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Abstract

Drinking-water management requires tools that can support the interpretation of multi-
parameter monitoring data beyond binary compliance assessment. The novelty of this
study lies in adapting a reference-value-based deterioration logic to treated drinking water
monitored at network points and combining it with parameter eligibility rules, treatment
of results below LoQ, contribution analysis, and sensitivity testing. This study proposes
the Drinking-Water Quality Deterioration Index (DWQDI) as a simple, transparent tool
for screening reference-value-based water-quality deterioration signals in chemical and
physicochemical monitoring data from water supply network points. This index is based
on the ratio of concentration to a reference value and was developed for treated drinking
water monitored in the distribution network; it expresses reference-value proximity within
monitored samples rather than temporal change in water quality. It does not replace formal
compliance assessment or health risk assessment but rather provides a complementary
tool for sustainable and risk-oriented monitoring. The proposed index was applied to an
extended chemical monitoring dataset comprising 25 drinking-water samples collected
from 16 anonymized network locations between 2021 and 2026. The dataset included
59 chemical and physicochemical parameters, and a significant proportion of results were
below the analytical limits of quantification. Baseline DWQDI values ranged from 0.030 to
0.147, with all samples classified as having very low deterioration. Despite the absence of
deterioration due to exceedances, the index differentiated samples and identified the main
factors contributing to the deterioration signal. The permanganate index, Total THM, and
nickel accounted for most of the total normalized load. The proposed index can help water
utilities identify network samples, locations, and parameters requiring further diagnos-
tic investigation and can be implemented in other water supply systems using routinely
available monitoring data.

Keywords: drinking-water quality; water supply network; deterioration index; DWQDI;
operational monitoring; sustainable water management; decision support

1. Introduction
Ensuring the safety of water intended for human consumption remains one of the

fundamental tasks of water supply systems. However, in recent years, the approach to-
wards drinking-water safety in Europe has shifted significantly from traditional compliance
monitoring towards risk-based management. The Directive (EU) 2020/2184 requires the

Sustainability 2026, 18, 7935 https://doi.org/10.3390/su18157935

https://crossmark.crossref.org/dialog?doi=10.3390/su18157935&domain=pdf&date_stamp=2026-08-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-1094-4569
https://doi.org/10.3390/su18157935


Sustainability 2026, 18, 7935 2 of 21

entire water supply chain to be taken into account, from the catchment and abstraction
area, through treatment, storage and distribution, right up to the point of compliance [1].
The transposition of these requirements into Polish law has introduced a clear distinction
between compliance monitoring and operational monitoring and has emphasized the im-
portance of representative sampling points within the water supply network [2,3]. This
shift is consistent with international water safety planning and risk management guidance
for drinking-water supplies [4–6].

In water management practice, water quality monitoring results are often interpreted
primarily in binary terms: as either compliant or non-compliant with a parametric value.
While such an interpretation is necessary from a legal perspective, it is not always sufficient
for the management of a water supply network. Water that meets the formal requirements
may still show variations between points in the network, across years or between groups
of parameters. These differences may result, among other things, from retention time,
hydraulic conditions, the depletion of the disinfectant, the presence of disinfection by-
product precursors, pipe materials, deposits or local operational conditions [7–16]. For
this reason, tools are needed that do not replace compliance assessments but help to better
interpret monitoring data falling below the parametric values.

Various water quality indices have been widely used for the synthetic assessment of
water quality, including the classic WQI, indices based on the weighting of parameters,
multi-criteria methods, and indicators relating concentrations to limit values [17–29]. A
majority of these methods were developed for surface water, groundwater, catchment
areas, or the general classification of water resource quality. Their direct application to
treated water at points in the water supply network is limited. Tap water requires a different
interpretation from natural waters, as it is assessed against parametric values, often contains
many results below the limit of quantification, and some parameters are grouped, such as
total trihalomethanes, total pesticides, or polycyclic aromatic hydrocarbons [1–3,14–16].

Conceptually, DWQDI differs from conventional WQI-type indices [17–29] in its as-
sessment object, input logic and interpretation. It is not intended to classify water resources
or produce a general water-quality grade. Instead, it uses drinking-water parametric val-
ues as parameter-specific reference points to quantify reference-value-based deterioration
signals in treated water at network monitoring points. The method is unweighted by
design, avoids simultaneous use of aggregate and compound-level parameters, explicitly
accounts for values reported below LoQ, and separates sample ranking from parameter
contribution. Therefore, the arithmetic mean used in DWQDI is only the aggregation step of
a network-point-oriented procedure, not the full methodological contribution of the index.

There is therefore a gap between the formal assessment of compliance and the practical
need to compare network points on the basis of multi-parameter monitoring data. In
particular, there is a lack of a simple, auditable and transferable indicator for selected
chemical and physicochemical monitoring data that would show reference-value-based
deterioration signals at network points, while remaining consistent with the logic of the
reference values used in the regulations. This indicator should be applicable to typical
laboratory data, without the need for a hydraulic model, detailed infrastructure data,
exposure data or toxicological parameters. It should also allow for the transparent treatment
of results reported as below the limit of quantification [30–33].

The aim of this study was to develop and apply the Drinking-Water Quality Deteriora-
tion Index, referred to as DWQDI, to interpret monitoring data from points in the water
supply network. The index is based on the relationship between the measured concentra-
tion of a parameter and an adopted reference value. It was intended as a tool to support
sustainable and risk-oriented monitoring, rather than as a tool for formal compliance
assessment, health risk assessment or temporal degradation analysis.
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The specific objectives were to define the DWQDI calculation procedure, apply it
to an anonymized monitoring dataset from water supply network points, identify the
parameters contributing most strongly to the deterioration signal, and test the stability of
sample ranking under alternative treatments of values below LoQ.

The scientific contribution of this study does not lie in introducing a new mathematical
normalization formula, but in adapting a reference-value-based deterioration logic to
treated drinking water monitored at network points and embedding it in a transparent
procedure that includes parameter eligibility, treatment of results below LoQ, contribution
analysis, and sensitivity testing. In this study, deterioration is therefore understood as
a reference-value-based screening signal, not as demonstrated temporal degradation of
water quality.

Three research assumptions were adopted. Firstly, monitoring data that meet quality
requirements may still show measurable differences in the degree of relative deterioration
in water quality between network samples. Secondly, the aggregated signal of quality
deterioration may be governed by a small group of parameters, such as indicators of
organic matter, disinfection by-products, or selected metals. Thirdly, the ranking of samples
obtained using the DWQDI should remain stable regardless of how results below the limit
of quantification are treated.

The proposed approach was applied to an extended chemical monitoring dataset
comprising 25 drinking-water samples collected from 16 anonymized water supply net-
work locations between 2021 and 2026. The analysis included parameter selection, unit
harmonization, assignment of reference values, treatment of left-censored data, calculation
of DWQDI, parameter contribution analysis, and sensitivity testing. This approach made it
possible to assess whether a simple monitoring-based indicator can support the interpreta-
tion of drinking-water quality in distribution networks and identify samples, locations, or
parameters requiring further diagnostic attention.

2. Materials and Methods
2.1. Study Design and Regulatory Context

This study was designed as a methodological and empirical assessment of drinking-
water quality deterioration at monitoring points within a municipal water supply network.
The proposed Drinking-Water Quality Deterioration Index, hereafter referred to as DWQDI,
was developed to support the interpretation of selected chemical and physicochemical
monitoring data collected at the distribution stage of a water supply system. Data prepara-
tion, calculations, all analyses and graphical presentation of the results, including Figures,
were performed using Microsoft Excel for Microsoft 365 (Microsoft Corporation, Redmond,
WA, USA). The index expresses measured concentrations in relation to parameter-specific
reference values and provides a comparable measure of reference-value proximity across
network samples and monitoring locations.

DWQDI was not intended to replace legal compliance assessment, regulatory moni-
toring programs or quantitative health risk assessment. Compliance with drinking-water
requirements remains determined by the applicable sampling procedures, analytical meth-
ods, parametric values and decisions of the competent authority. The role of DWQDI is
different. It provides an additional interpretive layer that helps identify network points
and parameters for which measured values are closer to reference levels, even when no
formal exceedance is observed.

The methodological position of the index reflects the current shift in European
drinking-water regulation from a mainly compliance-based approach towards risk-based
water safety management. Directive (EU) 2020/2184 requires a risk-based approach cover-
ing the whole supply chain, including abstraction areas, treatment, storage, and distribution
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up to the point of compliance [1]. In the Polish legal framework, this approach is reflected
in the distinction between compliance monitoring and operational monitoring, and in the
obligation to designate representative sampling points in the water supply network [2].
The current Polish drinking-water quality regulation provides the parametric values and
analytical requirements used as reference points in the present study [3]. All historical sam-
ples were retrospectively normalized using this common set of reference values to ensure
consistent comparison across the complete dataset. These calculations do not constitute
retrospective legal compliance assessments.

The index focuses on water supply network points rather than abstraction areas,
treatment plant performance or internal building installations. Treatment plant outlet data
may be used as background information, but the main DWQDI assessment is based on
samples collected within the distribution network. This distinction is important because
the index is intended to support sustainable monitoring of the network stage, where water
quality may be affected by distribution conditions, residence time, disinfectant decay, pipe
materials, deposits and other system-specific factors.

The general position of DWQDI within risk-based drinking-water monitoring is pre-
sented in Figure 1.

Figure 1. Conceptual workflow of DWQDI for sustainable monitoring of water supply network points.

DWQDI uses harmonized monitoring data and reference values to quantify reference-
value-based deterioration signals at water supply network points.

2.2. Monitoring Dataset and Network-Point Selection

The empirical part of the study was based on an extended chemical monitoring dataset
collected from a municipal water supply network. The dataset included 25 drinking-water
samples collected between March 2021 and May 2026 from 16 network monitoring locations.
Some locations were sampled more than once, whereas others were represented by a single
observation. For this reason, the primary DWQDI calculations were carried out at the
sample level. A location-level aggregation equation is provided as an optional extension,
but the empirical interpretation remained sample-based because the monitoring design
was unbalanced.

To maintain confidentiality and avoid disclosing sensitive information on water supply
infrastructure, the original sampling locations were anonymized. Network monitoring
locations were coded as N1 to N16, and individual samples were coded as S1 to S25.

https://doi.org/10.3390/su18157935
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The anonymization procedure did not affect the analytical results, sampling dates, or the
assignment of samples to monitoring locations.

The dataset comprised 59 chemical and physicochemical parameters. These included
metals and metalloids, volatile organic compounds, pesticides, disinfection by-products,
polycyclic aromatic hydrocarbons, organic matter indicators and selected operationally
relevant parameters. The monitoring results were reported either as quantified concen-
trations or as values below the analytical quantification limit. Since a large part of the
dataset consisted of left-censored observations, these results were retained in the analysis
and treated according to the procedure described in Section 2.5.

Before the calculation of DWQDI, the dataset was reviewed for completeness, consis-
tency of units, and suitability of individual parameters for index calculation. Parameters
were included in the main index only when their analytical unit was unambiguous, a nu-
merical reference value was available, and their inclusion did not lead to double counting
of the same chemical group. For grouped parameters, aggregate values were preferred
in the main DWQDI calculation when this was consistent with the regulatory reference
value. This rule was applied in particular to total trihalomethanes, total polycyclic aromatic
hydrocarbons and pesticide-related parameters.

Treatment plant outlet data were not included in the main DWQDI ranking and were
not used to calculate changes between treatment and distribution. They were treated
only as general background information on treated water quality. This separation was
necessary because the available records did not provide paired treatment-plant-outlet and
network observations, and the purpose of the study was to compare monitoring samples at
network points rather than to quantify temporal or spatial changes across the treatment-
distribution boundary. The available retrospective monitoring records did not include
complete metadata on flushing or stagnation conditions, detailed sampling point type,
analytical equipment, quality-control records, or parameter-specific expanded uncertainty.
Therefore, metal-related signals, especially nickel and copper, were interpreted only as
sample-level screening signals and were not attributed directly to the distribution network,
internal installation, or sampling procedure.

The parameters considered for DWQDI calculation are presented in Table 1.

Table 1. Parameters considered for DWQDI calculation and reference values.

Parameter Calculation Unit Reference Value (Si) Use in DWQDI Comment

Total THM µg/L 100 µg/L main Main DBP parameter; individual THM species used only
diagnostically

Total PAHs µg/L 0.10 µg/L main Aggregate PAH parameter; values below LoQ treated
according to Section 2.5

Boron mg/L 1.5 mg/L main Direct ratio calculation
Copper mg/L 2.0 mg/L main Direct ratio calculation
Nickel µg/L 20 µg/L main Direct ratio calculation

Chromium µg/L 50 µg/L main Current value: 25 µg/L discussed as future stricter value
Permanganate index mg/L O2 5.0 mg/L O2 main Indicator of oxidisable organic matter

Sodium mg/L 200 mg/L conditional Indicator parameter; optional operational variant

Silver mg/L 0.010 mg/L conditional Relevant if silver-containing materials or disinfection are
applicable

Pesticides µg/L 0.10 or 0.50 µg/L conditional Individual and total pesticide values not used together
Trichloromethane µg/L 30 µg/L diagnostic Not included together with Total THM

Bromodichloromethane µg/L 15 µg/L diagnostic Not included together with Total THM

Tetrachloromethane µg/L not assigned diagnostic Excluded from main DWQDI unless a reference value is
adopted

TOC mg/L not assigned diagnostic No fixed numerical parametric value
Magnesium mg/L 7–125 mg/L diagnostic Range parameter; not used in simple (Ci/Si) calculation

Si denotes the reference value adopted for parameter i. Parameters classified as “main” were included in the
baseline DWQDI calculation. Parameters classified as “conditional” may be included only in a clearly defined
variant of the index. Parameters classified as “diagnostic” were retained for interpretation but were not included
in the main DWQDI calculation. Total THM was used instead of individual THM species to avoid double counting
of disinfection by-products. Reference values are based on the current Polish drinking-water quality regulation
implementing Directive (EU) 2020/2184 [3].
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2.3. Parameter Eligibility, Grouped Parameters and Unit Harmonization

The calculation of DWQDI required prior verification of parameter eligibility. A
parameter was included in the main index only when three conditions were met. First,
the analytical unit had to be confirmed. Second, a numerical reference value had to be
available. Third, the inclusion of the parameter could not duplicate another aggregate
parameter representing the same chemical group.

The baseline DWQDI was restricted to parameters that were quantified at least once,
with the exception of Total PAHs, which were retained as a regulated aggregate group
because the reported LoQ was low relative to the reference value. This rule was used for the
present empirical application and should not be interpreted as allowing direct comparison
between datasets calculated from different analytical packages. For comparative applica-
tions, the eligible parameter set should be defined before calculation and kept constant
across compared samples or systems. Additional groups, such as metals, disinfection by-
products or indicator parameters, may also be reported as separate modules. Parameters
reported exclusively below LoQ and not used in the baseline index were retained in the
dataset but excluded from the main calculation to avoid dilution of the index by uniformly
non-quantified screening parameters.

For grouped parameters, aggregate values were preferred in the main DWQDI cal-
culation. Total THM was included as the main disinfection by-product indicator because
this parameter has a regulatory reference value and represents the combined concentration
of regulated THM compounds. Individual THM species, including trichloromethane and
bromodichloromethane, were retained for diagnostic interpretation of the THM profile, but
they were not included together with Total THM in the main index calculation.

The same principle was applied to polycyclic aromatic hydrocarbons and pesticides.
If an aggregate value was available and corresponded to a regulatory reference value, the
aggregate parameter was used in the main calculation. Individual compounds belonging
to the same group were retained for supporting interpretation unless a separate compound-
level analysis was required.

Parameters with recommended ranges rather than single upper reference values
were not included in the main ratio-based DWQDI. This applied, for example, to mag-
nesium. Such parameters were retained for descriptive interpretation because a simple
concentration-to-reference ratio would not adequately represent their regulatory or health-
related meaning. Therefore, the baseline DWQDI should be interpreted as an index for
selected chemical and physicochemical parameters with one-sided upper reference values,
not as a general index for all drinking-water quality parameters.

2.4. Development of the Drinking-Water Quality Deterioration Index

DWQDI was based on the relationship between a measured concentration and the
adopted reference value for the same parameter. First, a parameter-level deterioration load
was calculated for each eligible parameter in each sample (Equation (1)).

DLij =
Cij

Si
(1)

where

DLij—the normalized concentration-to-reference ratio of parameter i in sample j;
Cij—the harmonized concentration of parameter i measured or substituted in sample j;
Si—the adopted reference value for parameter i;
i—the parameter index;
j—the sample index.
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A value of DLij below 1.00 means that the concentration of a given parameter is
below the adopted reference value. A value equal to or greater than 1.00 means that the
concentration reaches or exceeds the adopted reference value. In this study, DLij was
interpreted as a relative deterioration signal, not as a direct measure of health risk.

The aggregation step was deliberately kept as an unweighted arithmetic mean to
maintain auditability and avoid introducing subjective parameter weights. This choice
does not imply that all parameters have the same health or regulatory significance; it
only means that DWQDI was designed as a screening-level proximity indicator rather
than a weighted health-risk or compliance-severity index. This differs from many WQI
formulations, in which normalized subindices are combined with assigned weights to
obtain a general water-quality class. In DWQDI, the arithmetic mean is used only to
summarize eligible deterioration loads after the rules for parameter inclusion, grouped
parameters, and left-censored data are applied.

Similar WQI-type and drinking-water index approaches from the consulted litera-
ture [17–29] were considered as methodological background, but they were not directly
adopted because they differ from DWQDI in assessment object, weighting assumptions,
treatment of grouped parameters, or handling of values reported below LoQ.

The sample-level DWQDI was calculated as the arithmetic mean of deterioration
loads for all eligible parameters included in a given sample. To calculate the DWQDI,
Equation (2) can be used:

DWQDI j =
1
nj

∑
nj
i=1 DLij (2)

where

DWQDIj—the Drinking-Water Quality Deterioration Index for sample j;
nj—the number of eligible parameters included in the calculation for sample j;
DLij—the normalized concentration-to-reference ratio of parameter i in sample j.

Where more than one sample was available for a given monitoring location, a location-
level DWQDI can be calculated as the mean of sample-level DWQDI values assigned to
that location according to Equation (3).

DWQDINk =
1

mk
∑mk

j=1 DWQDI j (3)

where

DWQDINk—the mean DWQDI for monitoring location Nk;
DWQDIj—the DWQDI value for sample j collected at monitoring location Nk;
mk—the number of samples collected at monitoring location Nk;
Nk—the anonymized monitoring location.

This aggregation was used only where repeated samples were available. The
main analysis remained sample-based because the dataset was not balanced across all
monitoring locations.

2.5. Treatment of Left-Censored Results

A substantial part of the dataset consisted of results reported below the analytical
quantification limit. These values were treated as left-censored observations. They were
not removed from the dataset because their exclusion would artificially reduce the number
of parameters included in the calculation and could bias the interpretation of samples with
many non-quantified results [30–33].

Three substitution scenarios were used to assess the influence of left-censored observa-
tions on DWQDI. The middle-bound scenario was adopted as the baseline calculation. The
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lower-bound and upper-bound scenarios were used for sensitivity analysis and presented
in Table 2.

Table 2. Treatment of left-censored values in DWQDI calculation.

Scenario Substitution Rule Role in the Study Interpretation

Lower-bound 0 sensitivity analysis optimistic assumption
Middle-bound LoQ/2 baseline calculation intermediate assumption
Upper-bound LoQ sensitivity analysis conservative assumption

LoQ denotes the analytical quantification limit reported for a given parameter in a
given sample. The middle-bound scenario was used as a baseline reference scenario for
reporting a single set of DWQDI values, but it was not interpreted as the statistically best
estimate of the true concentration. The lower-bound and upper-bound scenarios were used
as sensitivity bounds to assess the influence of non-quantified results on DWQDI values
and sample ranking.

For each result reported as below LoQ, the concentration used in the baseline calcula-
tion was assigned according to Equation (4):

Cij =
LoQij

2
(4)

where

Cij—the harmonized concentration of parameter i measured or substituted in sample j;
LoQij—the analytical quantification limit reported for parameter i in sample j.

The use of the middle-bound scenario avoided both complete removal of non-
quantified results and the conservative assumption that all values below LoQ were equal
to LoQ. The lower-bound and upper-bound scenarios were then used to test whether
the ranking of samples and the interpretation of dominant parameters were stable under
different assumptions.

In addition, the analytical quantification limits were compared with the adopted
reference values where possible. This step was included because the interpretation of a
non-quantified result depends on whether the quantification limit is sufficiently low in
relation to the reference value. When the LoQ is high relative to the reference value, a result
reported as below LoQ provides weaker information on the actual deterioration level.

2.6. DWQDI Interpretation Classes

The interpretation of DWQDI was based on three complementary quantities. The
aggregate value Aj corresponds to the sample level DWQDI and describes the average
proximity of all eligible parameters to their adopted reference values. The maximum
parameter level load Mj = max(DLij) identifies the parameter closest to, or exceeding, its
reference value. The exceedance count Ej = ΣI(DLij ≥ 1) indicates the number of parameters
reaching or exceeding the adopted reference value, where I is equal to one when the
condition is met and 0 otherwise. Therefore, the aggregate DWQDI value should not be
interpreted alone, but together with Mj and Ej.

The interpretive bands for Aj were not statistically optimized and were not derived
from the distribution of the analyzed dataset. This was intentional because the dataset was
limited and all samples were compliant; deriving threshold values from these observations
would make the bands system-specific and would reduce transferability. The thresholds
of 0.30 and 0.60 were adopted to remain consistent with the regulatory monitoring logic
based on 30 percent and 60 percent of parametric values [2,3]. The intervals 0.60–0.80 and
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0.80–1.00 were introduced as operational warning bands to distinguish values above the
low-proximity range from values approaching the adopted reference value. The value
1.00 was retained as a high aggregate warning level. These bands should be interpreted
as screening bands for Aj, not as legal decision rules or as classifications of individual
parameter-level loads. The interpretation of DWQDI is presented in Table 3.

Table 3. Interpretive bands for the aggregate DWQDI value Aj.

Aj Class Interpretation

<0.30 very low average reference proximity Average normalized load remains far below adopted reference values

0.30 to <0.60 low average reference proximity Average normalized load is elevated but remains below 60 percent of
reference values

0.60 to <0.80 moderate warning Average value exceeds the low-proximity range and requires closer
interpretation together with Mj and Ej

0.80 to <1.00 high warning Average value is close to adopted reference values and requires diagnostic
interpretation

≥1.00 high aggregate warning Average value equals or exceeds 1.00; individual exceedances are reported
separately through Ej

The bands refer only to the aggregate DWQDI value Aj. Individual parameter-level
loads are interpreted separately using Mj and Ej. The bands were used for screening and
ranking only. They do not replace compliance assessment, risk assessment or decisions
of the competent authority. If Ej > 0, the sample should be flagged as containing one or
more parameters reaching or exceeding the adopted reference value, irrespective of the
aggregate DWQDI value.

The interpretation of DWQDI was deliberately conservative. A low DWQDI value does
not mean that monitoring is unnecessary, and a high DWQDI value does not automatically
mean that the water is unsafe. The index indicates relative deterioration in relation to
adopted reference values. Formal conclusions on drinking-water compliance and consumer
safety remain outside the scope of the index.

2.7. Sensitivity Analysis and Parameter Contribution

Sensitivity analysis was performed as a deterministic robustness assessment of the
uncertainty components that could be evaluated from the available monitoring dataset.
Two aspects were considered: the treatment of results reported below LoQ and the influ-
ence of parameter selection. The baseline calculation used the middle-bound substitution
scenario, in which values reported below LoQ were replaced by LoQ/2. Two additional
scenarios were tested: a lower-bound scenario, in which values below LoQ were replaced
by zero, and an upper-bound scenario, in which they were replaced by LoQ. Parame-
ter selection was assessed using the leave-one-parameter-out procedure described below.
Sample-ranking stability was evaluated using Spearman’s rank correlation coefficient calcu-
lated for the 25 samples. Analytical measurement uncertainty and sampling variability were
not quantified because the dataset did not include replicate analyses, duplicate samples,
parameter-specific expanded uncertainty values, or a balanced repeated sampling design.

The influence of individual parameters was evaluated using a leave-one-parameter-
out procedure. In this procedure, DWQDI was recalculated after removing one parameter
from the eligible parameter set using Equation (5):

DWQDI j,− k =
1

nj − 1∑
nj

i = 1
i ̸= k

DLij (5)

where

DWQDIj,−k—the DWQDI value for sample j after removing parameter k;
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nj—the number of eligible parameters originally included in sample j;
k—the parameter removed from the calculation.

This analysis was used to identify whether the ranking of samples was controlled
by one dominant parameter or by a broader group of parameters. Particular attention
was paid to Total THM because disinfection by-products are legally regulated and may
represent a relevant distribution-stage deterioration signal.

Parameter contribution was also calculated for each sample. The contribution of
parameter i to the total deterioration signal in sample j was calculated from Equation (6):

PCij =
DLij

∑
nj
i=1 DLij

·100 (6)

where

PCij—the percentage contribution of parameter i to the total deterioration in sample j;
DLij—the normalized concentration-to-reference ratio of parameter i in sample j;
nj—the number of eligible parameters included in the calculation for sample j;
i—the parameter index;
j—the sample index.

Parameter contributions were aggregated across all samples as the sum of parameter-
level loads for a given parameter divided by the sum of all parameter-level loads in
the dataset.

The contribution analysis was used to distinguish samples influenced mainly by one
parameter group from samples showing a broader deterioration pattern. DWQDI was
calculated as an unweighted index; no parameter weights were applied in the baseline
calculation or in the sensitivity analysis.

3. Results
3.1. Structure of the Monitoring Dataset and Detection Pattern

The results should be interpreted in view of the dataset structure. The dataset com-
prised 25 samples from 16 anonymized network monitoring locations, and because the
sampling design was unbalanced, the main interpretation was performed at the sample
level. The parameters presented in Table 4 were selected because they were either included
in the baseline DWQDI calculation or were relevant for interpreting the chemical profile of
the monitoring dataset. The selection was based on four criteria: availability of a numerical
reference value, relevance to drinking-water quality regulation, occurrence of quantified
results in the dataset, and usefulness for interpreting distribution-stage deterioration. Pa-
rameters that were reported exclusively below LoQ were retained when they represented
regulated aggregate groups and could be handled through the left-censored data procedure.

The detection pattern of the parameters most relevant to DWQDI interpretation is
summarized in Table 4.

LoQ denotes the analytical quantification limit. Observed ranges were calculated only
from quantified results. For parameters reported exclusively below LoQ, the reported LoQ
value is shown instead of a numerical range. Parameters included in this table were selected
either because they entered the baseline DWQDI calculation or because they supported
diagnostic interpretation of the monitoring dataset.
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Table 4. Detection frequency and observed ranges of parameters relevant to DWQDI interpretation.

Parameter Unit Quantified Results Results Below LoQ Observed Range Reason for Inclusion

Boron mg/L 25/25 0/25 0.033–0.13 Regulated chemical parameter, quantified in all samples
Total THM µg/L 24/25 1/25 1.2–26 Regulated DBP group and key distribution-stage indicator

Total PAHs µg/L 0/25 25/25 <0.005 Regulated aggregate parameter, included through
left-censored data treatment

Permanganate
index mg/L O2 22/25 3/25 0.51–2.5 Indicator of oxidisable organic matter and water-quality

change

Copper mg/L 19/25 6/25 0.00094–0.0051 Regulated metal, relevant to materials and distribution
systems

Nickel µg/L 17/25 8/25 0.61–9.1 Regulated metal with visible contribution to DWQDI

Chromium µg/L 5/25 20/25 0.54–1.0 Regulated chemical parameter, included despite low
detection frequency

Sodium mg/L 25/25 0/25 9.8–32 Indicator parameter, used for operational interpretation

Magnesium mg/L 25/25 0/25 10–22 Diagnostic parameter with recommended range, not used
in baseline DWQDI

TOC mg/L 11/25 14/25 2.0–4.2 Diagnostic organic matter indicator without fixed
numerical parametric value

Silver mg/L 1/25 24/25 0.0012 Conditional parameter, relevant only where
silver-containing materials or treatment apply

The most frequently quantified parameters were boron, Total THM, permanganate
index, copper, and nickel. Total THM was quantified in almost all samples and showed a
clear distribution-stage relevance. The maximum observed Total THM concentration was
26 µg/L, which remained below the adopted reference value of 100 µg/L. The perman-
ganate index reached 2.5 mg/L O2, corresponding to one half of the adopted reference
value. Nickel reached a maximum concentration of 9.1 µg/L, which was also below the
adopted reference value but had a visible influence on the index in selected samples.

Total PAHs were not quantified in any sample, but the reported LoQ was low in rela-
tion to the adopted reference value. In the monitoring dataset, Total PAHs were reported
as an aggregate laboratory result and were not reconstructed from individual PAH compo-
nents. Therefore, Total PAHs were retained in the baseline DWQDI calculation through
the middle-bound substitution scenario. Since the same LoQ was reported in all samples,
this parameter affected the absolute index value but did not differentiate the ranking of
samples. Its inclusion therefore improved regulatory coverage of the baseline parameter
set, but it should not be interpreted as evidence of differences between network samples.

Figure 2 presents the number of quantified results and results reported below LoQ for
each parameter listed in Table 4.

Figure 2. Detection pattern of parameters relevant to DWQDI interpretation.

https://doi.org/10.3390/su18157935

https://doi.org/10.3390/su18157935


Sustainability 2026, 18, 7935 12 of 21

3.2. Parameter-Level Deterioration Loads

Parameter-level deterioration loads were calculated as ratios between harmonized
concentrations and adopted reference values. All parameter-level loads remained below
1.00, which means that none of the parameters included in the baseline DWQDI reached or
exceeded its adopted reference value.

The highest parameter-level deterioration loads were observed for the permanganate
index, nickel, and Total THM. The permanganate index reached a maximum DLij of 0.500,
nickel reached 0.455, and Total THM reached 0.260. These parameters were therefore the
main drivers of the relative deterioration signal. Boron contributed more moderately, with
a maximum DLij of 0.087. Total PAHs contributed a constant baseline load of 0.025 because
all values were reported below the same LoQ and were substituted using the middle-bound
scenario. Chromium and copper had very low deterioration loads.

Figure 3 presents deterioration loads for the parameters included in the baseline
DWQDI calculation. Samples are ordered according to decreasing DWQDI values.

Figure 3. Parameter-level normalized concentration to reference ratios for the DWQDI calculation.

Figure 3 presents parameter-level normalized concentration ratios for parameters
included in the baseline DWQDI calculation. Samples are ordered according to decreasing
DWQDI values. Lighter cells indicate higher normalized concentration-to-reference ratios.

The map shows that no parameter reached or exceeded its adopted reference value, but
selected samples had visible reference-value-based deterioration signals. This distinction is
important because the purpose of DWQDI is not only to identify exceedances, but also to
compare network samples in terms of their proximity to adopted reference values.

3.3. Worked Example of DWQDI Calculation

To illustrate how the index was calculated, one sample with the highest baseline
DWQDI value was selected as a worked example. The sample was coded as S13 and
belonged to anonymized monitoring location N3. The calculation was performed using the
baseline left-censored data scenario, in which values reported below LoQ were replaced
by LoQ/2.
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The parameter-level deterioration loads for sample S13 are shown in Table 5.

Table 5. Worked example of DWQDI calculation for sample S13.

Parameter Concentration Used in
Calculation Cij

Reference Value Si
Normalized Concentration-to-Reference

Ratio DLij

Boron 0.094 mg/L 1.5 mg/L 0.0627
Total THM 20 µg/L 100 µg/L 0.2000
Total PAHs 0.0025 µg/L 0.10 µg/L 0.0250

Permanganate index 1.4 mg/L O2 5.0 mg/L O2 0.2800
Copper 0.00094 mg/L 2.0 mg/L 0.0005
Nickel 9.1 µg/L 20 µg/L 0.4550

Chromium 0.25 µg/L 50 µg/L 0.0050

The sum of the seven normalized concentration-to-reference ratios for sample S13 was
1.0282. Therefore, the DWQDI value was calculated as

DWQDIS13 =
1.0282

7
= 0.1469

where

DWQDIS13—the Drinking-Water Quality Deterioration Index calculated for sample S13;
n—the number of eligible parameters included in the calculation (n = 7).

The highest normalized concentration to reference ratio in sample S13 was obtained for
nickel, followed by the permanganate index and Total THM. This means that the relatively
high DWQDI value for this sample was not caused by a regulatory exceedance, but by
the combined effect of several parameters approaching their reference values to different
degrees. The sample remained within the very low deterioration class because the final
DWQDI value was below 0.30.

3.4. DWQDI Values and Ranking of Network Samples

Baseline DWQDI values were calculated using the middle-bound treatment for values
below LoQ. The index values ranged from 0.030 to 0.147, with a mean value of 0.064. All
samples were classified as representing very low deterioration according to the interpreta-
tion classes defined in Table 3.

The aggregate DWQDI values were interpreted together with the maximum parameter-
level load Mj and the exceedance count Ej. In the analyzed dataset, Ej = 0 for all samples,
which means that no individual parameter reached or exceeded its adopted reference value.
The highest Mj value was 0.500 for sample S9, whereas its aggregate DWQDI value was
0.101, confirming that the aggregate index and maximum parameter-level load provide
complementary information.

Although all DWQDI values remained below 0.30, the index differentiated the network
samples. The highest DWQDI value was obtained for sample S13, followed by S17, S20
and S9. The highest-ranked samples were influenced mainly by nickel, the permanganate
index, and Total THM.

The DWQDI calculation results are shown in Table 6, and the complete ranking of all
network samples is presented in Figure 4.
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Table 6. Highest aggregate DWQDI values among network samples with maximum parameter-level
loads.

Rank Sample Location Code Year DWQDIAj Class Dominant Parameter Maximum
DLijMj

1 S13 N3 2023 0.147 very low deterioration Nickel 0.455
2 S17 N10 2024 0.112 very low deterioration Permanganate index 0.460
3 S20 N10 2025 0.101 very low deterioration Permanganate index 0.480
4 S9 N5 2022 0.101 very low deterioration Permanganate index 0.500
5 S5 N5 2021 0.080 very low deterioration Total THM 0.200
6 S8 N4 2022 0.079 very low deterioration Permanganate index 0.260
7 S19 N11 2024 0.073 very low deterioration Permanganate index 0.260
8 S18 N4 2024 0.072 very low deterioration Total THM 0.260
9 S24 N15 2025 0.067 very low deterioration Permanganate index 0.260
10 S3 N3 2021 0.062 very low deterioration Total THM 0.120

Figure 4. Ranking of network samples according to baseline DWQDI.

Samples are ordered from the highest to the lowest DWQDI value. The dashed line
indicates the boundary between very low and low deterioration.

The ranking confirmed that the analyzed samples were far from the adopted reference
values when considered as aggregated DWQDI scores. However, the index still provided
useful differentiation among network samples. This differentiation was driven by selected
parameters rather than by uniform deterioration across all analyzed substances.

3.5. Contribution of Parameters to DWQDI

The contribution analysis showed that the baseline DWQDI was controlled mainly by
the permanganate index, Total THM, and nickel. Across all samples, the permanganate
index accounted for 45.0 percent of the total deterioration signal. Total THM accounted
for 20.7 percent and nickel for 15.7 percent. Boron contributed 11.3 percent, whereas Total
PAHs contributed 5.6 percent. Chromium and copper had minor contributions, below
2 percent and below 1 percent, respectively.

Figure 5 presents the percentage contribution of each parameter included in the
baseline DWQDI calculation.
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Figure 5. Contribution of parameters to the total DWQDI signal.

The contribution pattern indicates that DWQDI was not controlled by a single param-
eter in all samples. In some samples, the highest contribution came from the permanganate
index, while in others Total THM or nickel was dominant. Total PAHs contributed to the
index because they were included through the left-censored data procedure, but they did
not differentiate samples because all results were below the same LoQ.

3.6. Sensitivity to the Treatment of Left-Censored Results

The sensitivity analysis showed that DWQDI values were only moderately affected by
the treatment of results reported below LoQ. Under the lower-bound scenario, DWQDI
values ranged from 0.017 to 0.143, with a mean value of 0.058. Under the baseline middle-
bound scenario, the range was 0.030 to 0.147, with a mean value of 0.064. Under the
upper-bound scenario, the range was 0.043 to 0.151, with a mean value of 0.069. The
sensitivity analysis is presented in Table 7.

Table 7. Sensitivity of DWQDI to the treatment of results below LoQ.

Scenario Substitution
Rule

Minimum
DWQDI

Mean
DWQDI

Maximum
DWQDI

Rank Correlation with
Baseline (n = 25)

Lower-bound 0 0.017 0.058 0.143 0.992
Middle-bound LoQ/2 0.030 0.064 0.147 1.000
Upper-bound LoQ 0.043 0.069 0.151 0.991

Chromium future value variant LoQ/2 0.031 0.065 0.148 0.998

The middle-bound scenario was used as the baseline calculation. The chromium future
value variant used 25 µg/L instead of 50 µg/L as the reference value for chromium.

The rank correlations between the baseline scenario and the lower-bound and upper-
bound scenarios were above 0.99. This indicates that the sample ranking was stable despite
changes in the treatment of left-censored values. The top-ranked sample remained S13
under all substitution scenarios. Samples S17, S20 and S9 also remained among the highest-
ranked samples, although their internal order changed slightly between scenarios.

The alternative chromium reference value had a very small effect on DWQDI. This
was expected because chromium concentrations were low in relation to both the current
and future reference values. The ranking under the future chromium value variant was
therefore almost identical to the baseline ranking.
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Figure 6 presents scenario-based sensitivity to the treatment of values below LoQ
rather than a full analytical uncertainty range. Because the monitoring dataset did not
include replicate measurements or parameter-specific expanded uncertainty values, uncer-
tainty intervals for the main DWQDI contributors could not be estimated in this study.

Figure 6. Sensitivity of DWQDI to the treatment of values below LoQ. Samples are ordered according
to the baseline DWQDI ranking.

The leave-one-parameter-out analysis confirmed that the permanganate index, Total
THM, and nickel had the strongest influence on the interpretation of results. Removing the
permanganate index changed the sample ranking most strongly, with a rank correlation of
0.730 compared with the baseline ranking. Removing Total THM and nickel also affected
the ranking, with rank correlations of 0.851 and 0.912, respectively. Removing parameters
with low or constant contributions, such as copper, chromium, or Total PAHs, did not
materially change the ranking.

4. Discussion
4.1. DWQDI as a Complementary Tool for Interpreting Compliant Monitoring Data

The results support the working assumption that drinking-water monitoring data can
reveal relative quality deterioration even when no regulatory exceedance is observed. All
analyzed samples remained within the very low deterioration class, yet DWQDI differenti-
ated the network samples and identified those in which selected parameters were closer
to their adopted reference values. Thus, higher DWQDI values indicate higher proximity
to adopted reference values, not proof of temporal degradation of water quality in the
network. Because the arithmetic mean is compensatory, DWQDI should be interpreted to-
gether with the maximum parameter-level load Mj, the exceedance count Ej, the dominant
parameter, and the contribution analysis.

This role is consistent with the general purpose of water quality indices, which con-
vert multi-parameter datasets into more interpretable forms [17–23]. However, DWQDI
differs from many WQI-type and WPI-type approaches because it was designed for treated
drinking water at network monitoring points, not for raw water, rivers, groundwater or
general water-resource classification [24–29].

The highest DWQDI value was obtained for sample S13, mainly due to nickel, the
permanganate index and Total THM. This did not indicate non-compliance, but it showed
a stronger relative deterioration signal than in other samples. The unweighted structure
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of DWQDI was appropriate because it kept the calculation directly traceable to measured
concentrations and reference values.

4.2. Regulatory and Operational Relevance of the Observed Deterioration Pattern

DWQDI should be interpreted in the context of the current shift towards risk-based
drinking-water management. Directive (EU) 2020/2184 requires a risk-based approach
across the supply chain, while the Polish legal framework distinguishes compliance moni-
toring from operational monitoring and requires representative sampling points within
the water supply network [1–3]. In this setting, DWQDI provides an additional screening
layer that helps interpret monitoring data before more formal risk assessment or corrective
decisions are considered.

The thresholds of 0.30 and 0.60 were used only as interpretive bands for the aggregate
value Aj, not as legal decision rules. In the analyzed dataset, all aggregate DWQDI values
were below 0.30, but selected individual parameter-level loads were higher, especially
for the permanganate index, Total THM, and nickel. Therefore, Aj was interpreted to-
gether with Mj and Ej. Since Ej = 0 for all samples, no exceedance flag was present in the
analyzed dataset.

The main contributors to DWQDI were technically meaningful, and their interpreta-
tion is consistent with previous studies on distribution-system water quality, disinfection
by-products, infrastructure reliability and biological stability [7–16,34–46]. References
addressing water infrastructure reliability and risk-oriented management [34–39] were
retained to support the broader operational-management context of DWQDI, not as direct
validation of the chemical index. The permanganate index reflected oxidizable organic
matter and may indicate changes in the organic matrix of treated water. Total THM rep-
resented regulated disinfection by-products relevant to distribution-stage water quality.
Nickel may be associated with source-water composition, materials, or local distribution
conditions. Total PAHs were retained through the left-censored data procedure because
their LoQ was low relative to the reference value. Since they were below the same LoQ in
all samples, they affected the absolute DWQDI value but not the sample ranking.

4.3. Transferability, Robustness and Future Development

The proposed method is transferable as a procedure rather than as a fixed parameter
list. It requires only routinely available monitoring information: sample date, monitoring
point, concentration, unit, reference value and LoQ. It does not require hydraulic modeling,
detailed asset data, exposure assumptions or toxicological dose–response parameters.

The presented dataset should therefore be treated as an empirical demonstration rather
than a universal benchmark. In applications outside the present regulatory context, the
eligible parameter set and reference values should be adapted to the applicable national
or regional drinking-water quality requirements. Direct comparison between utilities or
countries should therefore be made only for the same predefined parameter set or for
clearly declared parameter modules.

The sensitivity analysis showed that the interpretation was robust with respect to
the treatment of values below LoQ. DWQDI values changed slightly between the lower-
bound, middle-bound and upper-bound scenarios, but the sample ranking remained stable.
This is important because extended drinking-water screening datasets often contain many
left-censored results.

From a sustainable water management perspective, DWQDI can support more than
routine interpretation of monitoring results. By identifying network samples, locations
and parameters with relatively higher deterioration signals, the index may help utilities
prioritize diagnostic sampling, plan targeted operational checks and allocate laboratory
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resources more efficiently. Even when all samples remain within the lowest interpretive
band, the ranking may still indicate which samples or parameters should be considered
first for follow-up diagnostic sampling or routine operational review. In the longer term,
repeated DWQDI application may support infrastructure management by indicating parts
of the distribution network where water quality is more sensitive to operational or material-
related conditions. This role is consistent with recent data-driven approaches to sustainable
water resources management, where classification and monitoring-based assessment are
used to support interpretation and management decisions.

The study has limitations. The dataset was relatively small and unevenly distributed
across monitoring locations, so the results should be interpreted primarily at the sample
level. In addition, the dataset did not allow paired outlet-network or repeated same-
point change analysis, so temporal deterioration could not be quantified. The available
routine monitoring records did not include replicate analyses, duplicate samples, parameter-
specific measurement uncertainty or a balanced sampling design. Therefore, analytical
measurement uncertainty and sampling variability could not be quantified in the present
application. Several operationally important parameters, including nitrate, iron, man-
ganese, pH, turbidity, conductivity, free chlorine and temperature, were not available at this
stage. Their absence limits the interpretation of operational processes such as disinfectant
decay, corrosion-related changes, particulate release and temperature-related water-quality
variation. Future extensions would require separate normalization functions for parameters
with lower limits, recommended ranges, zero-tolerance criteria or qualitative interpretation.
Future applications should test DWQDI on larger and more balanced datasets, include
laboratory uncertainty and repeated sampling where available, compare it with selected
WQI or WPI approaches [17–29], and link it with further risk-oriented tools for water
infrastructure reliability [34–39], water resources and water-quality management [40–47].
Such comparison would require a separate methodological design because existing indices
differ in parameter sets, weighting assumptions, and interpretation scales.

5. Conclusions
This study developed and applied the Drinking-Water Quality Deterioration Index as

a monitoring-based tool for interpreting multi-parameter drinking-water quality data from
water supply network points. The novelty of the work lies in adapting a reference-value-
based deterioration approach to treated drinking water monitored within the distribution
network and combining it with parameter eligibility rules, treatment of values below
LoQ, contribution analysis and sensitivity testing. The main objectives were achieved by
defining the DWQDI calculation procedure, applying it to an anonymized monitoring
dataset, identifying the dominant contributors to the deterioration signal and testing the
stability of sample ranking. The index should be interpreted as a reference-value-based
screening indicator, not as evidence of temporal deterioration between treatment plant
outlet and network points or between successive samples.

Application of DWQDI to 25 network samples showed that all samples remained
within the very low average reference-proximity class and that no exceedances were ob-
served. Nevertheless, the index differentiated samples and identified the main contributors
to the deterioration signal, mainly the permanganate index, Total THM and nickel.

The comparison of lower-bound, middle-bound and upper-bound substitution scenar-
ios showed that the treatment of results below LoQ had only a limited effect on DWQDI val-
ues and did not materially change sample ranking. This supports the robustness of the index
for extended drinking-water screening datasets containing many non-quantified results.

DWQDI is applicable as a procedure to other water supply networks for selected
chemical and physicochemical parameters with numerical upper reference values, because
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it requires routinely available monitoring data, reference values and quantification limits.
Future applications should test the index on larger datasets, include additional operational
parameters and link DWQDI with more detailed risk-oriented assessments where needed.
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Oraz Niektórych Innych Ustaw. Dz.U. 2026, Poz. 605. Available online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=
WDU20260000605 (accessed on 9 July 2026).
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40. Domoń, A.; Papciak, D.; Tchórzewska-Cieślak, B. Influence of Water Treatment Technology on the Stability of Tap Water. Water

2023, 15, 911. [CrossRef]
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