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Abstract: Monitoring the quality of tap water in the distribution system and the ability to estimate the
risk of losing its sanitary safety is an important aspect of managing the collective water supply system.
During monitoring, the physical, chemical, and biological stability of water was assessed, which is
the main determinant ensuring the appropriate quality of water for consumers. The physicochemical
and microbiological quality of water was analyzed for two distribution systems (DSs), including the
analysis of heavy metals (Zn, Fe, Mn, Cr, Ni, Cu, Cd, Pb). The tests carried out showed that in both
distribution systems, the water supplied to consumers met the guidelines for water intended for
human consumption. It can be considered that the risk of uncontrolled changes in water quality in
DSs with an average water production of <10,000 m3/d and the length of water pipelines < 150 km
is very low. The water introduced into the system differed in the place of water intake and water
purification technology, which influenced the final water quality. In DS(II), higher values were
recorded for hardness, conductivity, calcium, alkalinity, nitrates, and DOC. It was found that the
content of heavy metals during water transport to the consumer increased in the case of DS(I) for
Zn, Ni, Cu, Cd, and Pb, and in the case of DS(II) for Fe, Mn, Ni, Cu, Cd, and Pb. The observed
differences resulted from the different quality of the intake water as well as from different materials
used to build internal installations and their age and technical condition. The analyzed tap water was
characterized by physical and chemical stability. However, the water did not meet the guidelines for
water biostability due to the increased content of biogenic substances.

Keywords: drinking water; water quality; water stability; heavy metals

1. Introduction

The security and efficiency of domestic water supplies have become a serious problem
as a result of rapid urbanization and climate change [1,2]. The quality of drinking water
delivered to the point of consumption by the consumer depends on many factors, i.e., the
quality of the raw water taken in, the water treatment processes used, and the monitoring
of water in the network [3–5]. Typically, tap water leaving a water treatment plant meets
the requirements for the quality of water intended for human consumption, which are
specified in relevant legal acts [6,7]. Safe water supplied by waterworks must meet certain
criteria, which are usually divided into three main categories: physical, chemical, and
microbiological. Physically, water must be odorless, tasteless, and colorless. From a
chemical point of view, it is required that the water is free from toxic substances, heavy
metals, excess minerals, and organic substances and that its pH ranges from 6.5 to 9.5.
Additionally, it should be free of any pathogens and radioactive substances.

However, it should be remembered that during the transport of water through the
distribution system, many complex physical, chemical, or biological reactions occur, which
may result in the deterioration of water quality (e.g., increased turbidity, iron level, or
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re-growth of bacteria). The following factors may influence secondary water contamination,
such as decomposition of the disinfectant, temperature, hydraulic regime, residence time
in the installation, and poor condition of the internal installation [8–12]. It should be noted
that the water supply company is only responsible for the quality of water supplied to
the main water meter (not directly to the consumer’s tap) [13]. A robust drinking water
framework therefore becomes essential to meaningfully address all challenges encountered
at every stage of the drinking water supply chain, from the catchment area (water intake)
to the consumer.

A typical water distribution system is a complex infrastructure that includes pipes
made of various installation materials, storage facilities, valves, fire hydrants, service
connections, and pumping stations. It is no wonder that monitoring and assessing water
quality can be a difficult task. The materials used in water supply pipes influence, among
others, the rate of biofilm formation on the internal surfaces of pipelines and cause various
chemical compounds (e.g., corrosion products) to be released into the water [14–16]. To
avoid corrosion problems, water supply systems are currently made of thermoplastics such
as polyethylene (PE) and polyvinyl chloride (PVC). Plastic pipes are characterized by a
higher failure rate [12] and at the same time are very susceptible to biofilm formation [17].
Leaky pipe joints or pipe cracks are another serious problem because in such situations,
pathogens dangerous to consumers’ health may enter the water. Personnel managing the
distribution system must then proceed carefully and thoroughly to perform the rinsing and
disinfection procedure after repairs [18].

The final quality of water at the consumer’s point of consumption is also determined
by the stability of the water introduced into the distribution system. The WHO recommends
that water should be stable in physical, chemical, and microbiological terms. The most
frequently used methods for assessing the chemical stability of water include the Langelier
saturation index (LSI) and the Ryznar stability index (RSI), which allow for predicting the
behavior of calcium carbonate in water [18–20]. Physical stability is determined based on
turbidity values [9,21], while biological stability is determined based on biogenic substances
(carbon, nitrogen, and phosphorus), which are an essential factor for the growth of micro-
organisms [22]. Water instability can affect water quality by leaching certain metals such
as chromium, arsenic, and lead into the water, causing corrosion or leading to bacterial
growth [23]. However, it should be remembered that producing fully stable water is a
very difficult task because it often requires taking opposite actions. The availability of
appropriate management strategies to maintain good water quality has always been a
challenge for water utilities.

This study aimed to determine changes in tap water quality at selected points of the
distribution system. During the monitoring, a comprehensive physicochemical analysis of
water and the content of heavy metals in the tested water samples was carried out. The
work assessed the physical, chemical, and biological stability of water, which is the main
determinant ensuring appropriate water quality for the consumer.

2. Materials and Methods
2.1. Subject of Study

The research was carried out in two distribution systems that differed in the size of
the supply area and the number of inhabitants supplied with tap water (detailed infor-
mation about collective water supply systems is presented in Table 1). The research was
carried out on water supply networks located in the south-eastern part of Poland (Lublin
Voivodeship). For each distribution system (DS(I) and DS(II)), four control points were
selected to assess the quality variation depending on the distance between the points and
the water treatment plant (WTP). To have a clear picture of the water quality before it enters
the distribution system, the outlet from the water treatment plant was selected as one of
the sampling points. The water collected at WTP(I) is underground water rich in iron
and manganese compounds, which is subjected to the following treatment processes, i.e.,
aeration, filtration, and disinfection. In turn, groundwater captured at WTP(II) is water that
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meets the guidelines for drinking water, which is directed directly to the network after the
disinfection process. The detailed research area and sampling points are shown in Figure 1.
The distances of the selected control points from the WTP (taking into account the shortest
water transport route) were, respectively, for DS(I): P-1: 1 km, P-2: 4.1 km, and P-3: 6.2 km
and for DS(II): P-I: 3.2 km, P-II: 3.7 km and P-III: 3.6 km. The selection of control points was
mainly guided by the possibility of frequent collection of water samples for analysis, which
is why public places, such as schools and administrative buildings, were selected.

Table 1. Information about collective water supply (data for 2023).

Parameter DS(I) DS(II)

Average annual water production in m3/d 819 695
Estimated number of people supplied with water from the water

supply system 5642 3065

Current status of the water supply network in km:
• With household connections 143.50 75.28

• Without connections 82.64 38.94
Type of construction material PVC, PE PVC, PE
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Figure 1. Research area—location of checkpoints: (a) first distribution system—DS(I) with check-
points 1, 2, 3; (b) second distribution system—DS(II) with checkpoints I, II, IIII, (c) description of 
water treatment technology for WTP(I) and WTP(II).  

Figure 1. Research area—location of checkpoints: (a) first distribution system—DS(I) with checkpoints
1, 2, 3; (b) second distribution system—DS(II) with checkpoints I, II, IIII, (c) description of water
treatment technology for WTP(I) and WTP(II).

2.2. Taking Samples for Analysis

Water samples were collected 2 days a week from eight control points for a period of
1 month (from 20 September to 20 October). Samples were taken from water intakes (WTP(I)
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and WTP(II)) and six consumer taps. Taking into account variable water consumption due
to daily use, water was always collected on the same day at the same time. Water samples
were collected in 1 L polyethylene terephthalate bottles (PET) and 0.5 L sterile glass bottles,
which were then transported in an ice chest to the laboratory within 1 h.

2.3. Analysis of Physicochemical Water Quality

The quality of tap water was assessed using the methods presented in Table 2. The
tests were carried out by applicable research procedures.

Table 2. Method for assessing the physicochemical quality of tap water.

Parameter Unit Method/Device

Temperature ◦C Digital HACCP thermometer
(Hendi, Robakowo, Poland)

pH - Petameter Hach-Lange HQ 40d Multi
(Hach-Lange, Düsseldorf, Germany)Conductivity µS/cm

Turbidity NTU
EUTECHTM TN-100 Turbidimeter (Thermo

Scientific™, Gdańsk,
Poland)

Color mg Pt/L Colorimetric method

Ammonium nitrogen mg N-NH4
+/L Spectrophotometric method Hach-Lange DR 6000

spectrophotometer (Hach-Lange, Düsseldorf,
Germany); (Spectrophotometric method: 8038;

LCK341; 8039;
LCK 348, 8051)

Nitrite nitrogen mg N-NO2
−/L

Nitrate nitrogen mg N-NO3
−/L

Phosphorus mg P-PO4
3−/L

Sulfates mg SO4
−/L

Alkalinity mg CaCO3/L
Titration methodHardness mg CaCO3/L

Chlorides mg Cl−/L

Free/Total chlorine mg Cl/L
Photometer PC MULTIDirect

(Lovibond® Water Testing,
Dortmund, Germany)

Dissolved organic carbon (DOC),
Biodegradable dissolved organic

carbon (BDOC) *
mg C/L Total organic carbon analyzer TOC-L,

(Shimadzu, Markham, ON, Canada)

Mn, Fe, Cu, Cd, Cr, Zn, Pb, Ca, Na, K, Mg ppm/L; ppb/L Agilent 8900 ICP-MS Triple Quad (Agilent,
Santa Clara, CA, USA)

Note: * It was assumed that the following relation describes the content of BDOC in groundwater: BDOC = 9%
DOC [22].

2.4. Water Stability Index
2.4.1. Biological Stability of Water

Biological stability was assessed based on the content of biogenic compounds: carbon,
nitrogen, and phosphorus. The following threshold values determining the biological
stability of water were adopted [22]: BDOC ≤ 0.25 mg C/L, ∑Ninorg. ≤ 0.2 mg N/L,
P-PO4

3− ≤ 0.01 g PO4
3−/L.

Water can be considered biologically stable if at least two of the three given criteria are
met. Based on the obtained test results, the percentage of samples that met the biological
stability criteria was determined. Additionally, the bacteriological quality of water was
assessed based on the content of Escherichia coli bacteria using membrane filtration on Endo
WG ISO 9308-1 agar (BTL, Warszawa, Poland).

2.4.2. Physical Stability of Water

The physical stability of water was determined based on the turbidity parameter.
Water was considered physically stable if the turbidity value was less than 0.8 NTU [9,21].
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2.4.3. Chemical Stability of Water

Chemical stability was determined based on an indirect method for assessing the
aggressiveness and corrosivity of water. The following indices were used in the research:
Langelier (IL), Ryznar (IR), and Larson–Skold (ILS), the detailed method of determination
of which is presented in Table 3.

Table 3. Description of corrosion indexes used in this study [20,23,24].

Equation Water Feature

Langelier Saturation Index (IL)

IL = pH-pHs
pHs = (9.3 + A + B) − (C + D)

Where: pH = pH measured in situ.
pHs = pH at saturation pHs
A = (log10 [TDS*] − 1)/10,

B = –13.12 × log10 (◦C + 273) + 34.55,
C = log10 [Ca+2 mg/L as CaCo3] − 0.4,

D = log10 [Alkalinity as CaCo3],
TDS = Total Dissolved Solids,

TDS = E × ke, E − conductivity [µS/cm],
ke = 0.55–0.8, assumed: 0.64

IL > 0; Water can dissolve calcium compounds
and its corrosion properties are enhanced.
−0.5 < IL < +0.5; Water is stable: it does not
tend to precipitate or dissolve calcium
carbonate, and the corrosion properties are
weakened.
IL < 0; Water can precipitate lime and its
corrosion properties are weakened.

Ryznar Stability Index (IR)

IR = 2 pHs-pH
Where: pHs = pH at saturation

pH = pH measured in situ.

IR < 5.5 Heavy scales likely to form
5.5 < IR < 6.2 Moderate scale-forming
6.2 < IR < 6.8 is considered neutral
6.8 < IR < 8.5 Low corrosion
IR > 8.5 High corrosion

Larson Skold Index (ILS)

LSI = Cl−+SO2−
4

HCO−
3

Cl−, SO4
2−, HCO3

−—concentrations of
chlorides, sulfates, and bicarbonates (total
alkalinity of water) expressed in mval/L.

<0.8; chlorides and sulfates do not participate
in the formation of natural layers protecting
steel surfaces (they are not part of them and do
not cause corrosion)
0.8 ÷ 1.2; chlorides and sulfates may
participate in the formation of natural layers on
steel surfaces and the corrosion rate may be
increased
>1.2; a significant rate of local corrosion is
expected

3. Results and Discussion

The minimum, average, maximum, and standard deviation of the physicochemical
parameters obtained for tap water collected at WTP(I) and WTP(II) and at various points of
the distribution system are presented in Tables 4 and 5.
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Table 4. Summary of the results of the quality of tap water collected at the WTP and selected points of the distribution system.

DS(I)

Parameter Unit
WTP(I) P-1 P-2 P-3

MIN MAX Mean SD MIN MAX Mean SD MIN MAX Mean SD MIN MAX Mean SD

Temperature ◦C 10.10 11.80 10.72 0.63 17.00 18.90 17.68 0.70 16.80 18.50 17.60 0.60 15.90 18.00 17.08 0.69

Ph - 7.29 7.35 7.31 0.02 7.30 7.40 7.33 0.04 7.30 7.40 7.33 0.03 7.29 7.33 7.31 0.01

Conductivity µS/cm 481 525 481 12.93 491 522 506 11.61 481 533 508 17.55 475 535 502 19.15

Turbidity NTU 0.52 0.82 0.68 0.10 0.57 1.37 0.82 0.24 0.60 0.97 0.79 0.14 0.64 0.82 0.69 0.06

Ammonium nitrogen mg N-NH4
+/L 0.02 0.22 0.10 0.06 0.00 0.16 0.03 0.05 0.00 0.13 0.03 0.04 0.00 0.09 0.03 0.03

Nitrite nitrogen mg N-NO2
−/L 0.01 0.02 0.01 0.00 0.01 0.02 0.01 0.00 0.00 0.09 0.02 0.03 0.01 0.02 0.01 0.00

Nitrate nitrogen mg N-NO3
−/L 0.40 2.40 0.84 0.66 0.60 2.40 1.13 0.75 0.70 2.20 1.31 0.71 0.70 2.70 1.35 0.79

Phosphorus mg P-PO4
3−/L 0.00 0.05 0.02 0.02 0.00 0.04 0.01 0.01 0.00 0.04 0.01 0.01 0.00 0.06 0.03 0.02

Alkalinity mg CaCO3/L 255 280 272 8.43 250 285 271 10.61 248 285 272 10.81 255 280 274 8.35

Hardness mg CaCO3/L 275 303 294 9.82 280 298 293 5.94 280 308 297 8.43 278 313 299 11.18

Chlorides mg Cl−/L 10.65 17.75 13.98 2.41 10.65 17.75 14.20 2.68 10.65 24.85 14.64 4.42 10.65 21.30 13.76 3.52

Sulfates mg SO4
2−/L 34.00 39.00 37.17 1.72 34.00 39.00 36.50 1.76 36.00 38.00 37.00 0.89 35.00 37.00 36.17 0.75

Free chlorine mg Cl/L 0.00 0.35 0.12 0.12 0.03 0.16 0.09 0.04 0.03 0.09 0.06 0.02 0.04 0.09 0.07 0.02

Total chlorine mg Cl/L 0.05 0.31 0.17 0.10 0.15 0.26 0.19 0.04 0.17 0.22 0.20 0.02 0.13 0.27 0.18 0.06

DOC mg C/L 0.56 23.85 12.53 9.38 0.13 3.30 0.93 1.05 0.04 4.29 1.58 1.58 0.48 5.97 1.87 1.99

BDOC mg C/L 0.06 2.53 1.33 0.99 0.01 0.35 0.10 0.11 0.00 0.45 0.17 0.17 0.05 0.63 0.20 0.21

Escherichia coli CFU/100 mL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 4. Cont.

DS(II)

Parameter Unit WTP(II) P-I P-II P-III

Temperature ◦C 10.10 11.80 10.78 0.73 14.80 17.70 15.88 0.99 15.60 19.00 17.97 1.23 16.40 18.90 17.42 1.11

Ph - 7.19 7.30 7.23 0.03 7.21 7.29 7.24 0.03 7.23 7.35 7.27 0.05 7.27 7.33 7.29 0.02

Conductivity µS/cm 609 653 609 18.23 618 669 639.5 21.33 606 669 637.3 24.63 621 675 644.9 23.28

Turbidity NTU 0.58 0.75 0.65 0.07 0.55 0.96 0.73 0.14 0.62 0.94 0.74 0.11 0.55 0.82 0.68 0.10

Ammonium nitrogen mg N-NH4
+/L 0.00 0.08 0.04 0.03 0.00 0.15 0.07 0.05 0.00 0.05 0.02 0.02 0.00 0.08 0.03 0.03

Nitrite nitrogen mg N-NO2
−/L 0.00 0.01 0.01 0.00 0.01 0.03 0.02 0.01 0.00 0.04 0.01 0.01 0.01 0.02 0.01 0.00

Nitrate nitrogen mg N-NO3
−/L 2.30 4.70 3.53 0.89 2.10 4.64 3.41 0.98 2.20 5.80 3.48 1.37 1.80 4.86 3.55 1.20

Phosphorus mg P-PO4
3−/L 0.00 0.07 0.03 0.03 0.00 0.17 0.07 0.05 0.00 0.11 0.05 0.04 0.00 0.10 0.07 0.03

Alkalinity mg CaCO3/L 315 325 319 4.43 315 325 319 4.17 310 330 318 7.43 300 325 316 8.02

Hardness mg CaCO3/L 343 373 360 10.04 238 375 348 45.27 353 380 367 8.96 365 375 369 3.45

Chlorides mg Cl−/L 19.53 28.40 23.52 3.11 17.75 28.40 23.74 3.14 19.53 28.40 24.41 2.46 19.53 28.40 24.09 2.87

Sulfates mg SO4
2−/L 50.00 54.00 51.67 1.37 48.00 55.00 52.00 2.45 50.00 53.00 51.50 1.05 51.00 54.00 52.40 1.14

Free chlorine mg Cl/L 0.04 0.09 0.07 0.02 0.00 0.23 0.07 0.08 0.03 0.11 0.06 0.03 0.00 0.09 0.04 0.03

Total chlorine mg Cl/L 0.17 0.29 0.22 0.04 0.09 0.24 0.18 0.04 0.14 0.20 0.17 0.02 0.00 0.21 0.11 0.08

DOC mg C/L 0.37 21.89 15.71 8.74 0.35 6.64 2.17 2.01 0.11 9.20 3.18 2.89 0.01 12.61 3.01 4.53

BDOC mg C/L 0.04 2.32 1.66 0.93 0.04 0.70 0.23 0.21 0.01 0.97 0.23 0.31 0.00 1.35 0.31 0.48

Escherichia coli CFU/100 mL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 5. The concentration of metals in water directed to the network and in selected points of the distribution system.

Metal Unit

DS(I)

WTP(I) P-1 P-2 P-3

Min Max Mean SD Min Max Mean SD Min Min Mean SD Min Max Mean SD

Na ppm/L 12.95 17.34 16.19 1.23 12.53 17.34 16.19 1.54 13.24 17.14 16.08 1.23 13.74 18.80 16.43 1.38
Mg ppm/L 12.42 16.50 14.69 1.28 11.80 15.87 14.83 1.31 12.31 16.06 14.83 1.16 12.79 15.98 14.95 0.97
K ppm/L 3.62 4.21 3.89 0.20 3.56 4.08 3.92 0.17 3.63 4.07 3.87 0.16 3.75 4.11 3.92 0.10
Ca ppm/L 97.16 141.20 111.83 13.59 104.00 133.38 112.20 9.17 99.02 112.55 107.69 4.51 106.96 131.43 112.05 7.99
Zn ppm/L 0.02 0.10 0.05 0.03 0.04 0.12 0.06 0.03 0.04 0.09 0.05 0.02 0.05 0.52 0.26 0.18
Fe ppm/L 0.03 0.07 0.05 0.02 0.03 0.08 0.05 0.02 0.01 0.13 0.05 0.03 0.02 0.08 0.04 0.02
Mn ppb/L 7.17 11.82 8.78 1.56 4.85 11.24 6.02 2.13 5.85 9.80 7.29 1.33 5.23 11.08 6.55 1.93
Cr ppb/L 0.17 0.92 0.48 0.23 0.12 1.02 0.51 0.30 0.26 1.25 0.55 0.34 0.11 0.66 0.39 0.19
Ni ppb/L 0.07 0.63 0.25 0.20 0.30 1.75 0.68 0.50 0.07 1.81 0.41 0.58 0.10 0.33 0.22 0.09
Cu ppb/L 2.98 14.62 4.59 3.84 3.88 6.81 5.42 1.04 1.64 19.10 4.76 5.82 4.51 18.24 8.91 5.88
Cd ppb/L 0.00 0.11 0.02 0.04 0.00 0.02 0.01 0.01 0.00 1.12 0.16 0.39 0.00 0.30 0.05 0.10
Pb ppb/L 0.25 0.70 0.44 0.10 0.36 0.65 0.48 0.10 0.19 0.89 0.40 0.24 0.35 1.80 0.77 0.52

Metal Unit
DS(II)

WTP(II) P-I P-II P-III

17.91 21.44 20.33 1.17 21.13 22.11 21.61 0.37 19.19 21.55 20.55 0.90 19.44 21.55 20.32 0.85
Mg ppm/L 18.44 20.51 19.90 0.68 19.96 21.35 20.60 0.48 18.47 20.74 19.68 0.79 18.60 20.98 19.66 0.83
K ppm/L 3.97 4.30 4.22 0.12 4.14 4.44 4.31 0.10 3.87 4.40 4.20 0.16 3.88 4.31 4.18 0.16
Ca ppm/L 119.50 128.37 124.52 2.71 119.77 134.01 125.78 4.67 111.98 128.53 122.84 5.27 114.46 127.36 122.90 4.55
Zn ppm/L 0.01 0.33 0.09 0.11 0.02 0.12 0.06 0.04 0.01 0.08 0.04 0.02 0.03 0.23 0.10 0.07
Fe ppm/L 0.02 0.09 0.03 0.03 0.03 0.09 0.04 0.03 0.01 0.09 0.04 0.03 0.01 0.08 0.04 0.02
Mn ppb/L 1.43 2.43 1.74 0.34 1.71 2.16 1.84 0.17 1.35 2.25 1.76 0.30 1.55 2.49 1.85 0.33
Cr ppb/L 0.27 1.22 0.69 0.32 0.24 0.81 0.60 0.21 0.54 1.26 0.77 0.25 0.25 1.08 0.67 0.29
Ni ppb/L 1.52 6.31 2.80 1.64 2.19 4.02 2.85 0.70 1.63 4.80 2.92 1.11 1.61 5.43 2.85 1.60
Cu ppb/L 1.56 17.55 6.86 6.60 3.09 12.00 5.21 3.40 3.28 86.18 22.68 29.55 20.11 92.68 37.11 27.96
Cd ppb/L 0.02 1.87 0.31 0.69 0.01 4.91 0.86 1.98 0.02 0.29 0.10 0.12 0.01 0.30 0.09 0.11
Pb ppb/L 0.19 2.44 0.77 0.76 0.34 1.45 0.77 0.41 0.27 1.57 0.84 0.47 0.83 1.77 1.38 0.32
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The obtained test results conclude that the tested tap water samples met the require-
ments for water intended for human consumption. Only one sample taken from the P-1
control point for DS(I) exceeded the turbidity value (1.37 NTU). The recommended value of
this parameter according to the guidelines should be acceptable to consumers and should
not exceed 1.0 NTU. In the tested tap water collected from WTP(I) and WTP(II), the average
turbidity was 0.68 NTU and 0.65 NTU, respectively. However, the average values obtained
at the sampling points were, for DS(I), 0.82 NTU (P-1), 0.79 NTU (P-2), and 0.69 NTU
(P-3), and for DS(II), 0.73 NTU (P-I), 0.74 NTU (P-II), and 0.68 NTU (P-III). Based on the
obtained tests, it can be concluded that the water supplied to consumers was characterized
by physical stability (for DS(I), 97% of water samples obtained values below 0.8 NTU,
and for DS(II) 87.5% (Table 4)). Another important parameter that may affect the taste,
smell, and color of drinking water is temperature. Table 4 shows that the temperature
at WTP(I) and WTP(II) ranged from 10.10 to 11.80 ◦C, and at the intake points between
14.80 and 19.00 ◦C. The color of water in all analyzed samples was visually acceptable. The
organoleptic parameters of water generally did not deteriorate during water transport from
the treatment plant to other selected points. However, it should be assumed that this is not
a complete picture of the water quality in these distribution systems, because the points in
the internal installations concerned public buildings that are under constant supervision
of the sanitary inspection; hence, the administrators of these facilities take care of their
technical condition.

The average concentration of residual chlorine at the sampling points ranged from
0.06 to 0.09 mg/L (maximum normative value 0.3 mg/L). The low concentration of chlo-
rine recorded did not affect the deterioration of the bacteriological quality of water—no
Escherichia coli bacteria were detected in water samples [Table 4]. The decrease in the con-
centration of residual chlorine in the system may be related to organic sediments entering
the water from pipes and as a result of contact with the biofilm formed on the internal
surfaces of water pipes [25].

The captured groundwater obtained hardness values of 294 mg CaCO3/L (WTP(I)) and
360 mg CaCO3/L (WTP(II)), which indicates that they are extremely hard water. The pres-
ence of alkaline earth elements such as Ca (97.16–141.20 mg/L) and Mg (12.42–20.51 mg/L)
contributes to the high hardness value in the examined area [Tables 4 and 5]. The hardness of
a groundwater sample is a practical value for determining the quality of water for domestic,
agricultural, and industrial purposes. Soft water contains 0–60 mg CaCO3/L, medium-hard
water contains 61–120 mg CaCO3/L, hard water contains 121–180 mg CaCO3/L, and ex-
tremely hard water contains > 181 mg CaCO3/L [26]. Although high levels of hardness are
not harmful to health, both extremely soft (less than 60 mg CaCO3/L) and excessively hard
water (more than 180 mg CaCO3/L) are considered undesirable [27]. A hardness of 200 mg
CaCO3/L may cause minerals to accumulate on the fittings (especially during heating), and
scale deposition may restrict water flow. In addition, this type of water is also characterized
by poor foaming efficiency of soap and other detergents. Soft waters (<100 mg CaCO3/L),
on the other hand, have a low buffering capacity and may be more corrosive to water pipes,
causing the presence of heavy metals such as cadmium, copper, lead, and zinc in drinking
water [28]. However, it should be remembered that hardness concentrations in the range of
60–500 mg CaCO3/L are within the limits of aesthetic acceptability for drinking water [6].
Calcium and alkalinity are known as pH stabilizers in water, but they must be maintained
at a certain level to properly perform their roles [25].

Due to the influence of heavy metal ions on human metabolism, the analysis of their
content is an important part of public health research [29,30]. International water quality
regulations lower the maximum allowable levels of metals that are potentially toxic to
humans. The average concentrations of all tested metals in the analyzed water samples
did not exceed the normative values [6] and therefore did not pose any health risks to
consumers. The range of chromium in water at WTP(I) was 0.17–0.92 µg/L, and in WTP(II)
0.27–1.22 µg/L [Table 5]. However, at the controlled points in the network, the average for
DS(I) was 0.48 µg/L, and for DS(II) the value was 30% higher—0.68 µg/L (the permissible
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chromium concentration is 50 µg/L [6]). Significant differences were also observed in
nickel concentrations in the analyzed groundwater. In WTP(I) water samples, Ni values
ranged from 0.07 to 0.63 µg/L, and for WTP(II) from 1.52 to 6.31 µg/L (permissible value
20 µg/L [6]) [Table 5]. Ni occurs naturally in rocks and soil, from where it can be released
into groundwater. Moreover, nickel may also be present in tap water as a result of corrosion
or the abrasion of elements of pipeline systems made of materials containing this element,
such as stainless steel or chrome–nickel. In the case of DS(I), at control points P-1 and P-2, a
63% and 39% increase in the content of this metal in tap water was recorded, which is due
to the materials used to construct the internal installation. The average copper content also
increased during water transport. In water samples taken from WTP(I) and WTP(II), Cu
reached an average value of 4.59 µg/L and 6.85 µg/L, while higher values were recorded
in the consumer’s tap (6.36 µg/L and 21.67 µg/L for DS(I) and DS(II)). However, Cu values
were still well below the permitted limit of 2.0 mg/L [6]. Small amounts of copper are
essential for good health, but too much of it can be very harmful. Consumption of large
amounts of copper compounds may cause death due to failure of the nervous system, liver,
and kidneys [31]. The next metal analyzed was lead—the average concentration of Pb in
drinking water samples ranges from 0.19 to 2.44 µg/L (permissible value 10 µg/L). Lead is
a poisonous metal that can damage nerve connections (especially in young children) and
cause blood and brain disorders (damages the hematopoietic system) [32]. The content of
cadmium, iron, and manganese also did not exceed the normative values and their values
in tap water samples were 0–4.91 µg Cd/L, 0.01–0.09 mg Fe/L, and 1.35–11.82 µg Mn/L.
The ranking order of average heavy metal concentrations in tap water detected in this study
was, for WTP(I), Zn > Fe > Mn > Cu > Pb > Cr > Ni > Cd, and for WTP(II), Zn > Fe > Cu >
Mn > Ni > Pb > Cr > Cd [Table 5]. It was found that the content of heavy metals during the
transport of water from WTP(I) to other intake points increased in the case of Zn (from 0.05
to 0.12 mg/L), Ni (from 0.25 to 0.43 µm/L), Cu (from 4.59 to 6.36 µm/L), Cd (from 0.02 to
0.07 µm/L), and Pb (from 0.44 to 0.55 µm/L). In the case of WTP(II), the increase occurred
for Fe (from 0.03 to 0.04 mg/L), Mn (from 1.74 to 1.82 µm/L), Ni (from 2.80 to 2.87 µm/L),
Cu (from 6.86 to 21.67 µm/L), Cd (from 0.31 to 0.62 µm/L), and Pb (from 0.77 to 0.99 µm/L)
[Table 5]. The observed differences in the content of heavy metals in tap water resulted
from both the different quality of the intake water as well as the different materials used to
build internal installations and the age and condition of the pipes. Monitoring water quality
in distribution systems is important for proper management, but the low concentrations
measured highlight the need for sensitive meters. The concentrations of Na, Mg, K, and Ca
cations were also determined in the analyzed water samples. The concentrations of these
elements ranged from 12.53 to 22.11 mg Na/L, 11.80 to 21.35 mg Mg/L, 3.87 to 4.40 mg
K/L, and 97.16 to 141.20 mg Ca/L [Table 5].

Some metals are necessary in trace amounts for proper metabolism and good health.
Heavy metals, although naturally occurring, can pose a threat to the environment when
levels exceed recommended standards. There is growing concern about increasing trace
metal concentrations in drinking water [33]. The main sources of heavy metals are food
and water, as well as industrial activities and traffic. Although water sources may be
contaminated, water purification technological processes should remove most of the heavy
metals before introducing water into the system (these pollutants are relatively easy to
adsorb or precipitate [34]). However, it should be emphasized that the type of material
used in distribution systems and home installations influences the content of heavy metals
in consumers’ tap water [35]. Pipelines used in the past were usually made of galvanized
pipes, which, in addition to Fe, contained high contents of heavy metals such as Mn, Ni,
and Cr. As a result of pipeline corrosion, large amounts of metallic elements were released,
which changed the chemical composition of water during its transport [36,37]. Previous
studies often reported deterioration in the quality of water transported through extensive
distribution systems [38]. In the analyzed case, the distribution system is made mainly
of thermoplastic materials, i.e., PE and PVC, which are characterized by high corrosion
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resistance and low surface porosity. Plastics can also contribute to the leaching of heavy
metals, including lead, which may be present in PVC pipes as a stabilizer [39].

A water quality assessment showed that the analyzed tap water was character-
ized by a lack of biological stability due to the increased content of biogenic substances
(mainly inorganic nitrogen, which in all samples obtained values above 0.2 mg Ninorg/L
(Tables 4 and 6)). The dominant form of nitrogen was nitrate nitrogen, which constituted
on average 93% and 98% of total nitrogen in DS(I) and DS(II). The content of Ninorg in DS(II)
ranged from 1.85 to 5.81 mg Ninorg/L and was on average 67% higher than for DS(I). A
higher phosphate content was also found for DS(II) (by 68% on average), which resulted
from the proximity of arable fields around the intake. Nitrates and phosphates are some of
the widespread substances polluting groundwater, mainly from agricultural activities and
improper waste disposal. In agricultural areas, the main sources are fertilizers and manure,
while in built-up areas it is open sewers and septic tank leaks [40]. In the case of BDOC,
higher values were recorded at WTPs than at the point of consumption by consumers
[Table 6]. This phenomenon could be caused by the partial consumption of nutrients by
microbiocenosis located on the internal surfaces of water pipes. For micro-organisms, a
biofilm is a much better form of existence than the planktonic form, because the biofilm
structure provides a safe environment for bacteria in which access to nutrients is much
easier [41]. Biofilms are more likely to form in nutrient-poor systems because starving cells
located on the surface can obtain a continuous supply of nutrients [42]. More than 95% of
the biomass in DWDS is in the form of biofilm, and only 5% can be detected in the plank-
tonic form [43]. Based on the obtained test results, it was also found that the percentage of
samples meeting two of the three analyzed water biostability criteria established for N, C,
and P was in the case of DS(I), 62.5% (P-1), 37.5% (P-2), and 25% (P-3), and for DS(II), 12.5%
(P-I), 25% (P-II), and 0% (P-III). Groundwater collected at WTP(II) had a higher content of
biogenic components, which was determined by the proximity of agricultural fields not far
from the water intake zone. In turn, the presence of C, N, and P in the water distributed
through the distribution system will promote the growth of micro-organisms and thus
increase the risk of secondary water contamination.

Table 6. Content of nutrients in the analyzed waters.

N BDOC P

Min Max Mean
Number of

Samples < 0.2 mg
Ninorg/L [%]

Min Max Mean
Number of Samples

< 0.25 mg C/L
[%]

Min Max Mean
Number of Samples
< 0.01 mg P-PO43−/L

[%]

DS(I)

WTP(I) 0.56 2.53 0.96 0 0.06 2.53 1.33 25 0.00 0.05 0.02 50
P-1 0.61 2.42 1.18 0 0.01 0.35 0.10 87.5 0.00 0.04 0.01 62.5
P-2 0.74 2.25 1.18 0 0.00 0.45 0.17 75 0.00 0.04 0.01 62.5
P-3 0.76 2.73 1.39 0 0.05 0.63 0.20 75 0.00 0.06 0.03 37.5

DS(II)

WTP(II) 2.3 4.73 3.58 0 0.36 2.28 1.66 0 0.00 0.07 0.03 37.5
P-I 2.27 4.52 3.50 0 0.05 0.70 0.23 62.5 0.00 0.17 0.07 12.5
P-II 2.26 5.81 3.50 0 0.01 0.97 0.23 87.5 0.00 0.11 0.05 12.5
P-III 1.85 4.88 3.59 0 0.00 1.35 0.32 71.4 0.00 0.10 0.07 14.3

Using the results of physicochemical measurements of the analyzed waters, basic
water corrosivity indicators were calculated, which are presented in Table 7. The table
shows that the indicator values are similar for all analyzed waters. The average values
obtained for the Langelier Saturation Index range from −0.03 to 0.13, which suggests a
slight tendency to precipitate calcium. The parameter that changes during water transport
is primarily water temperature. In the WTP, the average temperature value is 10.7 ◦C, while
in consumers, the temperature was over 1.5 times higher. Tap water transported with DS(II)
was characterized by higher values of conductivity (by 26%), calcium (12%), and alkalinity
(by 17%), which had a direct impact on higher values of the Langelier Index. Therefore,
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this water has a greater predisposition to the formation of deposits inside the installation.
The average values obtained using RSI were 7.07–7.37 (WTP(I)) and 6.91–7.23 (WTP(II)),
which allows the water to be classified as slightly corrosive. It should be noted that the
values are close to the 6.2 < IR < 6.8 range, which corresponds to the chemical stability of
water (neutral nature of water). Based on the LSI index, it can be concluded that water is
slightly corrosive, and the chlorides and sulfates present in the water will probably not
hinder the formation of a natural protective layer against corrosion (LSI < 0.2). It should be
noted, however, that tap water transported with DS(II) had a higher content of chlorides
(by 40%) and sulfates (by 45%). The LSI index differs from IR and IL because it is based on
the corrosive effects of chloride, sulfate, and bicarbonate ions, without taking into account
other physicochemical factors such as pH, temperature, total dissolved solids, alkalinity,
and calcium. When assessing the corrosiveness of water, several indicators should always
be analyzed, as a single indicator may lead to false conclusions. The need to use different
indexes results from the fact that groundwater usually has a very diverse composition,
and the indexes differ in the parameters used: pH, hardness, alkalinity, CO2, temperature,
calcium, chloride, and sulfate concentration. Research by Maeng et al. [44] shows that the
greatest influence on corrosion rates is pH > alkalinity > Ca > hardness > temperature >
TDS. The average values for pH, alkalinity, and calcium hardness in the analyzed waters
were 7.32, 272.38 mg CaCO3/L, and 277.057 mg CaCO3/L for DS(I). In the case of DS(II),
these values were 7.26, 318.37 mg CaCO3/L, and 309.69 mg CaCO3/L. Heavy metals are
also an important water parameter based on which the corrosive properties of water can be
assessed. Metals such as copper, iron, or manganese may intensify the corrosion rate in
aqueous environments [45–47]. High levels of nitrates in water can also increase the acidity
of the water and therefore the degree of corrosion of distribution materials [45]. In the
discussed case, the content of heavy metals in tap water met the guidelines for the quality
of water intended for human consumption, and their content was at a low level in both
analyzed distribution systems [Table 5].

Table 7. Summary of calculated water corrosion indices.

Langelier Index Ryznar Index Larson–Skold Index

Min Max Mean Min Max Mean Min Max Mean

DS(I)

WTP(I) −0.09 0.09 −0.03 7.12 7.50 7.37 0.12 0.16 0.14
P-1 0.07 0.18 0.13 6.93 7.18 7.07 0.13 0.16 0.14
P-2 0.04 0.20 0.11 7.00 7.22 7.11 0.12 0.20 0.15
P-3 0.07 0.16 0.10 6.97 7.18 7.18 0.12 0.18 0.14

DS(II)

WTP(II) −0.04 0.04 0.00 7.18 7.27 7.23 0.16 0.20 0.18
P-I 0.07 0.14 0.10 6.99 7.07 7.03 0.17 0.21 0.19
P-II 0.12 0.26 0.18 6.83 6.99 6.92 0.17 0.21 0.19
P-III 0.17 0.24 0.19 6.84 6.94 6.91 0.18 0.21 0.19

4. Conclusions

Monitoring the quality of tap water in the distribution system and the ability to
estimate the risk of losing its sanitary safety is an important aspect of managing the
collective water supply system. Based on the obtained test results, it was found that in both
analyzed distribution systems, the water supplied to consumers met the guidelines for
water intended for human consumption. It can be considered that the risk of uncontrolled
changes in water quality in DSs with an average water production of <10,000 m3/d and
water pipeline length < 150 km is very low. The water introduced into the system differed
in the place of water intake and water purification technology, which influenced the final
water quality. DS(II) showed higher values of hardness (by 22%), conductivity (by 26%),
calcium (by 12%), alkalinity (by 17%), nitrates (by 200%), and DOC (by 36%). Differences
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were also noted in the content of heavy metals for DS(I). The order was as follows: Zn > Fe
> Mn > Cu > Pb > Cr > Ni > Cd, and for DS(II): Zn > Fe > Cu > Mn > Ni > Pb > Cr > Cd. It
was found that the content of heavy metals during water transport from WTP(I) to other
intake points increased in the case of Zn, Ni, Cu, Cd, and Pb. However, for WTP(II), an
increase occurred for Fe, Mn, Ni, Cu, Cd, and Pb. The observed differences in the content
of heavy metals in tap water resulted both from the different quality of the intake water
as well as from different materials used to build internal installations and their age and
technical condition. The analyzed tap waters were characterized by physical stability (for
DS(I), 97% of samples obtained values below 0.8 NTU, and for DS(II), 87.5%) and chemical
stability (the determined Langelier, Ryznar, and Larson–Skold Indexes indicate the slightly
corrosive nature of water with a tendency to precipitate sediments). However, in both cases,
the water did not meet the water biostability guidelines due to the increased content of
biogenic substances. The presence of nutrients may pose a risk of secondary development
of micro-organisms in the distribution system; however, no presence of Escherichia coli
bacteria was detected at the controlled intake points. Ensuring and maintaining good water
quality in the distribution system is a priority task for managers of water supply companies;
hence, monitoring the quality of tap water is necessary for the proper management of
these systems. The analyzed case concerned a small water supply network, while in the
case of extensive networks, the possibility of uncontrolled changes in water quality is
much greater.
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