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Abstract: The aim of this paper was to determine the efficiency of a rainwater treatment installation
located near the farm buildings of Roztocze National Park (RNP), Poland. The rainwater treatment
system, consisting of two polypropylene filters, one activated carbon filter and a UV lamp, was
examined. Samples of raw and treated rainwater were collected once a month from June to December
2023. The study shows that average efficiency of pollutant removal in the analysed rainwater
treatment system was not very high and amounted to 38.8% for ammonia, 29.6% for turbidity, 27.9%
for NO2, 19.8% for NO3, and 6.9% for copper. The low efficiency values can be explained by the
low concentration of these parameters in rainwater from the tanks. The efficiency of removing
microbiological contaminants was very high and ranged from approximately 98% to 100%. It was
shown that the UV lamp ensures very good disinfection of rainwater. The study shows that rainwater
treated using filtration and disinfection (UV lamp) can be used for watering the Polish Konik horses
living in the park, as well as for washing vehicles, watering green areas, or flushing toilets. The
present findings can be used in the design of a new system for managing rainwater that is planned
to be built in the RNP’s Animal Breeding Centre, as well as to prepare other rainwater systems,
especially in protected areas.

Keywords: water quality; contaminant removal; rainwater purification; watering animals; national
park; Polish Konik horses

1. Introduction

A circular economy, which includes the creation of closed water cycles, is one of the
key components of the European Union’s sustainable development strategy and policy [1].
Due to ongoing climate change and water shortages, the need to harvest rainwater has
been increasingly brought to public attention in the 21st century [2]. The technology of
rainwater collection and use dates back to antiquity, and the oldest examples of rainwater
collection systems come from the Neolithic period [3]. Recently, more and more research
indicates that the harvesting and utilisation of rainwater can help to surmount the problems
connected with water deficits caused by climate change in various regions of the world [4,5].
Raimondi et al. [6] have reported that the number of publications recorded yearly in the
Scopus database containing the keyword “rainwater harvesting” increased from zero in
1985 to over 400 in 2021. According to the UN, climate change is the greatest threat to
social and economic development. The ‘Earth Summit’ in Rio adopted the Declaration on
Environment and Development and Agenda 21, which sets out a set of principles by which
humanity should develop in the 21st century [7]. According to the Human Development
Index (HDI) for the year 2022, Poland is classified as a highly developed country and ranks
36th, with an index of 0.881, among the 191 countries assessed [8]. Poland’s Gross Domestic
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Product in 2022 was USD 688.1 billion, ranking 21st in the world. In terms of population,
Poland is ranked 35th in 2022, with a population of 36.82 million [9].

The current state of the art and future perspectives for rainwater harvesting systems
in Europe were presented in the paper by Wartalska et al. [10], whereas Dalman et al. [11]
and Jin et al. [12] showed the costs and benefits of this subject. On the other hand, de
Sá Silva et al. [13] presented a review of the environmental, economic, and social aspects
of the use of the rainwater harvesting systems. Authors from Germany [14], Greece [15],
Brasil [16], Australia [17], and Jordan [18] have pointed out that rainwater can meet 100% of
household water demand and that it can be used for various purposes [19]. Kim et al. [20]
have reported that rainwater is used as the main source of water supply for millions
of people in developing countries. In recent years, however, climate change, droughts,
and the rising costs of water have also forced highly developed countries to invest in
water-harvesting and utilisation technologies [6,21]. The potential of using rainwater on
an urban scale for the example of Turin in Italy was presented by Carollo et al. [22], while
the potential of rainwater harvesting in the retail sector in Portugal was presented by
Ferreira et al. [23].

The advantages of rainwater collection systems have been discussed in detail by Morey
et al. [24], Yawalkar et al. [25], and Ertop et al. [26]. Those authors have noted that rainwater
can be utilised (1) as an additional source of water where demand is high but water from
other sources is scarce, (2) to protect water resources, (3) to reduce the consumption of
surface and groundwater resources, (4) to produce safe drinking water in the process
of purification, (5) for watering plants and landscaping, and (6) to reduce unproductive
outflow of water through rivers into the seas and oceans; at the same time, rainwater
utilisation systems are (7) simple, easy to maintain, and cheap to operate, (8) can be used
anywhere, regardless of the terrain, geology, or land development pattern, (9) can be used
on-site in households or public utility facilities, (10) can improve the water management
system, and (11) can protect urban areas from flooding and reduce the severity of floods
during heavy rainfall. It has also been demonstrated that excess rainwater can be diverted
and captured for groundwater recharge. However, on sloping hillsides, rainfall can leach
soluble organic matter [27] and cause soil erosion [28].

The impacts of rainfall change on stormwater control and the water-saving perfor-
mance of rainwater-harvesting systems (RHSs) were presented in the paper of Ali et al. [29].
It was shown that the impacts of rainfall change on the performance of RHSs are dependent
on not only the trends and extents of local rainfall change but also tank sizes and water
demand. In some special cases, rainwater that has good organoleptic, physicochemical, and
microbiological properties may meet the quality standards of water intended for human
consumption. However, more often than not, roof-harvested rainwater contains ammo-
nium ions and increased levels of microbiological contaminants that most likely come
from bird droppings accumulated on roof surfaces [30–32]. Before such water is used for
drinking purposes for humans and animals, it has to undergo treatment [32].

So far, there has been little research into the functioning of full-scale rainwater treat-
ment technologies. Therefore, there is an urgent need for studies that will provide data on
such systems for different roof types, different regions of the world, and different seasons
of the year. The aim of this paper was to evaluate the efficiency of a rainwater treatment
system operating in Roztocze National Park (RNP) in Poland at producing potable water
for watering the animals living in the park and other purposes. The rainwater treatment
system under study is the terminal element of a rainwater-harvesting system installed in
the outbuildings of the RNP Headquarters. In the treatment system, harvested rainwater is
filtered and disinfected using a UV lamp. This paper provides useful data for the design
and construction of a new rainwater management system in the RNP’s Animal Breeding
Centre, which is planned to produce water, among other things, for watering the Polish
Konik horses living in the park.

Rainwater management technologies can be used as part of nature protection pro-
grammes aimed at limiting the consumption of high-quality water and the quantitative
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protection of groundwater resources in national parks, as provided for by the Act of
16 April 2004 on nature protection [33]. The need to use rainwater instead of groundwater
is also covered by the provisions of the Roztocze National Park Protection Plan, established
by the Regulations of the Minister of the Environment of 19 April 2018 [34], regarding
measures for preventing the lowering of the groundwater table, limiting groundwater
abstraction, and protecting the feeding, nesting, and breeding grounds of amphibians and
reptiles. Rainwater harvesting is an implementation of the policy of the Polish State, in-
cluding the draft Act on investments in counteracting the effects of drought, and the policy
of the European Union, including Directive 2000/60/EC of the European Parliament [35],
and of the Council of 23 October 2000 establishing a framework for community action in
the field of water policy.

2. Materials and Methods
2.1. Characteristics of the Rainwater Treatment System

The original system for rainwater harvesting and management was built in 2014
next to the RNP Headquarters building in Zwierzyniec, 50◦36′21.1′′ N, 22◦58′00.6′′ E. The
geographical location of the facility on the RNP land cover map is shown in Figure 1. This
and the other figures are the authors’ own elaboration.
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Figure 1. Location of the rainwater harvesting and utilisation system on the land cover map of the
River Świerszcz catchment area in the RNP.

The rainwater-harvesting and utilisation installation includes a system of gutters and
downpipes, a water pumping station (an Omnigena pump with a maximum capacity of
2.1 m3/h), and two concrete tanks with a capacity of 10 m3 and a depth of 2.45 m each.
Water is collected by the system of gutters and downpipes from the roofs of outbuildings
B1 (garage) and B2 (workshop). Photographic images of the two buildings are shown in
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Figure 2. Building B1 occupies an area of 24.6 m × 6.5 m; its roof area in plan view is
approximately 185 m2 and the roof pitch angle is 40◦. The dimensions of building B2 are
21 m × 12.4 m, and the roof area in plan view is approximately 302 m2, with a pitch angle
of 37◦ [30]. The roof coverings are shown in Figure 3. The two outbuildings have gable
roofs, with gutters on both sides of the buildings. Water from the two guttered sides of
each building runs into the pumping station and from there to two concrete tanks that are
joined together to form one large water storage tank.
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Figure 3. Schematic of the rainwater-harvesting system in the RNP Headquarters. The blue arrows
show the direction of rainwater flow, the black arrows show the direction of sewage water outflow.

Water from the tanks is sucked up and transported through a suction pipeline con-
nected to a pump installed in the workshop in building B2, where the rainwater treatment
system is located.

To ensure the best possible quality of the water flowing into the concrete tanks, each
of the downpipes was fitted with a downspout cleanout, as shown in Figure 4.
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Figure 4. Photographs of cleanouts for removing dead leaves and debris from rainwater.

The rainwater-harvesting system on which the study was conducted is not the target
environment. The rainwater tanks and the entire rainwater-harvesting system were built
earlier. For the construction of a new system for animal watering, in May 2023, a water
treatment installation was installed in building B2, which consisted of a hydrophore, three
filters, and a UV lamp. The aim was to test the effectiveness of treating harvested rainwater.
A detailed schematic of the treatment system is presented in Figure 5, and an actual image
of the system is shown in Figure 6.
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Figure 5. A schematic of the investigated rainwater treatment system. System components: 1—pump,
2A and 2B—water meters, 3—polypropylene filter for the removal of mechanical impurities with
particles larger than 20 microns, 4—polypropylene filter for the removal of mechanical impurities
with particles larger than 5 microns, 5—activated carbon filter, 6—germicidal UV lamp, A, B, C—UV
lamp valves.
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2—hydrophore, 3—filter set, 4—pump, 5—pressure washer.

Water from the concrete tanks is sucked up by a WZ 250/2L (Omnigena, Mława,
Poland) centrifugal pump connected to a hydrophore and controlled by an LC pressure
switch. Water flowing from this part of the installation is separated into two streams, one
of which is used for watering plants, while the other passes through the water treatment
system and then splits into two further streams, one of which is intended for watering
horses and the other for washing cars.

Rainwater for treatment goes through a series of treatment devices. It first passes
through filter 1 with a 20 µm pore-size polypropylene cartridge (3), then through filter
2 with a 5 µm pore-size polypropylene cartridge (4) and finally through filter 3 with
an activated carbon cartridge (5). Microbial contaminants, especially coliform bacteria
originating from avian faecal droppings accumulated on the roofs, are removed with a UV
disinfection lamp (Eko Technika (Gliwice, Poland) TMA D6, 2.3 m3/h) (6). Because the
effectiveness of the lamp is strongly contingent on water clarity, it is located at the end of
the treatment train, downstream of the three filters. The amount of water used is measured
with two water meters—2A and 2B (Figure 5). Water for watering horses has sufficient
pressure, so it flows directly from the treatment system to the drinking troughs. Water
for washing cars is run through a pressure washer (Karcher) to produce a higher pressure.
As preliminary tests have shown, the UV lamp reaches full disinfection efficiency 2 min
after switching on, which is why the impulse from the LC pressure switch turning on the
pump has been delayed. As a result, when the minimum pressure in the hydrophore has
been reached, the UV lamp turns on, and the pump switches on two minutes later to pump
water through the treatment system and refill the hydrophore tank.

2.2. Scope and Methods

Performance tests of the rainwater treatment system were conducted from June to
December 2023. They included the determination of selected microbiological and physico-
chemical contaminants in samples collected once a month from the concrete tank and at the
outlet from the treatment system downstream of all the treatment devices. Microbiological
assays included total microbial counts at 22 ◦C and 36 ◦C and counts of the following
bacteria: coliform bacteria, Escherichia coli, faecal enterococci, and Pseudomonas aeruginosa.
Organoleptic tests were run to determine the presence of a foreign odour and the threshold
odour number (TON). Physicochemical tests included the determination of turbidity, colour,
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pH, electrical conductivity (specific conductance) at 25 ◦C, the levels of ammonium ions,
nitrates, nitrites, total nitrogen and total phosphorus, and total hardness (CaCO3), as well
as the concentrations of chlorides, manganese, iron, silver, copper, sodium, magnesium,
boron, barium, cobalt, molybdenum, zinc, arsenic, selenium, antimony, total chromium,
aluminium, cadmium, manganese, nickel, lead, and mercury. Water quality tests were per-
formed in accordance with Polish standards in the accredited Research Services Laboratory
of the Lublin Cooperative of Dairy Services in Lublin (Laboratorium Usług Badawczych
Lubelskiej Spółdzielni Usług Mleczarskich w Lublinie), Poland. A full list of test standards
and procedures is given in Table 1.

Table 1. Standards and procedures used in the water quality tests.

Test Type Parameter Polish Standards Number

Microbiological tests Total microbial count at 36 ◦C
PN-EN ISO 6222:2004 [36]Total microbial count at 22 ◦C

Coliforms
PN-EN ISO 9308-1:2014-12+A1:2017-04 [37]Escherichia coli

Faecal enterococci PN-EN 7899-2: 2004 standard [38]

Pseudomonas aeruginosa PN-EN ISO 16266:2009 [39]

Organoleptic tests Presence of a foreign odour
PN-EN 1622:2006 [40]Threshold Odour Number (TON)

Physicochemical tests Turbidity PN-EN ISO 7027-1:2016-07 [41]

Colour PN-EN ISO 7887:2012 [42]

pH PN-EN ISO 10523:2012 [43]

Specific conductance at 25 ◦C PN-EN 27888-1999 [44]

Ammonium ions PN-ISO 7150-1:2002 [45]

Nitrates PN-82/C-045576.08 [46]

Nitrites PN-EN 26777:1999 [47]

Chlorides PN-ISO 9297:1994 [48]

Total hardness PN-ISO 6059:1999 [49]

Total nitrogen PB/POŚ/06, 01.07.2011 [50]

Total phosphorus PN-EN ISO 6878:2006-7+Ap1:2010+Ap2:2010 [51]

Silver

PN-EN ISO 17294-2:2016-11 [52]

Copper
Sodium

Magnesium
Boron

Barium
Cobalt

Molybdenum
Zinc

Arsenic
Selenium
Antimony

Total Chrome
Total iron

Aluminium
Cadmium

Manganese
Nickel
Lead

Mercury
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The water temperature was measured at 0.5 m, 1.0 m, and 1.5 m from the bottom of the
rainwater tank. To determine the balance of benefits obtained from the use of rainwater, the
consumption of treated rainwater for specific purposes was also determined using water
meters 2A and 2B (Figure 5). In addition, the present study reports air temperature and
rainfall totals for the RNP obtained from the meteorological station in Zwierzyniec (located
100 m away from the investigated rainwater-harvesting and treatment installation), which
operates as part of the Integrated Monitoring of the Natural Environment under the Chief
Inspectorate for Environmental Protection.

Since Polish law does not define water quality standards for rainwater intended for
watering animals and washing cars, the results of the present study were compared against
the limits specified in the Polish Regulations of the Minister of Health of 7 December 2017
on the quality of water intended for human consumption [53].

2.3. Statistical Analysis

The results of the microbiological and physicochemical tests were analysed statistically.
Because the values of some parameters were so small as to fall far below the water quality
standards and the measurement range of the testing equipment used, a more detailed
comparative analysis was only conducted for those parameters for which specific numerical
values were obtained. The tables summarise the basic descriptive statistics: minimum,
median, mean, and maximum values. Since sample sizes were small (7 observations) and
the data often did not follow a normal distribution, the water parameters before treatment
(rainwater in the tank) and after treatment were compared using the Wilcoxon matched
pair test (a non-parametric test for dependent samples). Time-series plots and boxplots
were used to visualise changes in water quality over time in comparison to drinking water
standards; only those measurement results for which the largest differences were observed
were represented. Moreover, the pollutant removal efficiency of the rainwater treatment
system was estimated using Formula (1):

e f f iciencyy =
yin − yout

yin
·100% (1)

where y denotes an examined parameter, yin is the value of the parameter y in untreated
rainwater from the tank, and yout is the value of the parameter y in treated water sampled
at the outlet from the treatment system.

Pearson’s correlation coefficients were also determined between the water temperature
at various depths of the tank and the external air temperature. The statistical analysis was
carried out using Tibco Statistica v. 14. All statistical tests were considered significant at
α = 0.05.

3. Results and Discussion
3.1. Precipitation and Air Temperature during the Study Period

A detailed description of the terrain conditions of the area of the RNP can be found in
our previous works [2,32].

In 2023, the year of the study, the average annual temperature was 9.7 ◦C. It was the
second warmest year, after 2019 (9.8 ◦C), on record since 1998, when the Integrated Monitor-
ing of the Natural Environment programme was launched in the RNP. Total precipitation
in 2023 (764.3 mm) was slightly (nearly 46 mm) higher than the long-term average (since
1998). In the study period, from June to December 2023, the average temperature was
12.6 ◦C and the average precipitation was 469.7 mm. Air temperature and precipitation
distribution data for 2023 are shown in Table 2.
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Table 2. Precipitation and air temperature in the study area in 2023. Study period: June–December 2023.

Month I II III IV V VI VII VIII IX X XI XII

Average air
temperature [◦C] −1.4 5.4 4.5 7.7 12.7 17.0 19.8 20.1 16.4 10.8 3.6 0.8

Precipitation [mm] 90.2 62.5 63.1 58.1 58.4 43.1 105.9 78.8 27.7 94.8 54.1 65.3

In the analysed period, June was a relatively cold month. It was 0.5 ◦C colder than
the long-term average. The monthly precipitation total for Zwierzyniec in June was 43 mm
(nearly 50%) lower than the long-term average (1998–2023). The month of June closed
the first half of the year 2023. Those six months were 1 ◦C warmer than the average
half-yearly temperature for January–June in the years 1998–2023. The precipitation deficit
for this half-year period was 11 mm (3%). In the second half of the year, all months were
warmer than the long-term average (1998–2023). July and August passed without any
weather anomalies. In August, a maximum temperature of 32.8 ◦C was recorded on the
15th day of the month. It was one of the month’s eleven hottest days, with maximum
temperatures exceeding 30 ◦C. September 2023 was the warmest on record in the RNP
(since 1998). With an average monthly temperature of 16.4 ◦C, it was 3.4 ◦C warmer than
the long-term average for September and 1.4 ◦C warmer than September 2015, the second-
warmest September. Stable, sunny weather prevailed throughout most of the month. As
many as 14 days with a maximum temperature above 25 ◦C were recorded (the highest
maximum temperature of 29.4 ◦C was registered on the 13th day of the month), and night
temperatures dropped by no more than 5 ◦C. There were few rainy days. The monthly
precipitation total for September in Zwierzyniec was 27.7 mm, and it was 30.8 mm (over
52%) lower than the long-term average for this month. This trend also continued into
the next month, which was the warmest October on record. With an average monthly
temperature of 10.8 ◦C, October 2023 was 0.4 ◦C warmer than October 2020, the second-
warmest October since 1998, and 2.6 ◦C warmer than the average October in the years
1998–2023. The monthly precipitation total was 94.8 mm, and it was over 43 mm higher than
the long-term average for October. November 2023 did not show any weather anomalies,
with an average temperature of 3.6 ◦C and a monthly precipitation total of 54.1 mm. In
December 2023, the average temperature was 0.8 ◦C. It was 1.4 ◦C warmer than the average
December temperature in the years 1998–2023. In the first 10 days of the month, similarly to
the end of November, the temperature remained below 0 ◦C. The frosty and snowy weather
lasted until 10 December, with temperatures dropping during the night to −10 ◦C. Starting
from 11 December, there was gradual warming, combined with rainfall. A maximum
temperature of 10.5 ◦C was recorded on Boxing Day, which was one of the four December
days with an average temperature exceeding 5 ◦C. The monthly precipitation total for
December 2023 was 65.3 mm, and it was over 20 mm higher than the long-term average for
this month [54].

3.2. The Temperature of Rainwater in the Tank

Figure 7 shows changes in the water temperature in the tank at various depths from
the bottom of the tank (0.5, 1, 1.5 m), against the background of the average daily external
air temperature, daily precipitation, and the consumption of rainwater collected in the tank.
The graph also shows the dates on which laboratory analyses of the quality parameters of
raw and treated rainwater were performed.
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Figure 7. Changes in the temperature of rainwater in the tank during the study period in relation to
external air temperature, precipitation, and water consumption. The water temperature values at
different depths show a strong correlation. The Pearson r correlation coefficient ranged from 0.989
(for the 0.5 m and 1.5 m levels) to 0.0998 (for the 0.5 m and 1 m levels). The greatest differences in
water temperature at the individual tank depths occurred in the warm months (June–September),
when the lowest temperature was obtained at the level close to the bottom of the tank, and the highest
at the level of 1 m. The largest difference in water temperature (4.2 ◦C) between these levels was
recorded on 10 July, when the water level in the tank was the lowest (1.5 m) after a long period of
scanty rainfall.

In the colder months (from mid-September on), the water temperature values of
the thermometers immersed at different tank levels differed by up to 0.5 ◦C. The water
temperature in the tank also correlated with the external air temperature. The correlation
coefficient ranged from 0.84 (for the 0.5 m level) to 0.88 (for the 1.5 m level). However, the
graph shows that the shift in water temperature was delayed in relation to air temperature
(by approx. 1 month). A more accurate determination of the delay time requires a longer
research period.

The water temperature graph also shows peaks correlated with precipitation. In
the warm months (June–August), a gradual increase in water temperature was observed
on rainy days, when warm rainwater from the hot roofs ran into the tank. The highest
temperature increases at the depth of 0.5 m from the bottom of the tank were recorded on
20 July (an increase by 1.52 ◦C), 25 July (1.34 ◦C), and 11 July (1.24 ◦C). After heavy rainfall,
the water temperature in the tank was the same at all depths, and then, when there was no
rainfall, it gradually decreased in the lower parts of the tank (especially at the bottom of
the tank) but remained the same at the shallowest measurement point (1.5 m).

In the cold months (September–December), rainwater flowing into the tank reduced
the temperature of the water already present in the tank. At the depth of 0.5 m from the
bottom of the tank, the greatest drops in water temperature were recorded on 8 October (a
decrease of 1.62 ◦C), 20 November 20 (0.93 ◦C), and 14 November (0.9 ◦C).
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3.3. The Amount of Rainwater and Its Consumption

The amount of rainwater flowing from the roofs of the outbuildings into the tanks
was estimated, based on monthly rainfall totals recorded at a nearby meteorological station.
We used the formula given in [2], which allows one to determine the amount of rooftop
runoff, taking into account the amount of rainfall, roof area (487 m2), and surface runoff
coefficient = 0.9. During the study period, the total rainfall was 437 mm, which yielded
191.5 m3 of harvested rainwater. At the same time, readings from water meter 2A (Figure 5)
showed that the total water consumption for individual purposes was 7.76 m3, which
represented only 4% of the amount of water flowing into the tanks. It is immediately
obvious that the surplus of collected rainwater could be used for other purposes.

Figure 8 shows the estimated amounts of water flowing into the tank each month,
as well as the amount of water used for washing cars. The largest amounts of influent
were recorded in July (46.42 m3) and October (41.55 m3), and the smallest in September
(12.14 m3). A small amount was also recorded in June (4.12 m3), because the installation
was launched late in that month, and it only operated for a few last days of June. The large
amounts of water in July and October theoretically exceeded the capacity of the tank, but
there was no risk of overflow, because some of the water was used for washing cars, and
excess rainwater ran through the overflow and soaked into the ground.
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Figure 8. The amount of rainwater that can be captured and its use in the analysed period of 2023.

At that time, according to water meter readings, from 0.81 to 1.77 m3 of rainwater from
the tanks was used monthly (except for June). The smallest amounts of water were used
in October (0.81 m3) and December (0.84 m3), and the largest in September (1.77 m3), July
(1.41 m3), and November (1.32 m3). Overall, only 1.9% to 16% of rainwater from the tanks
was utilised. This indicates that there is great potential for additional use of this water.

3.4. Quality of Untreated and Treated Rainwater
3.4.1. Organoleptic and Physicochemical Properties of Rainwater

Table 3 provides basic descriptive statistics (minimum, median, mean, maximum,
and standard deviation) for the physicochemical parameters of the rainwater before and
after treatment. Parameters with values below the measurement threshold are not shown.
The last column presents the results of the non-parametric Wilcoxon test for dependent
samples, which indicate whether there were statistically significant differences in the values
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of the parameters tested between the water sampled from the tank and effluent from
the installation. The boxplots in Figure 9 show the distributions of the physicochemical
parameter values compared against Polish drinking water quality standards [53].

Table 3. Basic descriptive statistics of physicochemical parameters of rainwater.

Parameter
Unit Sample Min Median Mean Max SD Wilcoxon z

p-Value

Turbidity RW 0.93 1.35 1.71 3.2 0.88 z = 2.37
NTU TW 0.59 0.98 1.14 2.2 0.51 p = 0.018 *

Colour RW 0.4 1 1.96 5.0 1.80 z = 0.913
mg Pt/dm3 TW 0.4 1.3 2.4 5.0 1.86 p = 0.361

pH RW 6.3 6.8 - 7.8 - z = 0.524
- TW 6.5 6.8 - 7.5 - p = 0.600

Specific conductance at 25 ◦C RW 8.8 29.1 25.87 34 9.17 z = 2.206
µS/cm TW 14 32.9 31.56 51 12.06 p = 0.028 *

Ammonium ions RW 0.04 0.1 0.096 0.15 0.035 z = 2.18
mg/dm3 TW 0.006 0.05 0.051 0.1 0.028 p = 0.028 *

Nitrates RW 0.24 1.98 1.78 3.23 1.21 z = 2.031
mg/dm3 TW 0.21 1.38 1.31 2.53 0.841 p = 0.043 *

Nitrites RW 0.007 0.011 0.011 0.023 0.0054 z = 1.77
mg/dm3 TW 0.003 0.01 0.0088 0.015 0.0043 p = 0.076

Manganese RW 0.001 0.003 0.0031 0.008 0.0023 z = 1.48
mg/dm3 TW 0.001 0.005 0.0049 0.008 0.0030 p = 0.138

Total iron RW 0.0023 0.023 0.0232 0.046 0.0159 z = 0.943
mg/dm3 TW 0.0014 0.018 0.0165 0.031 0.0103 p = 0.345

Chlorides RW 0.98 1.21 2.199 4 1.416 z = 1.05
mg/dm3 TW 0.82 2 1.977 3 1.029 p = 0.295

Total hardness RW 1.02 12 10.43 15 5.15 z = 1.77
mg/dm3 TW 0.98 15 12.85 21 6.75 p = 0.076

Total nitrogen RW 2.11 3.235 3.35 4.23 0.78 z = 0.524
mg/dm3 TW 3.11 3.405 3.53 4.21 0.409 p = 0.600

Total phosphorus RW 0.005 0.0245 0.0262 0.05 0.018 z = 0.734
mg/dm3 TW 0.003 0.0315 0.0257 0.041 0.0149 p = 0.463

Copper RW 0.112 0.373 0.365 0.7 0.209 z = 0.943
mg/dm3 TW 0.109 0.2795 0.359 1 0.322 p = 0.345

Zinc RW 0.016 0.0585 0.054 0.079 0.021 z = 2.20
mg/dm3 TW 0.022 0.068 0.064 0.085 0.022 p = 0.028 *

* statistically significant differences between parameter values for raw water (RW) and treated water (TW).

Both raw rainwater from the tank and treated rainwater had very good physicochemi-
cal and organoleptic parameters. The Wilcoxon matched pairs test demonstrated that there
were no statistically significant differences in the values of the physicochemical parameters
between samples of rainwater collected from the tanks and samples of treated rainwater,
which confirms that the rainwater generally had very good quality. Samples of effluent
from the treatment system showed a statistically significantly lower turbidity (p = 0.018) and
contained statistically significantly lower levels of ammonium ions (p = 0.028) and nitrates
(p = 0.043) and nearly statistically significantly higher concentrations of nitrites (p = 0.076).
Purified rainwater contained significantly higher concentrations of zinc (p = 0.028) and had
higher total hardness values (p = 0.076), which were nearly significant.
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Figure 9. Changes in selected physicochemical parameters of raw and treated rainwater over
study time: (a) water colour and turbidity—changes in time; (b) boxplots for water colour and
turbidity; (c) total hardness and pH—changes in time; (d) boxplots for total hardness and pH;
(e) nitrogen compounds—changes in time; (f) boxplots for nitrogen compounds, RW—raw water,
TW—treated water.

Its organoleptic parameters, in particular odour and colour, made it suitable for
consumption. Increased turbidity was solely observed in samples of raw rainwater from
the tank. In treated rainwater, turbidity exceeded the limit value of 1 NTU only in the
autumn (Figure 9a,b). It should be emphasised that during this season, rainwater running
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from the roofs comes into direct contact with falling leaves, which change both its colour
and turbidity. According to Zdeb et al. [55], water quality parameters strongly depend on
the type of roofing.

pH values ranged from 6.3 to 7.8 in raw rainwater harvested from the roofs and from
6.5 to 7.5 in treated rainwater (Table 3). However, in most cases, pH values were lower
than 7, which means the water was slightly acidic (Figure 9c,d). A rainwater pH lower
than 7.0 is usually an effect of the presence of increased levels of carbon dioxide, sulphur
oxides, and other acidifying gases in the air [56]. In our study, the deviations from the pH
value of 7.0 were so small that the water could be classed as having good quality and being
suitable for consumption. The pH values of rainwater collected in the RNP in 2023 were
similar to those recorded in the years 2021–2022 [32]. In some other reports, however, the
rainwater was acidic and unsuitable for use as drinking water. In a study conducted in the
Tatra Mountains in Poland [57], the pH of rainwater ranged from 3.4 to 6.42. Samples of
rainwater collected in eastern and south-eastern India [58] had pH values in the range of
5.35–6.77.

The concentrations of nitrogen compounds, i.e., total nitrogen and ammonium, nitrite
and nitrate nitrogen, at both sampling points were lower than the limits for drinking water
(Figure 9e,f). The concentration of ammonium nitrogen in the stored water was lower than
in the precipitation itself [59]. Analogous observations can be made regarding iron, man-
ganese, and chloride compounds. In the present study, we observed a significant decrease
in the concentration of ammonium nitrogen in treated water (Figure 9e,f). The increased
concentrations of ammonium nitrogen in rainwater from the tank were likely caused by
the presence of bird droppings on the roofs from which water ran into the tank. Previously,
similar observations were made in studies by Evans et al. [60], Jóźwiakowski et al. [30],
and Grabowski et al. [32].

Low concentrations of mineral salts, especially calcium and magnesium compounds,
resulted in the very low general hardness of the tested rainwater (1–21 mg CaCO3/dm3)
(Table 3, Figure 9c,d). Low hardness values (3.3–34 mg CaCO3/dm3) had also been obtained
at the same measurement point in the RNP in the years 2021–2022 [32]. Similar findings
were reported by researchers from Sri Lanka, in whose study rainwater was characterised
by a low hardness of 4–36 mg CaCO3/dm3 [61]. It is widely known that rainwater is soft,
and in the present study, rainwater hardness was lower than the 60 mg CaCO3/dm3 limit
set in Polish regulations for drinking water for human consumption [53]. In accordance
with the recommendations of the World Health Organization and the European Union,
rainwater should not be consumed by humans, as its low general hardness poses the risk
of various diseases [62].

However, as shown in Australia, many people prefer to use rainwater over tap water,
which is chlorinated and fluoridated [63]. Observations conducted by RNP employees
show that rainwater is fully safe for animals to drink. The Polish Konik horses living in
the park drink rainwater willingly and do not show any negative symptoms associated
with its consumption. Particularly interesting findings in this regard have been reported
by Krakowski et al. [64]. Although their study does not concern the direct impact of the
environment on Polish Konik horses, the conclusions they drew from blood tests clearly
suggest that the structure of water and its circulation in the environment (water → soil →
photosynthesis → animal) constitute a synergistic system in the ecosystem of the RNP.

Those authors found that the natural environment (which is potentially less favourable)
had a positive effect on the immunological and haematological blood parameters in Polish
Konik horses (mares). Horses are herbivorous animals, which digest cellulose and other
plant components in complex biochemical processes taking place in the large intestine. This
organ is responsible for the synthesis of some vitamins, the production of immunologi-
cal components, and absorption. All these processes require good-quality water with a
microbiome. Polish Konik horses are a synergistic part of the ecosystems in which they
live. Their diet in the RNP depends on the biochemical composition of plants, which is
determined by weather and soil conditions, the structure of land cover, and the quality
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of groundwater, surface water, and rainwater. The horses absorb carbonates and other
mineral compounds that are not found in rainwater directly from the plants they feed on.
The herd lives in the park’s “sanctuary” in semi-natural conditions, and they only eat the
plants that grow in their natural surroundings. They drink water from natural watering
sites with a non-standardised and variable content of microorganisms, anions, and cations.
These water bodies include stagnant rainwater in sunken land areas, Stawy Echo (Echo
Ponds), and the River Świerszcz.

In Krakowski et al.’s study [64], Polish Konik horses living in natural conditions in the
wild had a better immunity than those kept in stables, as indicated by some immunological
and haematological blood parameters. Polish Konik horses living in stables are fed with
good-quality hay and oats. They are watered with standardised water coming from a
groundwater source in Florianka in the RNP [29].

To address potential concerns about the suitability of the rainwater harvested in the
park for watering animals, rainwater samples were additionally assayed for concentrations
of silver, copper, sodium, magnesium, boron, barium, cobalt, molybdenum, zinc, arsenic,
selenium, antimony, total chromium, aluminium, cadmium, nickel, lead, and mercury.
None of these parameters exceeded the standards for drinking water.

An analysis of the test results presented in Figure 9a–f indicates that the rainwater had
very little colour, much lower than the requirements for drinking water, and that the raw
rainwater did not differ significantly in colour from treated rainwater. This is not surprising,
because the mechanical filters we used can remove turbidity but not colour. And indeed,
the treated rainwater was much less turbid than the raw rainwater (Figure 9b). There was
no clear trend regarding the effect of water treatment devices on rainwater hardness and
pH (Figure 9c,d), which was not due to the unstable operation of the system but resulted
from seasonal changes in water temperature and carbonate transformations caused by the
dissolution and desorption of carbon dioxide. Worth noting is the clear decrease in the
concentration of ammonium compounds in treated rainwater compared to raw rainwater
(Figure 9f). Most probably, ammonium nitrogen was transformed into nitrates as a result of
the action of air oxygen on rainwater in the hydrophore. However, the concentrations of
nitrogen compounds were too low to yield useful data on the impact of the water treatment
system on the transformation of various forms of nitrogen (Figure 9e,f).

3.4.2. Efficiency of Removal of Selected Physicochemical Contaminants from
Harvested Rainwater

Since the investigated facility is located in a legally protected area, the air there is very
clean, which translates into a relatively good quality of rainwater. Our assays showed that
rainwater harvested in the RNP contained very low concentrations of physicochemical
contaminants—much lower than the limits for drinking water. At such low values, analyt-
ical errors were inevitable, and they could sometimes generate fluctuations between the
results for raw and treated rainwater. Also, the low concentrations of physicochemical pol-
lutants may raise doubts as to whether the treatment train should include filters. However,
as shown in Section 3.4.3, filtration is necessary for removing bacteriological contaminants:
filtration, especially the reduction of turbidity, increases the effectiveness of the UV lamp.

The efficiency of the entire rainwater treatment system was confirmed by the Wilcoxon
test (Table 3), which showed that the values of the most important pollution parameters
(turbidity, conductivity, ammonium ion, nitrates, and zinc) in treated water were statis-
tically significantly different from those in raw rainwater. The results for nitrites and
general hardness also fell narrowly short of significance and would probably be statistically
significant if the sample were larger.

Figure 10 shows changes in the efficiency of the treatment system at removing selected
physical and chemical contaminants from rainwater.
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Figure 10. Efficiency of removal of selected chemical contaminants.

The median pollutant removal efficiency of the analysed rainwater treatment system
was not very high at 38.8% for ammonia, 29.6% for turbidity, 27.9% for NO2, 19.8% for
NO3, and 6.9% for Cu (Figure 10). The low efficiency values can be explained by the low
concentrations of these parameters in rainwater from the tank. A similar study on the per-
formance of a rainwater treatment system using various filters was performed by Teixeira
and Ghisi [65]. These authors demonstrated that a sand filter removed turbidity, ammonia,
and nitrates at efficiencies of 13, 34, and 10%, respectively. To compare, a membrane filter
removed 11, 32.1, and 13.6% of those contaminants. Other authors [66] found that the
use of filters with expanded clay (ceramsite) and activated carbon did not ensure a very
high efficiency of removing nitrogen compounds. Our results and the literature data both
indicate that in rainwater treatment systems, filtration processes should be followed by
disinfection, which provides the effective elimination of microbiological contaminants.

3.4.3. Microbiological Properties of Rainwater

Table 4 gives basic descriptive statistics (minimum, median, mean, maximum, and
standard deviation) of selected microbiological contaminants found in the tested rainwater
before and after treatment. The last column presents the results of the non-parametric
Wilcoxon test for dependent samples, which indicate whether the contaminant levels in
samples of raw rainwater and treated rainwater were statistically different. The boxplots
(Figure 11) present the distributions of the obtained microbiological contaminant values
compared against Polish drinking water quality standards [53]. In the boxplots for total
microbial counts, values are expressed on a logarithmic scale for clearer reference to the
standard limit. Graphs are only shown for parameters for which mostly non-zero values
were recorded.



Sustainability 2024, 16, 4709 17 of 23

Table 4. Basic descriptive statistics of microbiological parameters.

Parameter
Unit Sample Min Median Mean Max SD Wilcoxon z

p-Value

Total microbial count at 22 ◦C RW 78 160 3045.4 14,000 5091.6 z = 2.37
cfu/cm3 TW 0 0 73.71 420 154.6 p = 0.018 *

Total microbial count at 36 ◦C RW 120 610 4314.3 23,000 8342.0 z = 2.37
cfu/cm3 TW 0 25 91.57 520 190.2 p = 0.018 *

Coliforms RW 0 0 1.429 10 3.780 -
cfu/100 cm3 TW 0 0 0 0 -

Escherichia coli RW 0 0 0 0 - -
cfu/100 cm3 TW 0 0 0 0 -

Faecal enterococci RW 1 15 19.57 48 17.99 z = 2.37
cfu/100 cm3 TW 0 0 0.571 4 1.511 p = 0.018 *

Pseudomonas aeruginosa RW 0 0 14 38 17.66 z = 1.60
cfu/100 cm3 TW 0 0 0 0 - p = 0.109

* statistically significant differences between parameter values for raw water (RW) and treated water (TW).
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Figure 11. Changes in selected microbial parameters of water in tanks and after treatment over study
time: (a) total microbial counts at 22 and 36 ◦C—changes in time; (b) boxplots for total microbial
counts at 22 and 36 ◦C; (c) faecal enterococci and P. aeruginosa—changes in time; (d) boxplots for
faecal enterococci and P. aeruginosa. RW—raw water, TW—treated water.
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The microbial quality of rainwater in the tanks showed quite a large variability, caused
by periodic water runoff from the roofs. The large volume of the tanks (20 m3) partially
mitigated those abrupt changes in water quality, but fluctuations, especially in the content
of microbiological contaminants, were still visible. Rainwater samples were tested for
the presence of two types of microorganisms normally found in natural waters and the
environment: psychrophilic bacteria, growing at ambient temperatures (approx. 22 ◦C and
below), and mesophilic bacteria, growing at temperatures above 36 ◦C. The counts of both
types of microorganisms were statistically significantly lower in treated water (Wilcoxon
test p = 0.018).

Faecal bacteria, such as E. coli, coliform bacteria, faecal enterococci, and P. aeruginosa,
were also assayed. A statistically significant reduction was only observed for faecal entero-
cocci (p = 0.018), because generally few samples, even those collected from the tanks, were
contaminated with these bacteria. Rooftop runoff is contaminated with dust and avian
faecal droppings. Contamination with these pollutants is quantitatively and qualitatively
variable in close correlation with rainfall and snowfall. In the case of snowmelt runoff,
there is obviously a time shift associated with air temperature.

The mixing of fresh rainwater and snowmelt runoff with water in the tanks leads to
the averaging of its composition, with various biological, physical, and chemical processes
taking place inside the water mass. The darkness inside the tank does not favour the
development of photosynthetic microorganisms, hence the water does not contain algae.
The diverse composition of rainwater is also related to the aerobic processes taking place in
its upper layer, which comes into direct contact with air, as well as the hypoxic or anaerobic
processes taking place in the bottom water layer.

It was shown that the total microbial count in the raw rainwater was in the range of
78–14,000 cfu/cm3 at 22 ◦C and 120–23,000 cfu/cm3 at 36 ◦C. Raw rainwater flowing from
the roof either contained small amounts of E. coli or was free of these bacteria. It contained
1–48 cfu/100 cm3 of faecal enterococci and 0–38 cfu/100 cm3 of P. aeruginosa. Similar
microbial counts were recorded in rainwater harvested from roofs at the two measurement
points in the RNP in the years 2021–2022 [32]. A related study on the quality and treatment
of harvested rooftop runoff was carried out in a facility located in south-eastern Poland in
the Carpathian Foothills [67]. In that study, the total microbial count in raw rainwater was
in the rage of 390–12,200 cfu/cm3 at 20 ◦C, and 90–16,000 cfu/cm3 at 37 ◦C. Moreover, these
waters contained 0–98 cfu/100 cm3 of faecal enterococci and 0–91 cfu/100 cm3 of E. coli.
The results of our own research and data from the literature indicate that raw rainwater
does not meet microbial standards for drinking water [53]. This is probably due to the
presence of avian faecal droppings in rainwater harvested from rooftops, as mentioned in
previous studies [30–32,68,69]. The disinfection efficacy of different types of UV lamps has
been confirmed by other researchers [70].

Our experiments demonstrated that treatment of rainwater in the investigated system
considerably reduced the counts of all microbiological parameters tested, as shown in
Table 4 and Figure 11a–d. The total microbial count was in the range of 0–420 cfu/cm3

at 22 ◦C and 0–520 cfu/cm3 at 36 ◦C. The number of faecal enterococci ranged from
0 to 4 cfu/100 cm3. Rainwater treated in the facility was free of coliform bacteria, E. coli, and
P. aeruginosa. A similar study of a rainwater treatment system using preliminary filtration,
ultrafiltration, and UV disinfection was conducted by Zdeb and Papciak [67]. Those authors
obtained total microbial counts for purified rainwater in the range of 4–650 cfu/cm3 at 20 ◦C
and 1–220 cfu/cm3 at 37 ◦C. Moreover, their rainwater samples contained 0–1 cfu/100 cm3

of E. coli-type bacteria and were free of faecal enterococci.

3.4.4. Efficiency of Removal of Microbiological Contaminants

As Table 4 clearly shows, the counts of psychrophilic and mesophilic bacteria in water
sampled from the tanks vary greatly and range from several to several thousand. Despite
such large bacterial counts, the treatment system used, especially the bactericidal effect
of the UV lamp, turned out to be very effective. For many water samples collected at the
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outlet from the treatment train, the disinfection efficiency was very high, in the range of
approximately 98% to 100% (Figure 12). Incidentally, in August, the effectiveness of the
removal of psychrophilic bacteria and mesophilic bacteria dropped to 78.8% and 68.3%,
respectively. This is surprising since the water from the tank contained only 160 cfu/cm3 of
psychrophilic bacteria and 120 cfu/cm3 of mesophilic bacteria at that time. Small counts of
E. coli and coliform bacteria were only recorded in the water from the tank in November
and were completely absent in samples of treated rainwater. Faecal enterococci were found
in samples from the tank in counts of several dozen organisms. Water treatment, and
especially disinfection, was so effective that only four faecal enterococci were detected in
treated rainwater in the sample taken in August. Similarly to coliform bacteria, P. aeruginosa
bacteria were recorded in a tank water sample in September 2023 but were not found in
treated water samples.
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Figure 12. Efficiency of removal of selected microbial contaminants.

As regards the overall performance of the rainwater treatment system, the median
efficiency over the entire measurement period was 99.3% for psychrophilic bacteria and
98.6% for mesophilic bacteria. The installation used eliminated 100% of E. coli, faecal
enterococci, and P. aeruginosa (Figure 12). To sum up, the application of a rainwater
treatment system using filtration processes and a UV lamp has shown that this technology
is quite effective and provides an effluent suitable for use in technical and agricultural
applications and animal breeding. Additionally, the system can be regulated by changing
the flow rate and thus the energy dose. It is known from the literature that the effectiveness
of disinfection expressed in logarithmic form is a linear function of the radiation dose [71]
and depends on the UV lamp used, or more precisely on its wavelength [72].

The effectiveness of the tested rainwater treatment system was confirmed by the
Wilcoxon test (Table 4), which showed that the levels of the most important bacterial
contaminants had been statistically significantly reduced during treatment. In the case
of P. aeruginosa, no statistically significant differences were found between influent and
effluent samples, because very few raw rainwater samples were contaminated with these
bacteria. Contamination with coliforms and E. coli was observed only once or not at all,
respectively, so the statistical test could not calculate p-values.

4. Conclusions

The aim of this paper was to determine the efficiency of a rainwater treatment in-
stallation located near the farm buildings of Roztocze National Park (RNP), Poland. The
treatment system, consisting of two polypropylene filters, one activated carbon filter, and
a UV lamp, was tested. The study shows that average efficiency of pollutant removal in
the analysed stormwater treatment system was not very high and amounted to 38.8% for
ammonia, 29.6% for turbidity, 27.9% for NO2, 19.8% for NO3, and 6.9% for Cu. These low
efficiency values can be explained by low concentrations of these parameters in rainwater
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from the reservoir. The efficiency of removing microbiological contaminants was very high
and ranged mostly from approximately 98% to 100%. It was shown that the UV lamp
ensures a very good disinfection of rainwater. The rainwater treated using filtration and
disinfection (UV lamp) can be used for watering the Polish Konik horses living in the park,
as well as for washing vehicles, watering green areas, or flushing toilets. Excess rainwater
can be used to replenish water in amphibian breeding sites.

Research on the utilisation of rainwater for various purposes has shown that the
use of a well-thought-out treatment system with a tank of an appropriate volume can
substantially reduce the consumption of tap water. Obviously, rainwater can be used for
watering green areas without any treatment; however, purification allows one to harness it
for other purposes, such as watering animals. The implementation of this type of solution
is particularly important in the context of climate change, as it can prevent the lowering of
the groundwater table.

It is worth emphasising that the application of a three-stage filtration system with a UV
disinfection lamp provides an effluent that can be used for watering animals (e.g., Polish
Konik horses in the RNP) and for washing vehicles. Factors that hinder the use of treated
rainwater for human consumption include its low hardness and the incidental presence of
various types of microbial contaminants. Nevertheless, the tests we performed showed that
rainwater quality parameters can be improved through treatment and that this requires
minor modifications to the treatment process. One of the most important findings of the
present study is that the rainwater harvested in the park does not contain heavy metals,
and the concentrations of iron, manganese, nitrogen compounds, and phosphorus are low.
Therefore, as a natural next step, properly treated rainwater can be used for flushing toilets
and doing the laundry, where low water hardness is a large advantage.

As has been shown, the use of a concrete tank buried in the ground has a positive effect
on the stability of water temperature, which prevents uncontrolled chemical and biological
processes. Large-capacity tanks help mitigate water temperature issues in extremely
adverse conditions—e.g., when runoff from a roof is very hot after a long drought, or
conversely, when it is very cold after a sudden rainfall or when it comes from melting
snow. Additionally, the lack of light in the tank prevents the growth of algae and various
microorganisms, which, if uncontrolled, could interfere with the operation of the filtration
set used for water treatment.

The present study demonstrates that rainwater can be harnessed to water Polish Konik
horses in Roztocze National Park and can be successfully utilised in other places where
water deficits may occur, especially in protected areas.

The results presented in this paper will be helpful for the design and construction
of a new rainwater management system in the RNP’s Animal Breeding Centre, which
is planned to produce water, among other things, for watering the Polish Konik horses
inhabiting the park.
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