the parameters of the Weibull distribution
using the maximum likelihood method and verifying the null hypothesis that the Weibull
distribution can describe the variable under analysis. Verification was performed with the
Hollander–Proschan test at the 0.05% significance level.

Reliability was determined from the distribution on the graphs, taking into account
the normative values of the indicators, as specified in the Regulation of the Minister of
Maritime and Inland Navigation [50] for wastewater discharged from wastewater treatment
plants up to 2000 PE: TSS—50 mg/L, BOD5—40 mgO2/L, and COD—150 mgO2/L. The
reliability levels obtained were interpreted as the percentage of time that the expected
pollutant concentrations in the treated wastewater were following accepted standards or
treatment goals [49,51].

Analyses were performed using Statistica 13.3.

3. Results and Discussion
3.1. Composition of Treated Wastewater

The results of tests on raw wastewater at the buffer tank outflow, mechanically treated
wastewater after aeration, and biologically treated wastewater in a vertical flow (VF)
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and horizontal flow (HF) bed were used to evaluate the efficiency of removal of organic
pollutants, expressed in terms of BOD5 and COD and TSS. The characteristic values of each
pollutant indicator are given in Table 1.

Table 1. Basic statistics for the indicator values in the treated wastewater (n = 55).

Parameters
Statistics Indicators

Average Median Min Max SD Cv
S1 16.83 16.30 6.70 25.0 4.50 26.74
S2 16.31 16.40 5.70 25.0 4.67 28.60
S3 15.90 15.60 4.40 25.30 5.21 32.79Temperature [◦C]

S4 15.93 15.80 3.90 25.20 5.62 35.27
S1 - 7.20 6.57 7.90 - -
S2 - 7.52 6.43 8.60 - -
S3 - 6.53 6.13 7.44 - -pH

S4 - 6.79 6.51 7.91 - -
S1 0.88 0.86 0.09 2.09 0.51 57.22
S2 2.06 1.41 0.10 7.47 1.71 82.73
S3 3.69 3.45 1.58 7.01 1.08 29.16

Dissolved oxygen
[mg O2/L]

S4 3.14 3.09 1.08 6.85 0.93 29.84
S1 106.55 66.67 11.0 380.0 98.32 92.28
S2 65.74 36.00 9.52 347.37 76.34 116.12
S3 17.57 13.00 1.33 88.7 17.53 99.76

TSS
[mg/L]

S4 12.08 6.0 1.42 86.0 15.53 128.57
S1 114.86 106.50 36.50 329.0 49.49 43.09
S2 101.25 100.0 28.50 254.0 39.83 39.34
S3 6.87 5.0 0.15 25.0 5.90 85.84

BOD5
[mg O2/L]

S4 1.96 1.50 0.12 9.20 1.72 87.39
S1 319.36 279.0 135.0 949.0 174.97 54.79
S2 256.73 231.0 106.0 964.0 121.87 47.47
S3 50.68 43.0 9.81 127.0 24.91 49.15

COD
[mg O2/L]

S4 26.46 25.0 6.32 80.0 12.70 48.0

Notes: S1—inflow to preliminary settling tank; S2—outflow from pumping station (aeration chamber); S3—
outflow from bed VF; S4—outflow from bed HF; SD—Standard deviation; Cv—Coefficient of variation; n—number
of samples.

During the study period, the hydraulic load of the treatment plant was lower than that
assumed in the design [39]. The average 24 h amount of wastewater flowing into the facility
oscillated between 3.5 m3/d in 2022 and 4.1 m3/d in 2018 (Figure 5). An exceptional year
in terms of hydraulic loading of the treatment plant was 2020. The average 24 h amount of
wastewater flowing into the treatment plant was 1.7 m3/d, which resulted from restrictions
imposed on schools’ operations in connection with the coronavirus pandemic (COVID-19).

The average values of the analyzed indicators in the raw wastewater (S1) were
114 mgO2/L for BOD5, 319 mgO2/L for COD, and 106 mg/L for TSS (Table 1). At the same
time, they showed a considerable variation, as the maximum values for BOD5 occasionally
exceeded 300 mgO2/L and COD—900 mgO2/L (Table 1). This had to do with the fact that
during vacations and longer school breaks, the treatment plant was periodically supplied
with wastewater delivered by slurry trucks from nondrainage tanks, usually characterized
by a high concentration of pollutants compared to fresh wastewater from the school build-
ing. This method of wastewater supply was adopted to compensate for the water shortage
for vegetation in the soil–plant beds caused by the reduction in wastewater inflow from the
school building and high air temperatures.

Compared to data reported in the literature for typical domestic wastewater in Poland,
the concentration of pollutants in wastewater entering the treatment plant was low [52,53].
This is directly related to the origin of the wastewater. The composition of wastewater from
public buildings, including schools, differs from that of residential buildings. Bugajski [54],
analyzing the quality of raw wastewater in two schools in southern Poland, noted the
magnitude of BOD5 at an average of 264 and 173 mgO2/L. The average COD in these
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wastewaters was 514 and 424 mgO2/L, respectively, and the concentration of TSS was 254
and 183 mg/L [54]. Against this background, the concentration of the analyzed pollutant
indicators at the Poizdów treatment plant was low. The rationale for this state is the absence
of impurities associated with food preparation in the total volume of wastewater.
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Raw wastewater flowed into a three-chamber primary settling tank and then flowed
to the pumping station, where it was artificially aerated before entering the biological stage
(VF-HF hybrid soil–plant bed system). Mechanically treated wastewater after aeration
(measuring point S2) had slightly lower concentrations of organic pollutants and TSS than
raw wastewater (measuring point S1). The most noticeable changes were recorded in
the concentration of TSS; its average content decreased to 65.74 mg/L, while the median
was 36 mg/L (Table 1). This indicator showed the most significant value variation at
this measurement point (Cv = 116). The recorded values oscillated from more than 9 to
approximately 347 mg/L, with nearly 60% of the recorded values not reaching the limit of
50 mg/L (Figure 5), and more than 30% were 50–150 mg/L. Values exceeding 250 mg/L
accounted for less than 8% of the total results.

The average value of BOD5 in the wastewater at S2 was 101 mgO2/L, with a median of
100.0 mgO2/L. Approximately 88% of BOD5 values oscillated between 50 and 150 mgO2/L
(Figure 5). Slightly more than 5% of the results exceeded 150 mgO2/L, while approximately
7% were low values, in the 0–50 mgO2/L range.

The mean COD value was 256 mgO2/L, and the median was 231 mgO2/L. All COD
values exceeded the level of 100 mgO2/L. More than half of the recorded results were be-
tween 200 and 300 mgO2/L, approximately 22% exceeded 300 mgO2/L, and the remaining
25% oscillated between 100 and 200 mgO2/L (Figure 5).

The BOD5 and COD indices showed average variability, although it should be noted
that there was a significant amplitude of values (Table 1). As in the case of raw wastewater,
the extreme maximum values of BOD5 and COD may have been decisively influenced by
wastewater delivered by slurry trucks.
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Analysis of the BOD5 and COD ratios indicates the low susceptibility of mechanically
treated wastewater to biological decomposition. In the wastewater flowing into the VF
bed, the average BOD5/COD ratio was 0.41, with a very similar median of 0.42. It was
significantly lower than those reported in the literature for raw or pretreated domestic
wastewater [55,56]. This result indicates a high proportion of hard-to-degrade organic
compounds, which may have affected the removal rate of organic pollutants at the biological
stage. The unfavorable composition of wastewater resulting from the BOD5/COD ratio
may have been related to the presence of a buffer tank, in which the initial sedimentation
of biodegradable pollutants in solid or suspended form took place.

The composition of wastewater entering the VF-HF system showed high variability
between the years of this study. The highest concentrations were recorded in the early
period of this study (2017), which was related to the higher frequency of wastewater
delivery from nondrainage tanks. At that time, the average concentration of TSS exceeded
208 mg/L, BOD5 was 153 mgO2/L, and COD was 433 mgO2/L. It was reflected in the
pollutant load of the VF bed surface, with TSS close to 12 g/m2·d, BOD5—9 g/m2·d, and
COD—25 g/m2·d (Figure 6). During this period, the average load of organic pollutants
expressed by COD on the VF bed was higher than the level recommended for Polish
conditions by Gajewska [57]. In the following years, the load of the treatment plant was
almost exclusively domestic wastewater flowing from the school building, except during
holiday periods, when the delivery of wastewater was necessary due to the condition of
plants on the soil–plant beds. From 2018 to 2022, the average annual concentrations of
total suspended solids in mechanically treated wastewater were 50 mg/L; only in 2020 did
the average exceed the 100 mg/L limit. During the same period, the magnitude of BOD5
took average values of 100 mgO2/L; in 2020, it dropped to approximately 50 mgO2/L. The
average annual COD volumes oscillated between 200 and 250 mgO2/L, with the lowest
value found to be similar to BOD5 in 2020. The marked decrease in the concentration
of organic pollutants (BOD5 and COD) in 2020 was due to the peculiarities of school
operations during the coronavirus pandemic. Due to the suspension of teaching activities,
the school building mainly generated wastewater related to cleaning work, while there was
a smaller share of fecal wastewater, for example. During this period, the unit area load of
the VF bed stabilized at a lower level (Figure 6). The average for the entire study period of
the VF bed loading of TSS was 4.01 g/m2·d, BOD5—5.43 g/m2·d, and COD—13.84 g/m2·d
(Figure 6). These were slightly lower than those recorded at other sites in Poland [38,58].
However, it is worth noting that in the cited cases, the wastewater came from residential
buildings, which firmly determined its composition [38].

An important parameter from the point of view of the analysis in question is the
content of dissolved oxygen in the treated wastewater. It determines the proper course of
degradation processes of organic pollutants in CWs [19,20]. The technological system of the
facility used a system of aeration of mechanically treated wastewater before its introduction
to a system of two soil–plant beds. The main idea behind this solution was to enrich the
wastewater with oxygen and improve the biochemical transformations at the biological
stage. According to many authors, such a solution can compensate for the reduced surface
standards of soil–plant beds [22]. According to Gajewska [57], the minimum area of a VF
bed in two-stage VF-VF systems in Poland should be within 2–3 m2 per capita (PE). The
treatment plant in Poizdów was designed for an inflow of wastewater corresponding to
45 PE. According to the recommendations, the VF bed area should be at least 90 m2.

In the wastewater flowing into the settling tank (S1), the average dissolved oxygen
content was 0.88 mgO2/L, with a similar median (Table 1). The average dissolved oxygen
content of wastewater pumped from the pumping station to the soil–plant bed with the
vertical flow (VF) was 2.06 mgO2/L, indicating a significant increase over raw wastewater.
The increment varied quite slightly. On average, it was 1.18 mgO2/L; however, it exceeded
5 mgO2/L in extreme cases. There was also an occasional decrease in dissolved oxygen
content compared to raw wastewater (Figure 7). One factor that may have affected the sol-
ubility of oxygen in wastewater is the temperature [18]. Spearman’s rank order correlation
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analysis showed a negative correlation between the increase in oxygen concentration in
aerated wastewater (∆ DO) and its temperature—the lower the wastewater temperature,
the more significant the increase in dissolved oxygen content in wastewater due to aeration
(Figure 8). The magnitude of the correlation coefficient (rS = −0.4486) indicates a moderate
relationship, and the p-value (0.000593) confirms its statistical significance (p < 0.05).
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Figure 8. Matrix scatter plot of the total variables for the increase in oxygen content and effluent
temperature in S2.

Analysis of the data, including the oxygen content of wastewater flowing into the
primary settling tank (S1) and subjected to aeration (S2) by the Wilcoxon paired-order test,
showed that the difference between these parameters is statistically significant (p < 0.05)
(Table 2).

Table 2. Wilcoxon paired order test parameters for oxygen concentration in raw (DO-S1) and aerated
(DO-S2) wastewater (n = 53).

Dependent Samples Z p

DO-S2/DO-S1 5.023944 0.000001

The magnitude of the effluent aeration effect at the pumping station was determined
based on the Z parameter (Table 2), and the number of observations (n) was 0.690. Accord-
ing to Cohen’s guidelines [48], it should be considered average (>0.5). The effect can be
attributed to the artificial aeration of wastewater as it is pumped to the bed with the vertical
flow. This simple solution is based on mechanical devices controlled by float sensor signals,
limiting its unreliability. At the optimum pressure level, the blower provides a capacity of
approximately 120 L/min [59]. With a power of 120 W, it also has low energy consump-
tion. During the 6 years of operation, the unit energy consumption for each m3 of treated
wastewater was 0.47 kWh at the treatment plant, driven by the operation of a membrane
blower and wastewater pumps. After considering the power of the installed equipment, the
energy consumption attributable solely to the operation of the membrane blower oscillated
between 0.05 and 0.10 kWh for each m3 of treated wastewater. These data indicate that the
system’s energy efficiency is high compared to traditional wastewater treatment methods.
According to some reports, the specific energy consumption for treating 1 m3 of wastewater
in municipal activated sludge treatment plants can range from 0.128 to 2280 kWh, with an
average of 0.903 kWh/m3 [60]. On the other hand, Gu et al. [61] estimated the electricity
demand of different types of wastewater treatment plants at 0.6–0.8 kWh/m3 for activated
sludge plants and about 0.5 kWh/m3 for sparged filters. It is worth mentioning that these
data refer to facilities with a high throughput (about 5000 m3/d), and as a rule of thumb,
unit energy consumption increases as the capacity of the facilities decreases [60,61].
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In the bed with the vertical effluent flow (VF), the magnitude of pollutant indicators
decreased significantly. The average content of TSS at the bed outflow (measuring point S3)
was 17.57 mg/L, and the median was 13.00 mg/L (Table 1, Figure 9). The range of recorded
values was high, with occasional results exceeding 50 mg/L. As at earlier stages, suspended
solids concentrations showed the most significant variability among the analyzed pollution
indicators. At point S3, this may have been due to higher amounts of mineral-suspended
solids carried away with the wastewater. A leaching effect was likely with high doses
of one-time wastewater flowing into the bed. The average BOD5 in the effluent flowing
from the VF bed was 6.87 mgO2/L, with a median of 5.0 mgO2/L. The recorded values
did not exceed the level of 25 mgO2/L, which means that at the first stage of biological
treatment, the Poizdów treatment plant ensured that the standard for BOD5 specified in the
project [39] and in the applicable legal acts [50] was met. The average COD at measuring
point S3 was 50.68 mgO2/L, and the median was 43.0 mgO2/L. As in the case of BOD5, the
recorded values in no case exceeded the limit specified for treated wastewater [39,50].
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treatment plants below 2000 PE [50].

In the wastewater discharged from the VF bed, the BOD5/COD ratio decreased
significantly. The average ratio of the ratios was 0.13, and the median was 0.12. Such a result
directly results from the processes in the VF bed. It indicates that easily decomposable
organic matter underwent rapid mineralization, while compounds resistant to aerobic
decomposition remained in the composition of wastewater in an increased proportion.

The results presented here indicate favorable conditions for mineralizing organic
matter in a bed with a vertical flow (VF). Oxygenic decomposition of organic carbon occurs
here due to aerobic chemoheterotrophic bacteria, which have a rapid metabolic rate [57,62].
In the treatment plant in question, the metabolic transformation may have been further
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intensified by the higher oxygen availability of the wastewater at the distribution stage to
the surface of the VF bed. In addition, the diffusion of oxygen and the subsequent increase
in oxygen content were influenced by pulsed wastewater dosing and the nature of the flow
in the bed [3,23]. The average dissolved oxygen content in wastewater from the bed with
vertical flow was 3.69 mgO2/L (Table 1, Figure 9). A comparison of the range of values at
S2 and S3 points to greater stability of the oxygen diffusion process caused by the nature of
the bed flow than by artificial aeration of the wastewater.

HF beds in hybrid systems are expected to optimize pollutant removal, mainly due
to anaerobic and hypoxic conditions [3]. The biological decomposition of organic matter,
with the participation of anaerobic microorganisms, occurs much more slowly and takes
approximately 20 times longer than aerobic decomposition [63]. Nevertheless, anaerobic
decomposition is necessary to remove some organic compounds, especially those resistant
to aerobic decomposition [57,64].

The average TSS content in the effluent discharged from the HF bed was 12.08 mg/L,
and the median was 6.0 mg/L. Additionally, at this stage of treatment, the TSS values
showed high variability, and occasionally values exceeding the permissible level for treated
wastewater, defined by the project and legal acts as 50 mg/L [39,50], were recorded.

The mean value of BOD5 was 1.96 mgO2/L, and the median was 1.50 mgO2/L
(Table 1, Figure 9). The COD values were 26.46 mgO2/L and 25 mgO2/L, respectively. The
magnitudes of BOD5 in no case exceeded 10 mgO2/L, and COD exceeded 80 mgO2/L, and
by a wide margin met the requirements specified in the applicable legal acts for treatment
plants of this size (Figure 9) [50]. The oxygen content of the treated effluent in the HF bed
remained high, having dropped by an average of 0.55 mgO2/L, or approximately 15%,
compared to the S3 point.

The mean BOD5/COD ratio and median were 0.04, indicating that the compounds
expressed as BOD5 were removed almost entirely at the biological stage.

3.2. Efficiency of Pollutant Removal

The study results indicate that the Poizdów WWTP is highly effective in removing
organic pollutants and TSS. The pre-settling tank was shown to have little effect on reducing
the analyzed pollutants. Its efficiency for TSS removal exceeded 20%; for BOD5 and COD,
it was 6% and 13%, respectively (Figure 10).

There was a marked decrease in contaminant concentration in the VF bed. The
cumulative efficiencies, including treatment in the primary settling tank and vertical flow
(VF) bed, increased to approximately 75% for TSS, 93% for BOD5, and 82% for COD. The
average effects determined only for the VF bed were TSS—57.1%, BOD5—93.0%, and
COD—78.7%.

The results are not significantly different from those recorded in nonaerated systems
with subsurface wastewater flow. Studies conducted under similar climatic conditions
show that the efficiency of operation of traditional VF beds (without aeration) can be in the
range of 86–98% [65,66] concerning BOD5, while the efficiency of reducing COD can vary
from 79 to 94% [6,67]. Marzec et al. [38] in a VF bed with giant miscanthus without aeration
under similar climatic conditions obtained slightly higher results (TSS averaged 86.9%, BOD5—
96.6%, and COD—94.8%) but at four times lower hydraulic loading (12.5 mm/d). High
hydraulic loading results in shorter contact time between wastewater and microorganisms
forming a biological membrane on the filter material, which may limit the decomposition
process of organic compounds [3].

Comparison of VF bed efficiency with other aerated beds yields inconclusive results.
Nivala et al. [31] obtained a high degree of BOD5 reduction in aerated VF beds, in the
range of 98%, higher compared to classical vertical flow beds. Wu et al. [68] showed that
the efficiency of COD reduction in aerated VF beds could range from 93.6% to 99.3%,
depending on the aeration time, with the efficiency increasing with increasing bed aeration
time. In contrast, studies by Uggetti et al. [34] and Li et al. [13] have shown little effect
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of aeration, regardless of its nature (continuous or intermittent), on the effects of organic
compound removal expressed in COD.
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The results obtained can be considered satisfactory, considering the reduced area of
the VF bed compared to the recommendations. The higher oxygen concentration may
have influenced it due to, among other things, artificial aeration of wastewater in the
pumping station. This thesis is not confirmed by statistical analysis. The low values of
Spearman’s correlation coefficients indicate a weak relationship between the pollutant
removal efficiency (TSS, BOD5, and COD) of the VF bed and the dissolved oxygen content
of the wastewater fed to the bed (Table 3). According to the analysis results, the determined
coefficients are statistically insignificant (p > 0.05).

Table 3. Spearman’s correlation (rS) and p-value determining the relationship between the contam-
inant removal efficiency of the VF bed and the oxygen concentration of the effluent entering the
VF bed.

Correlation rS p-Value

VF TSS/DO-S2 −0.2491 0.1029

VF BOD5/DO-S2 −0.0445 0.7467

VF COD/DO-S2 0.0393 0.7754
Notes: VF TSS—TSS effects in VF; VF BOD5—BOD5 effects in VF; VF COD—COD effects in VF; DO-S2—dissolved
oxygen concentration in S2.

On the other hand, the nonparametric Spearman rank correlation analysis showed
a relationship between the removal effects of all contaminants and the temperature of
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wastewater entering the bed with the vertical flow (Table 4). According to the analysis
results, increased wastewater temperature was accompanied by increased treatment effects
(Figure 11). The magnitudes of the correlation coefficients indicate weak correlations
(rS < 0.4), but they are nevertheless statistically significant (p < 0.05).

Table 4. Spearman’s correlation (rS) and p-value determining the relationship between contaminant
removal efficiency in the VF bed and effluent temperature in S2.

Correlation rS p-Value

TSS effects in VF/Wastewater temperature in S2 0.3309 0.0282

BOD5 effects in VF/Wastewater temperature in S2 0.3899 0.0032

COD effects in VF/Wastewater temperature in S2 0.2755 0.0417
Notes: VF TSS—TSS effects in VF; VF BOD5—BOD5 effects in VF; VF COD—COD effects in VF; underlined—
statistically significant rS values.
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Figure 11. Matrix scatter plot of total variables for removal efficiency at VF and effluent temperature
at S2.

In the horizontal flow (HF) bed, the BOD5 value decreased on average by more than
70%, COD by approximately 50%, and TSS by approximately 30%. The lower treatment
effects in the HF bed may have been caused by random factors related, for example, to
the accumulation and decomposition of plant residues, temperature changes, and precip-
itation [37]. The influence of these factors on the recorded results may be all the more
remarkable because the concentration of pollutants in the influent and treated wastewater
in the HF bed was low. According to Obarska-Pempkowiak et al. [69], higher organic
pollutant effects can be achieved in HF beds but at higher pollutant loadings. This is
also confirmed by the study of Jóźwiakowski et al. [56], who, in a single-stage HSFCW
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system fed with pretreated domestic wastewater, obtained BOD5 reductions of 85%, COD
reductions of 81%, and TSS reductions of 60%.

The cumulative pollutant removal effects for the entire facility (primary settling tank +
VF + HF) were 81% for TSS, 98% for BOD5, and 89% for COD (Figure 10).

On the other hand, the efficiency of the VF-HF constructed wetland system as a
result of the chemical composition of the mechanically treated wastewater (S2) and the
wastewater discharged from the HF bed (S4) was 71.8% for TSS, 97.8% for BOD5, and 88.4%
for COD. These effects are slightly lower or comparable to those obtained in other VF-HF
systems operating under similar climatic conditions but without aeration [7,37,38].

Nonparametric Spearman rank correlation analysis showed correlations between
contaminant removal effects at different biological treatment stages and air temperature.
Significant correlations were found by analyzing the variation in treatment effects in the
VF bed under different seasonal conditions. The correlation coefficients for TSS, BOD5,
and COD removal effects were 0.2–0.4 and indicated a weak positive correlation. The
determined coefficients were statistically significant (p < 0.05) in all cases (Table 5). The
horizontal flow (HF) bed did not show a similar relationship. All correlation coefficients rS
had low values and were not statistically significant (p > 0.05).

Table 5. Spearman’s correlation (rS) and p-value determining the relationship between pollutant
removal efficiency and air temperature.

Correlation rS p-Value

VF TSS/Air temperature 0.3309 0.0282

VF BOD5/Air temperature 0.3899 0.0032

VF COD/Air temperature 0.2755 0.0417

HF TSS/Air temperature −0.1246 0.4147

HF BOD5/Air temperature 0.2147 0.1154

HF COD/Air temperature −0.0124 0.9279

VF-HF TSS/Air temperature 0.2588 0.0897

VF-HF BOD5/Air temperature 0.6537 0.0000

VF-HF COD/Air temperature 0.1919 0.1603
Notes: VF TSS—TSS effects in VF; VF BOD5—BOD5 effects in VF; VF COD—COD effects in VF; HF TSS—TSS
effects in HF; HF BOD5—BOD5 effects in HF; HF COD—COD effects in HF; VF-HF TSS—TSS effects in VF-HF;
VF-HF BOD5—BOD5 effects in VF-HF; VF-HF COD—COD effects in VF-HF; underlined—statistically significant
rS values.

For the entire VF-HF system, air temperature strongly affected the achieved organic
pollutant elimination effects expressed by the BOD5 index. A positive Spearman corre-
lation coefficient indicates higher effects were recorded at higher air temperatures. The
determined magnitude of the coefficient (0.6537) indicates a strong relationship, while
the p-value confirms its statistical significance (p < 0.05) (Table 5). For TSS and COD, the
correlation coefficients were low and not statistically significant.

The trends are consistent with the results of studies presented in the literature. Most
authors confirm that the activity of microorganisms, and thus the effectiveness of CWs,
especially concerning easily degradable pollutants expressed as BOD5, is higher during
higher temperatures [3,70,71]. However, this is not the rule, as some studies conducted
under temperate climate conditions indicate the absence of any relationship between the
removal effects of pollutants expressed by the BOD5 index and air temperature [38,72]. It
can be assumed that in the case of the WWTP in question, favorable thermal conditions
favored the development of microbial structures that form a biofilm on the substrate
particles, and the supply of additional oxygen provided with wastewater enhanced this
effect [20]. With the greater availability of oxygen, the potential of microorganisms to
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hydrolyze organic compounds and utilize their products could be fully exploited. In this
case, artificial aeration of the wastewater could offset the limiting effect of the oxygen deficit.

3.3. Technological Reliability

The technological reliability of a wastewater treatment plant, defined as its ability to
dispose of the expected amount of wastewater to the degree required by the wastewater
receiver, was determined using the Weibull method. First, the distribution parameters were
estimated, and the null hypothesis that a Weibull distribution can describe empirical data
was verified. The analysis used the values of the main pollutant indicators (BOD5, COD,
and TSS) in the wastewater discharged from the VF-HF system to the receiver.

The null hypothesis was positively verified, and the goodness of fit of the obtained
distributions was high at 70–90% at a significance level of α = 0.05 (Table 6).

Table 6. Parameters of the Weibull distribution and the Hollander–Proschan goodness-of-fit test
(n = 55).

Parameter
Parameters of Weibull Distribution Hollander–Proschan

Goodness-Of-Fit Test

θ c b Stat p

TSS 1.3818 0.9668 11.871 0.3749 0.7077

BOD5 0.0636 1.2618 2.1248 0.2493 0.8031

COD 2.7980 2.2035 29.902 0.1264 0.8993
Notes: Symbols: stat—value of the test statistic, p—significance level of the test; when p ≤ 0.05 the distribution of
data is not Weibull distribution.

The technological reliability of the wastewater treatment plant was determined based
on distributor functions, taking into account the indicator limits specified in the Regulation
of the Minister of Maritime and Inland Navigation [50] for wastewater treatment plants
below 2000 PE (Figure 12).

According to the guidelines proposed by Andraka and Dzienis [51] for WWTPs below
2000 PE, the minimum level of technological reliability, considering the principles of
inspection and evaluation of wastewater samples in Poland, should be 97.27%. It means
these wastewater treatment plants, operating defectively for 9 days a year, still have a 95%
chance of passing inspection procedures (α = 0.05).

The reliability of the tested object in removing TSS from wastewater was 98%. Based
on this, it can be concluded that, on average, for 357 days a year, the treatment plant
operated without failure, which means that the total suspended solids in the wastewater
discharged to the receiver were below the limit value (50 mg/L). The facility provided the
required level of technological reliability regarding removing total suspended solids and,
with a risk level of α = 0.05, guaranteed positive passage of control procedures.

The technological reliability of the Poizdów constructed wetland treatment plant
in terms of removing organic pollutants, expressed by the indicators BOD5 and COD,
was 100% (Figure 12). This means that throughout the study period, the treatment plant
operated without failure, and the values of the indicators in the treated wastewater in
no case exceeded the permissible levels set by Polish law (40 mgO2/L and 150 mgO2/L,
respectively). It gives grounds for the prediction that, with the operator’s risk at α = 0.05,
the facility is guaranteed to pass the control procedures for BOD5 and COD indicators
throughout the year. The determined reliability levels do not differ from those recorded
in other nonaerated CWs using similar plant species operating under similar climatic
conditions but with lower hydraulic loading [36–38].
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Figure 12. Weibull cumulative distribution functions and the technological reliabilities determined
for each pollution parameter. Notation: dashed green line—reliability function, continuous green
line—confidence interval, red arrows—probability of achieving the indicators limit in the effluent,
circles lines—probability for variables describing the concentration of a pollution parameter in the
treated effluent.

4. Conclusions

This study analyzed the removal efficiency of the organic pollutants BOD5, COD, and
TSS in a hybrid constructed wetland wastewater treatment plant of VF-HF type with an
aeration system for wastewater flowing into the facility. So far, the results of studies on the
operation of CWs with aeration realized by introducing oxygen into the beds are known
from the literature, and these experiments were conducted mainly on a laboratory scale
or in pilot facilities. Since there is a lack of research showing how hybrid CW systems
are fed into which already aerated wastewater is fed, it was decided to take up this topic
and conduct research in this area. Due to space limitations in the treatment plant, lower
standards for the unit area of constructed wetland beds were applied. To compensate for
the smaller area of the beds, a system of aeration of mechanically treated wastewater before
entering the bed of VF type was used.

The results show that the concentration of pollutants in the wastewater flowing
into the treatment plant was lower than that in typical domestic wastewater, which was
directly related to the origin of the wastewater. The aeration system used significantly
increased the oxygenation of wastewater flowing into the VF bed, with the magnitude
of the increase in the oxygen content of the wastewater negatively correlated with its
temperature. The aeration system has proven simple in operation and reliable due to the
lack of electronic components and mechanical controls. No malfunctions were found under
operating conditions. Another advantage of the system is its low energy consumption
because it assumes short-term, ad hoc wastewater aeration. During the 6 years of operation,
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the unit energy consumption for each m3 of treated wastewater was 0.47 kWh. The
energy consumption attributable solely to the operation of the membrane blower oscillated
between 0.05 and 0.10 kWh for each m3 of treated wastewater and was clearly lower
compared to wastewater treatment systems using conventional methods.

Despite the reduced bed area, the efficiency of the VF-HF system did not differ from
classical systems (without aeration) operating under similar climatic conditions. Excep-
tionally high effects were recorded in the bed with vertical wastewater flow. Statistical
analysis showed no significant relationship between the VF bed’s removal efficiency and
the wastewater’s dissolved oxygen content flowing into the bed. Such a relationship was
found between the efficiency of wastewater treatment in the VF bed and the temperature of
the wastewater and air. It may suggest that artificial aeration of wastewater under favorable
thermal conditions offsets the limitations associated with oxygen deficiency and allows the
potential of microorganisms inhabiting the bed to decompose organic compounds to be
exploited. Due to its high reliability in reducing BOD5, COD, and TSS, the studied WWTP
guarantees the year-round achievement of pollutant index values at the outflow below
the regulatory limits. Due to its simplicity, low failure rate, and energy consumption, the
system described in the paper can be recommended for use, especially for constructed
wetlands subject to high hydraulic and pollutant loading. The ad hoc aeration of wastewa-
ter during distribution to constructed wetland beds can compensate for the limitations of
reducing their surface area.
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efficiency and reliability of pollutant removal in a hybrid constructed wetland with common reed, manna grass, and Virginia
mallow. Water 2018, 10, 1445. [CrossRef]
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