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INTRODUCTION

The closed-loop economy, and therefore the 
creation of closed water cycles in recent years, 
constitutes an element of the European Union’s 
strategy and policy for inclusive and sustainable 
development [1, 2]. Due to climate change in the 
21st century, wastewater treatment technologies 

that allow for reuse and the creation of closed wa-
ter cycles are being increasingly implemented [3–
7]. In addition to wastewater reuse technologies, 
the countries with the greatest water shortages are 
using solutions to desalinate water from the seas 
and oceans [8–11], or rainwater management sys-
tems [12, 13]. One of the main constraints to the 
reuse of treated wastewater and public acceptance 
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contaminants. It was determined that the recycled treated wastewater could replace, on average, 18.7% of the 
good-quality water supplied by the mains water supply in the studied household. 
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in this regard is the lack of appropriate legisla-
tion at the European Union level [3]. Also, the 
high cost of treating treated wastewater to create 
closed water circuits or the use of technologies 
for desalinating water from the seas and oceans 
limits the widespread use of this type of technol-
ogy [14–16]. However, in the future, creation of 
closed circuits and the reuse of wastewater is in-
evitable [17, 18]. Treated wastewater discharged 
from wastewater treatment plants cannot be used 
as drinking water, as it still contains too many 
contaminants, especially significant numbers of 
various microorganisms. However, there are tech-
nologies to obtain drinking water from wastewa-
ter [19]. These technologies, due to high economic 
costs or serious social disapproval, are currently 
used very rarely [20, 21], but the use of water di-
version can increase the efficiency of water utilities 
[22]. A review of the treatment and use of treated 
wastewater, including health aspects, was made 
by Kesari et al. [23]. To date, treated wastewater 
discharged from wastewater treatment plants has 
been reused for, i.a. irrigating fields in agriculture, 
recharging groundwater resources, irrigating golf 
courses, washing vehicles, flushing toilets, extin-
guishing fires, construction work, or for cooling 
purposes in thermal power plants [24–27]. WHO 
data [28] shows that in 2006, more than 10% of 
the global population consumed the agricultural 
products that were grown by irrigating fields with 
treated wastewater.

In the 21st century, there has been an intense 
increase in the amount of treated wastewater be-
ing used. Aziz and Farissi [29] found that the 

amount of treated wastewater that is reused in 
Europe, the United States and China is increasing 
by about 10–29% per year, and in Australia by as 
much as 41%. In contrast, Israel is the largest user 
of treated wastewater for agricultural land irriga-
tion, where 90% of the reclaimed water originates 
from wastewater [30].

Currently, there are few scientific papers on 
the use of treated wastewater for toilet flushing, 
but this direction of wastewater management is 
likely to be developed in the future [23]. There-
fore, it is important to conduct scientific research 
in this area to identify the appropriate technology 
for additional treatment of the treated wastewater 
for reuse in households.

The purpose of this study was to determine 
the performance of a novel installation for treat-
ing the outflow from a hybrid constructed wetland 
system and the possibility of reusing wastewater 
in the household. The research was carried out in 
a lodge building located in the Polesie National 
Park (PNP) in Poland.

MATERIALS AND METHODS

Characteristics of the experimental facility

The studied plant is located in Kulczyn by 
the PNP service settlement (51°23’7.01” N, 
23°17’48.42” E) in Lubelskie Province in south-
eastern Poland (Figure 1). The detailed location 
of the site was also described in earlier publica-
tions [31, 32]. The hybrid constructed wetland 

Figure 1. Location of hybrid constructed wetland system with a closed water circuit in Polesie National 
Park in Kulczyn (data from www.geoportal.gov.pl, www.mapsforeurope.org ©EuroGeographics2024)
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system at PNP, from which wastewater is recy-
cled and reused in the household, consists of five 
main components [32]: 
	• a 2-chamber primary settling tank with a ca-

pacity of 3.2 m3 integrated with a raw waste-
water pumping station, 

	• soil-plant bed I with vertical flow of wastewa-
ter (VF) with an area of 12 m2,

	• soil-plant bed II with horizontal flow of waste-
water (HF) with an area of 15 m2, 

	• a system for returning and further treating the 
treated wastewater for reuse in the household, 

	• an absorption well for discharging excess 
treated wastewater into the ground (Figure 2).

The constructed wetland system was designed 
to treat the wastewater generated by 4 people, and 
its capacity was planned at 0.4 m3/day. During the 
study period, the average daily volume of wastewa-
ter delivered to the facility was 0.39 m3/d, and the 
hydraulic load I of the bed was 0.033 m3/m2/day. 
The efficiency of pollutant removal in the hy-
brid constructed wetland system is described 
in Myka-Raduj et al. [32]. 

This work analyzed the results of a study on 
the operation of a system for recycling and treat-
ing the wastewater discharged from a constructed 
wetland system. This system is an innovative so-
lution that allows the reuse of wastewater in the 
household, especially for toilet flushing. The ana-
lyzed wastewater treatment system consists of 3 
main components:
1)	pumping station for treated wastewater (active 

volume = 0.39 m3) with submersible pump for 
recycling the treated wastewater to the residen-
tial building,

2)	a whole-house filtration system comprising 
3 filters and UV lamp for treatment of treat-
ed wastewater,

3)	a hydrophore (150 l), which is a tank for stor-
ing and delivering the treated wastewater to the 
toilet tank.

Figure 3 shows a schematic diagram of 
the sanitary system with an installation for the 
treatment and reuse of treated wastewater in 
the residential building of the PNP service set-
tlement in Kulczyn.

Figure 2. Diagram of the hybrid constructed wetland system in Kulczyn on the territory of the PNP 
integrated with the installation for the return and treatment of treated wastewater : 1 – 2-chamber primary 
settling tank; 2 – pumping station for VF type bed I; 3 – inspection well beyond the bed I; 4 – inspection 
well beyond the bed II; 5 – pumping station for treated wastewater for domestic reuse, 6 – tested treated 

wastewater treatment and system pressure maintenance system; 7 – absorption well for disposal of excess 
treated wastewater into the ground; gray line – inflow of wastewater to the treatment plant; green line 
– outflow of treated wastewater from the treatment plant; dark blue line – inflow of treated wastewater 

to the house; light blue line – inflow of treated wastewater to 2 toilets and outside the building
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its reuse in households was conducted for a pe-
riod of 15 months, i.e. from October 2022 to De-
cember 2023. During the study period, 14 series 
of physical, chemical and microbiological analy-
ses were performed, during which 28 wastewater 
samples were examined. The wastewater samples 
for analysis were taken once a month (except for 
August 2023 – due to the holiday period and lack 
of wastewater) from 2 measurement points. The 
first sample was taken from the distribution sump 
downstream of the HF type bed II, and the second 
sample was taken from the tap valve located be-
hind the hydrophore in the basement of the apart-
ment building (Figure 2). Sampling and transport 
were carried out according to Polish Standards, 
which are in line with the American Public Health 
Association – APHA [33, 34]. The following 
physico-chemical parameters were determined in 
the collected wastewater samples: pH, dissolved 
oxygen concentration, total suspended solids, 
BOD5, COD, total nitrogen and total phosphorus 
concentrations. The counts of Escherichia coli 
and fecal enterococci were also determined in 
wastewater samples, using a miniaturized method 
for detecting these bacteria in surface water and 
wastewater, determining the most probable num-
ber (MPN/in 100 ml) of these bacteria. Physical 
and chemical analyses were performed at the 
Laboratory of the Department of Environmental 
Engineering and Geodesy, and microbiological 
analyses were performed at the Department of 
Environmental Microbiology of the University 
of Life Sciences in Lublin (Poland). Analyses 

Treated wastewater flowing out of the hy-
brid constructed wetland system is collected in a 
pumping station equipped with an Omnigena WQ 
1500F submersible pump, which pumps the treat-
ed wastewater to the apartment building for fur-
ther treatment and reuse. Excess unused treated 
wastewater is discharged into the ground via an 
absorption well (Figure 2).

The installation for treatment, storage and de-
livery of treated wastewater is installed in the base-
ment of a residential building (Figure 4). The treated 
wastewater first flows through 3 filters from USTM 
Ltd, Poland, placed in whole-house filtration system 
housing in the following order: a 10” PP20 yarn 
filter, a 10” PS5 spun filter and a 10” BL10 carbon 
filter. The treated wastewater then flows through a 
Nordic Tec NT UV 25-PH lamp, PHILIPS TUV 
25W T8-498 filament model (company NordicTec 
EU, Poland). The treated wastewater is collected in a 
vertical hydrophore tank with a capacity of 150 liters 
(model: Wimest ZCS/150/6, from WIMEST Spółka 
Jawna, Poland). The hydrophore tank is used to 
maintain adequate pressure so that the treated waste-
water can flow to the 2 toilet tanks of the residential 
building: 1) on the second floor, 2) on the first floor, 
and to the tap valve that supplies the treated waste-
water outside the building (Figures 2, 3).

Analytical methods

The study of the effectiveness of the treatment 
of wastewater from the hybrid constructed wet-
land system and the analysis of the possibility of 

Figure 3. Diagram of the sanitary system and the system for treatment and reuse of treated 
wastewater in a residential building: Wm, W1, W2, W3 and W4 – water meters
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were performed on laboratory equipment ac-
cording to commonly used methods (PN-EN ISO 
10523:2012. PN-EN ISO 5814:2013-04, PN-
EN 872:2007 + Apl:2007, PN-EN 1899-1:2002, 
2:2002, PN-ISO 15705:2005, PN-C-04576-
14:1973, PN-EN ISO 6878:2006 pt. 7 + Ap1:2010 
+ AP2:2010, PN-EN ISO 9308-3:2002P, PN-EN 
ISO 7899-1:2002P) [35–43]. Measurement meth-
ods and measuring apparatus are described in de-
tail in a previous publication [32].

On the basis of the analytical results obtained, 
the effects of pollutant removal in the plant under 
study were determined, as well as the suitability of 
the treated wastewater for reuse, such as for flush-
ing toilets or watering plants. Simultaneously, the 
amount of reused treated wastewater in the house-
hold was determined during the same study period. 
The obtained test results were used to calculate: 
average, minimum and maximum concentrations 
of pollutant values and standard deviation. The nor-
mality of the distribution of the analytical results was 
checked using the Shapiro-Wilk test. Normal distri-
bution was shown by the results, in the case of the 
wastewater before treatment for parameters, such as 
temperature, pH, total nitrogen and total phosphorus, 
while in the wastewater after treatment for: tempera-
ture, oxygen concentration, COD, total nitrogen and 
total phosphorus. Other parameters in both types of 
wastewater: suspended solids, BOD5, Escherich-
ia coli and enterococci, or pH values in treated 
wastewater, did not show normal distribution. Due 
to the ambiguity of the distributions, a nonpara-
metric Wilcoxon matched pair test for dependent 

samples was used to compare wastewater param-
eters before and after treatment.

The average concentrations of the analyzed 
pollutant indicators in the effluent flowing out of 
the hybrid constructed wetland system (Cd) and 
in the effluent after treatment at the analyzed in-
stallation (Co) were used to calculate the pollutant 
removal efficiency (ƞ), according to Formula 1:

	 Ƞ = (Cd - Co) · 100% / Cd	 (1)

To calculate the amount of treated and re-
cycled wastewater for household reuse, includ-
ing the amount of wastewater reused for toilet 
flushing, a measuring apparatus consisting of 2 
wing water meters with 1 dm3/pulse flow pulsers 
(METRON JS 1.0 17 Qn = 1.0 m3/h water meters 
by METRON Integrated Systems Factory Sp. z o. 
o., Toruń, Poland) was used. A Wi-Fi LIW-01 Su-
pla Zamel pulse counter (Zamel Sp. z o.o. Pszczyna, 
Poland) was used for pulse recording, together with 
SUPLA software version 24.01.01 [www.supla.org.
pl, accessed 14.01.2024]. The data were recorded 
automatically at a frequency of every 10 minutes in 
SUPLA CLOUD. The data was then downloaded 
to a computer hard drive and collected in Micro-
soft Excel 2010 and continuously monitored in the 
SUPLA application on mobile devices with An-
droid software. The water meters were installed on 
a newly constructed internal water supply system in 
a residential building. The first water meter, located 
behind the water meter as shown in Figure 4 and in 
the diagram of Figure 3 (labeled W1), recorded the 
amount of all treated wastewater recycled for reuse 

Figure 4. Installation for treatment, storage and delivery of treated wastewater installed in the basement 
of the building: 1 – water meter recording the amount of treated wastewater reused in the household; 

2 – water meter recording the amount of water flowing from the water supply to the toilet
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in the household. The second water meter, W2, was 
installed in front of the tap valve, supplying the treat-
ed wastewater outside the building for green water-
ing or other use. Since there may be a shortage of 
treated wastewater for toilet flushing during periods 
of high temperatures, as a result of the intake of large 
amounts of water by plants overgrowing VF and HF 
beds and evapotranspiration, the classic connection 
of toilet tanks to the water supply system was left in 
the residential building. Water meters located in this 
way allow determining water consumption for vari-
ous purposes, and above all determining the efficien-
cy of the system operation in terms of saving tap wa-
ter. The main water meter Wm installed at the water 
supply connection allows determining the amount of 
water consumed by residents for drinking, maintain-
ing hygiene and cleanliness of the premises, and for 
laundry, dishwashing, as well as for any shortage of 
treated wastewater for toilet flushing (Figure 3).

RESULTS AND DISCUSSION

Amount of reused wastewater 

The readings from the water meters shown 
in Figure 3 enabled to determine the amount of 
water consumed in the PNP lodge for various 

purposes, as shown in Table 1. Column 3 shows 
how much water the residents of the analyzed 
house consumed for various purposes, collec-
tively. Column 4 shows how much wastewater 
was recycled and treated for reuse. Columns 5 
and 6 show the amount of recycled wastewater 
reused for flushing toilets and watering the gar-
den. In turn, column 7 shows the amount of tap 
water used for toilet flushing. 

Table 1 shows that the monthly consumption 
of the water influent from the analyzed water sup-
ply system ranged from 9.56 to 13.015 m3/month. 
The only exception was July, a holiday month, 
when consumption was only 7.753 m3/month. 
Taking into account the different number of days 
in a month, the average water consumption per 
day by residents was 0.351 m3/day, which, when 
calculated per person, amounted to 88 L/P/day. In 
reality, residents’ water consumption is higher, as 
some of the water shown in column 4 in Table 1 
was reused, owing to the return of treated waste-
water. Considering the data in Table 1, it can be 
concluded that the daily water consumption of 
the residents will be 0.431 m3/day, and for one 
person 108 L/P/day. Similar consumption in the 
household in question (109 L/P/day) was reported 
in 2022 [31]. This is water consumption within 

Table 1. Monthly tap water consumption and wastewater reuse based on readings from individual water meters

Year Months QW
[m3/month]

QWR
[m3/month]

QG
[m3/month]

QT
[m3/month]

QWT
[m3/month]

1 2 3 4 5 6 7

2022 X 9.914 2.834 0.094 2.74 0.164

2022 XI 10.510 2.940 0 2.94 0.058

2022 XII 11.930 2.308 0.037 2.271 0

2023 I 11.989 2.772 0 2.772 0

2023 II 10.884 2.174 0.02 2.154 0

2023 III 12.180 2.511 0.02 2.491 0

2023 IV 9.874 2.601 0 2.601 0

2023 V 10.359 2.202 0.16 2.042 0

2023 VI 10.100 3.233 0.559 2.674 0

2023 VII 7.753 0.697 0.194 0.503 0.879

2023 VIII 11.001 1.287 0.04 1.247 1.432

2023 IX 11.253 2.059 0.061 1.998 0.469

2023 X 10.028 3.168 0 3.168 0

2023 XI 9.561 2.788 0.106 2.682 0.094

2023 XII 13.015 3.252 0 3.252 0.144

Razem 160.351 36.826 1.291 35.535 3.24

Note: QW – the amount of water withdrawn from the water supply system, QWR – the total amount of wastewater recycled 
and treated for reuse, QG – the amount of wastewater recycled and used for garden watering, QT – the amount of wastewater 
recycled and used in toilets, QWT – the amount of water withdrawn from the water supply system for toilet flushing.
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the range that is encountered in many homes in 
Poland [44]. Of course, water consumption in 
individual homes can vary considerably de-
pending on the country and type of facilities 
[45–47]. According to the European Commis-
sion [2023], per capita water consumption in 
Europe ranges from 50 to more than 250 L/d, 
and water consumption level in Poland was 
set at 100–125 L/d of water per capita. Thus, 
the result on per capita water consumption ob-
tained in the surveyed household is within the 
range given by the European Commission [48].

The consumption of treated wastewater for 
garden watering at the analyzed premises was 
marginal (Table 1). A higher consumption of treat-
ed wastewater for watering the garden exceeding 
0.5 m3 was observed only in June. The most rel-
evant data, which indicate the actual savings in 
water supply consumption and justification for 
the application of the analyzed solution, can be 
found in column 6 of Table 1. Monthly consump-
tion of wastewater recycled for toilet flushing 
ranged from 0.503 m3/month (in July) to 3.252 
m3/month (in December 2023). The average share 
of water used in toilets in total water consump-
tion is 19.67%, and the share of wastewater re-
cycled from the treatment plant for toilet flushing 
is 18.0%. On the other hand, the total amount of 
wastewater recycled and used for flushing toilets 
and watering the garden accounts for an average 
of 18.7% of the amount of water consumed in the 

analyzed household. A very good illustration of 
the savings in water consumption due to the reuse 
of wastewater is shown in Figures 5 and 6, where 
the variation in the amount of water consumed 
and wastewater recycled in different months of 
the year is presented.

Composition of treated wastewater 
and effects of pollutant removal 

In addition to the quantitative characteristics 
of the wastewater recycled for reuse, its qualita-
tive parameters are important. Descriptive statis-
tics of selected physico-chemical and microbio-
logical indicators in the treated wastewater flow-
ing out of the constructed wetland system as well 
as in the wastewater recycled and treated in the 
installation under study are shown in Table 2. In 
turn, Figure 7 shows the dynamics of changes in 
the concentration of the studied parameters in the 
treated wastewater during the study period.

The study shows that the pH of the treated 
wastewater discharged from the hybrid con-
structed wetland system was weakly alka-
line and ranged from 7.04 to 7.67, which was 
similar to that recorded in the wastewater dis-
charged from other hybrid constructed wetland 
systems [49, 50]. On the other hand, the pH in 
treated wastewater discharged from the stud-
ied treatment system and reuse differed slight-
ly and ranged from 7.24 to 7.65. According 

Figure 5. Changes in the amount of tap water used and wastewater recycled 
for reuse in different months of the year 
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to the Levi Strauss & Company [51], the pH 
value in wastewater used for toilet flushing 
again should approximate 6.0–9.0. Therefore, 
the pH of wastewater recycled for reuse at the 
studied installation is within the stated range.
The concentration of dissolved oxygen in waste-
water discharged from the analyzed constructed 
wetland system ranged from 0.94–4.39 mg/L, and 
averaged 2.88 mg/L (Table 2). Similar dissolved 

oxygen concentrations (2.78–3.87 mg/L) in the 
wastewater discharged from 2 hybrid constructed 
wetland systems with vertical and horizontal flow 
were found by Jóźwiakowski [49]. In contrast, 
significantly higher dissolved oxygen contents 
(4.90–7.24 mg/L) in wastewater discharged from 
2 hybrid constructed wetland systems in Roz-
tocze National Park over a 3-year study period 
were reported by Micek et al. [50]. An increase 

Figure 6. Changes in the amount of wastewater recycled and tap water 
used to flush the toilet in different months of the year

Table 2. Composition of inflow (WIN) and outflow (WOUT) wastewater from the plant under study
Parameter

(unit)
Wastewater 

type Min. Max. Mean Median Standard 
deviation

Coefficient of 
variation

Wilcoxon z
p-value

pH
value

WIN 7.04 7.67 – – – – z = -1,558
p = 0.072WOUT 7.24 7.65 – – – –

Dissolved 
oxygen
(mg/l)

WIN 0.94 4.39 2.88 3.23 1.08 0.37 z = -2,956
p = 0.006*WOUT 2.36 5.01 3.96 4.07 0.70 0.18

Total  
suspended
solids (mg/l)

WIN 2.00 30.00 11.18 10.00 9.64 0.86 z = 2.783
p = 0.008*WOUT 1.56 26.67 5.95 3.48 7.58 1.27

BOD5
(mg/l)

WIN 0.94 9.98 6.90 7.66 2.61 0.38 z = 4,619
p = 0.0002*WOUT 0.12 8.82 3.74 3.12 2.55 0.68

COD
(mg/l)

WIN 22.70 79.00 40.37 33.50 17.02 0.42 z = 3.320
p = 0.003*WOUT 15.00 55.40 31.19 31.60 11.31 0.36

Total nitrogen
(mg/l)

WIN 18.00 50.50 36.13 37.50 8.18 0.23 z = 1.476
p = 0.082WOUT 14.70 49.40 34.36 34.95 9.56 0.28

Total 
phosphorus

(mg/l)

WIN 1.78 7.24 4.00 4.11 1.35 0.34 z=1.737
p=0.053WOUT 0.98 7.60 3.35 3.66 13677 0.58

E.coli
CFU/100 mL

WIN 0 48000 6570 820 1428 2.08 z = 1.873
p = 0.042*WOUT 0 820 477 0 1.32 2.99

Fecal 
enterococci
CFU/100 mL

WIN 0 1440 1750 510 3911 2.23 z = 1.628
p = 0.064WOUT 0 480 50 0 131 2.63
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Figure 7. The dynamics of changes in the concentration of the studied physico-chemical (A-F) 
and microbiological (G-H) in treated wastewater during the study period: A – total suspended 

solids (TSS), B – biochemical oxygen demand (BOD5), C – chemical oxygen demand 
(CODCr), D – total nitrogen (TN), E – total phosphorus (TP), F – dissolved oxygen, 

G – Escherichia coli bacteria (E. coli), H – Enterococcus faecalis bacteria (Enterococci)
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in dissolved oxygen concentration was recorded 
in the effluent after treatment at the analyzed 
plant, which ranged from 2.36 to 5.01 mg/L dur-
ing the study period and averaged 3.96 mg/L. 
The increase in the concentration of dissolved 
oxygen in the wastewater after the treatment 
system was probably due to its dissolution in 
the hydrophore due to the contact between wa-
ter and air at elevated pressure. According to 
Levi Strauss & Company [51], no requirements 
were specified for dissolved oxygen in waste-
water used for toilet flushing again. Figure 8 
shows the changes in air temperature and dissolved 
oxygen concentration in recycled treated wastewa-
ter. During the conducted research, it was found 
that in the recycled wastewater, during the spring 
and summer months (from May to July 2023), the 

dissolved oxygen concentration decreased when 
the air temperature increased.

Figure 9 shows the efficiency of removal of 
selected pollutant indicators from wastewater in 
the studied installation. The concentrations of the 
main pollutant indicators in the outflow from the 
constructed wetland system, namely total sus-
pended solids, BOD5 and COD, showed low val-
ues and were well below the requirements speci-
fied for treated wastewater discharged from this 
type of treatment plant. The content of total sus-
pended solids in the outflow from the constructed 
wetland system ranged from 2–30 mg/L, and av-
eraged 11.2 mg/L (Table 2). The highest contents 
of total suspended solids were recorded in sum-
mer – from June to September – and the lowest in 
autumn and winter (Figure 7A). A slightly higher 

Figure 8. Changes in air temperature and dissolved oxygen concentration in 
treated wastewater recycled for reuse during the study period

Figure 9. Efficiency of removal of selected pollutant indicators from wastewater in the studied installation: 
TSS – total suspended solids, BOD5 – biochemical oxygen demand, COD – chemical oxygen demand, 

TN – total nitrogen, TP – total phosphorus, E. coli – Escherichia coli, Enterococci – Enterococcus faecalis.
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average concentration of total suspended solids 
(16.4–17.8 mg/L) in wastewater discharged from 
2 hybrid constructed wetland VF-HF systems was 
recorded by Jóźwiakowski [49]. In contrast, the 
content of total suspended solids in the wastewa-
ter discharged from 2 hybrid constructed wetland 
systems in Roztocze National Park during the 
3-year study period was 9.9–26.7 mg/L [50].

The treated wastewater at the analyzed instal-
lation showed a decrease in total suspended solids, 
which ranged from 1.6 to 26.7 mg/L during the study 
period and averaged 5.9 mg/L (Table 2). Therefore, 
these values were well below 30 mg/L, the maxi-
mum value required for total suspended solids in the 
wastewater reused for toilet flushing [51].

The data obtained show that the treatment 
system studied provided an average decrease of 
total suspended solids of 46.8% (Figure 9). This 
was due to the effective operation of the series 
filtration system. Figure 10 shows the system of 
3 series filters immediately after installation (A) 
and at the end of the service life (B). The tests 
showed that the filter cartridges needed to be re-
placed at least once a month due to pronounced 
fouling, which had the effect of significantly re-
ducing the flow capacity of the wastewater and 
increasing the content of total suspended solids in 
the outflow. Thus, the observation shows that the 
service life of the filters was considerably shorter 
than the manufacturer’s assumption (6 months). 
However, such a lifetime was specified for clean 
water. Thus, in the case of wastewater recycled 
from the treatment plant, the lifetime of the filters 
is significantly reduced. When analyzing the data 
in Table 1, it can be concluded that the tested fil-
ter system allowed the treatment of 2.630 m3 of 
wastewater per month, which was reused in the 

household. The distribution of BOD5 values in the 
outflow from the constructed wetland system dur-
ing the study period is shown in Figure 7B. The 
BOD5 values in the effluent from the constructed 
wetland system ranged from 0.94 to 9.98 mg/L, 
and averaged 6.90 mg/L (Table 2). Slightly 
higher average BOD5 values (10.8–11.1 mg/L) 
in the wastewater discharged from 2 VF-HF hy-
brid constructed wetland systems were reported 
by Jóźwiakowski [49]. In contrast, the average 
BOD5 values in wastewater discharged from 2 
hybrid constructed wetland systems in Roztocze 
National Park during the 3-year study period 
were 3.0–3.5 mg/L [50]. The treated wastewa-
ter at the analyzed installation showed a decrease 
in BOD5 values, which ranged from 0.12 to 8.82 
mg/L during the study period, and averaged 3.74 
mg/L (Table 2). Therefore, these values were well 
below 30 mg/L, the maximum value required for 
BOD5 in the wastewater reused for toilet flushing 
[51]. From the data obtained, it can be seen that 
the treatment system studied provided an average 
BOD5 reduction of 45.8%, which was similar to 
that obtained for total suspended solids (Figure 
9). The distribution of COD values in the outflow 
from the constructed wetland system during the 
study period is shown in Figure 7C. The COD 
values in the treatment plant effluent ranged from 
22.7–79 mg/L, and averaged 40.4 mg/L (Table 2). 
Smaller average COD values (29.1–36.9 mg/L) 
in the effluent discharged from the 2 VF-HF hy-
brid constructed wetland systems were reported 
by Jóźwiakowski [49]. In contrast, the average 
COD values in the wastewater discharged from 
2 hybrid constructed wetland systems in Roztoc-
ze National Park during the 3-year study period 
were 15.2–34.8 mg/L [50].

Figure 10. Whole-house filtration system consisting of 3 filters (filters from left to right: yarn, spun, 
carbon): A – clean filters immediately after installation, B – dirty filters requiring replacement
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The treated wastewater at the analyzed in-
stallation showed a slight decrease in COD val-
ues, which ranged from 15 to 55.4 mg/L during 
the study period and averaged 31.2 mg/L (Table 
2). According to Levi Strauss & Company [51], 
no requirements have been set for COD in the 
wastewater reused for toilet flushing. From the 
data obtained, it can be seen that the treatment 
system studied provided a small average COD 
reduction of 22.7%, which was significantly 
lower than that for total suspended solids and 
BOD5 (Figure 9).

Relatively small treatment effects were ob-
tained for total nitrogen and total phosphorus. 
This is understandable, since nitrogen is re-
moved only by biological means and most often 
by nitrification and denitrification, or is incorpo-
rated into the bacterial cells of various types of 
microorganisms. In the case of the system under 
study, wastewater treatment takes place through 
physical processes (filtration), so both nitrogen 
and phosphorus are retained together only with 
suspended particles as their component.

Changes in the concentration of total nitro-
gen in treated wastewater during the study peri-
od are shown in Figure 7D. The concentration of 
total nitrogen in the effluent from the treatment 
plants ranged from 18–50.5 mg/L, with an aver-
age of 36.1 mg/L (Table 2). Similar average con-
centrations of total nitrogen (26.0–53.0 mg/L) in 
the wastewater discharged from 2 VF-HF hybrid 
constructed wetland systems were reported by 
Jóźwiakowski [49]. On the other hand, the con-
tent of total suspended solids in the wastewater 
discharged from 2 hybrid constructed wetland 
wastewater treatment plants in Roztocze Na-
tional Park during the 3-year study period was 
13.8–39.9 mg/L [50].

The treated wastewater at the analyzed plant 
showed a decrease in total nitrogen concentra-
tion, which ranged from 14.7–49.4 mg/L during 
the study period and averaged 34.4 mg/L (Table 
2). According to Levi Strauss & Company [51], 
no requirements have been set for total nitrogen 
in the wastewater reused for toilet flushing. From 
the data obtained, it can be seen that the treat-
ment system tested provided a small removal of 
total nitrogen – 4.9% – which was significantly 
lower than the previously described pollutant in-
dicators (Figure 9).

Changes in the concentration of total phos-
phorus in treated wastewater during the study pe-
riod are shown in Figure 7E. The concentration 

of total phosphorus in the effluent from the con-
structed wetland systems ranged from 1.78–7.24 
mg/L, with an average of 4.00 mg/L (Table 2). 
Similar average concentrations of total phospho-
rus (1.4–6.4 mg/L) in the wastewater discharged 
from 2 VF-HF hybrid constructed wetland sys-
tems were reported by Jóźwiakowski [49]. On 
the other hand, the content of total suspended 
solids in the wastewater discharged from 2 hy-
brid constructed wetland systems in Roztocze 
National Park during the 3-year study period 
was 1.1–2.6 mg/L [50].

The treated wastewater at the analyzed plant 
showed a decrease in the concentration of total 
phosphorus, which ranged from 0.98–7.6 mg/L 
during the study period and averaged 3.35 mg/L 
(Table 2). According to Levi Strauss & Compa-
ny [51], no requirements have been set for total 
phosphorus in the wastewater reused for toilet 
flushing. From the data obtained, it appears that 
the treatment system studied provided a small 
removal of total phosphorus – 16.3% (Figure 9). 
The elimination of microorganisms in the stud-
ied plant occurred primarily by means of a UV 
lamp. The growth of E. coli bacteria in the en-
vironment is affected by temperature, pH, salin-
ity and intensity of sunlight, among other factors 
[52, 53]. According to Duque-Sarango et al. [54] 
the bactericidal effect of UV light is related to 
the direct photochemical breakdown of nucleic 
acids. However, it is known that some micro-
organisms are able to repair the UV-induced 
damage using photolysis or a light-independent 
mechanism [54]. In addition, bacteria in the en-
vironment can develop specific resistance to UV 
disinfection processes [54, 55].

On the basis of the microbiological analyses 
performed, there were varying numbers of E. 
coli bacteria and fecal enterococci in the waste-
water before and after application of the filtra-
tion system and UV lamp irradiation (Table 2). 
Simultaneously, after application of the treat-
ment system, the abundance of these bacteria 
significantly decreased or their presence was 
not detected at all (Figure 7G and 7H). Dur-
ing the experiment on 10–12.2022 and 03.2023 
and 06.2023, E. coli bacteria were detected in 
the wastewater after application of the treat-
ment system, with their abundance being 75.23 
to 100% lower than before its application. In 
the case of enterococci, their presence in the 
wastewater after application of the treatment 
system was found on 10–12.2022 and 02.2023. 
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As in the case of E. coli bacteria, their abun-
dance also decreased by 85.88–100% (Figure 
7H). Only in the wastewater sample of 10.2023 
the abundance of enterococci was the same be-
fore and after the application of the treatment 
system. Such results in Oct. 2023 were due to 
the failure of the UV lamp.

The average abundance of fecal enterococci 
in the effluent from the tested system was 50 
CFU/100 mL, so it was significantly lower than 
200 CFU/100 mL, the value required for these 
bacteria in the wastewater reused for toilet flush-
ing [51]. It was determined that the use of the 
tested treatment system provided a high reduc-
tion of E. coli bacteria and enterococci, which 
averaged 92.74% and 97.14%, respectively. 

Table 2 presents the results of the paired 
Wilcoxon non-parametric test, which allows sta-
tistical analysis of the performance of the treat-
ment system under test. The null hypothesis was 
that – the average values of the indicators before 
and after the treatment system are equal – i.e. 
it can be interpreted as if the water treatment 
system was not effective. The results of the test 
were given in the form of a test statistic z and a 
p value. The values obtained were found to be 
less than the significance level taken as 0.05 for 
oxygen concentration, total suspended solids, 
BOD5, COD and E. coli bacteria. The 0.05 level 
was slightly exceeded for total phosphorus and 
enterococci. In summary, it can be concluded 
that the differences of these indicators before the 
treatment system and after the treatment system 
are statistically significant, i.e. that the tested 
treatment system is effective and can be used in 
similar cases. In order to assess the susceptibility 
of wastewater to biological treatment processes, 
the ratios between the various pollutant indica-
tors were also analyzed. It was found that for the 
effluent flowing out of the constructed wetland 
system, the ratio of COD: BOD5 was 5.85, and 
after additional treatment, it was also 5.85. The 
ratios of BOD5:Ntot and BOD5:Ptot were 0.19 and 
0.19, as well as 1.72 and 1.73, respectively. As 
it can be seen, the applied filtration and disin-
fection processes did not change the magnitude 
of the ratios between the individual indicators. 
During wastewater treatment, natural biological 
processes cause mineralization of readily decom-
posable organic compounds leading to a natural 
increase in the COD/BOD5 ratio. Depending on 
the wastewater treatment method used, the sug-
gested BOD/Ntot/Ptot ratio in aerobic treatment is 

defined as 100:5:1 [56], and in anaerobic pro-
cesses as 300:1:0.1 [57]. The increase in the 
COD/BOD ratio along the treatment line is de-
fined as a measure of progressive water stability 
[58]. In raw wastewater, the COD/BOD5 ratios 
are usually 2.0–2.5, although they can fluctuate 
significantly [59, 60]. However, this ratio al-
ways increases during the course of biological 
processes, and, as in this case, can exceed the 
values of 5.85. Such water during retention in 
reservoirs shows higher stability, so biological 
change processes are very slow. Therefore, any 
action that requires the necessary adjustments to 
improve its quality can only be carried out by 
physical or chemical processes.

CONCLUSIONS

On the basis of the performed study, it was 
found that the analyzed installation, consisting of 
a series system of 3 filters and a UV lamp, provid-
ed very high results in reducing microbiological 
indicators, namely Escherichia coli and entero-
coccus bacteria, which averaged 92.7 and 97.1%, 
respectively. It was noted that the average effi-
ciency of reduction of total suspended solids and 
BOD5 in the studied plant was 46.8 and 45.8%, 
respectively. Small effects were obtained for the 
reduction of COD (22.7%), total nitrogen (4.9%) 
and total phosphorus (16.3%). It was shown that 
the treated outflow discharged from the hybrid 
constructed system met the requirements set by 
Levi Strauss & Company for the wastewater re-
used for toilet flushing in terms of the selected 
studied indicators. It was found that the tested 
whole-house filtration system consisting of 3 fil-
ters (in the following arrangement: yarn, spun and 
carbon) allowed treating an average of 2630 m3 
of wastewater per month. According to the study, 
however, the filter cartridges used needed to be 
replaced at least once a month due to pronounced 
fouling, which had the effect of significantly re-
ducing the flow capacity of the wastewater and 
increasing the content of total suspended solids in 
the outflow. It was determined that the recycled 
treated wastewater could replace an average of 
18.7% of the good quality water supplied by the 
water supply system in the studied household. 
However, the study and observations show that 
further research of recycled wastewater treatment 
systems for reuse is needed to achieve even better 
parameters of treated wastewater.
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