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Abstract. Leakages in water distribution systems cause economic and
energy losses, reduced service quality, pressure drops, operational
inefficiencies, and environmental problems. This study analyzes the criteria
affecting physical loss management in drinking water distribution systems
and their interrelationships using the DEMATEL method. The main
objective is to determine the importance of main and sub-criteria in reducing
physical water losses and to explore cause—effect relationships among them.
Results show that the data measurement component is the most influential
main criterion. Reliable data collection, hydraulic monitoring infrastructure,
and technical capacity are essential for effective loss management. In
information management systems, failure response time, minimum night
flow analysis, and district metered area (DMA) management are key factors.
In leakage detection and prevention, real-time monitoring systems and
active leakage control practices are critical for reducing losses. Findings
indicate that physical loss management requires more than technical
interventions; it needs an integrated approach combining data management,
monitoring technologies, and operational processes. The study concludes
that water utilities should strengthen data-driven infrastructures, improve
response times, and expand real-time monitoring systems. Overall, it
provides a decision-support framework for sustainable water management
and resource efficiency.
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1 Introduction

Water is an indispensable natural resource for economic development, ecosystem balance,
and societal well-being. Increasing population, intensifying urbanization, and growing
economic activity are significantly increasing water demand and putting pressure on
resources [1]. According to the United Nations World Water Development Report [2], global
water demand has been increasing rapidly in recent years and is expected to grow by at least
20-25% by 2050. Climate change, disruptions in rainfall patterns, increasing frequency of
droughts, and imbalances in the seasonal/spatial distribution of water threaten water supply
security [3]. This situation makes water management even more critical, especially for
countries living in arid and semi-arid climate regions. Water losses in urban water distribution
systems (WDSs) create significant economic and technical problems in terms of water
management. According to a World Bank report (2020), an average of 30% of the water
supplied to networks worldwide is lost before reaching the consumer [4]. A significant rate
of these losses are real losses that directly affect not only water efficiency but also pressure
balance, energy consumption, and maintenance costs. The connection point leaks, and poor
infrastructure conditions are the main factors increasing real losses [4]. The situation appears
to be similar in Tiirkiye as well. According to national water efficiency reports, in 2021, 2.09
billion m? of system input volumes was lost before reaching the user; this represents a water
loss of 33.54% [5]. Real losses-particularly line leaks, connection failures, and pipe failures-
have a direct impact on water efficiency and energy use. Preventing leaks is strategically
important not only for water conservation but also for energy conservation, cost reduction,
and infrastructure sustainability (The Challenge of Reducing Non-Revenue Water in
Developing Countries) [6]. Puust et al. [7] reported that leak detection accuracy can be
increased by combining advanced monitoring technologies and hydraulic modeling. Wu et
al. [8] demonstrated that pressure management is effective in reducing leakage flow and pipe
ruptures through mathematical modeling. In the study conducted by Eren et al. [9],
sustainable leakage management components were weighted using the multi-criteria
decision-making (MCDM) methods of Analytic Hierarchy Process (AHP) and Analytic
Network Process (ANP). In the AHP method, leakage risk reduction and water supply and
distribution reliability received the highest weights, while in the ANP method, investment
and operational costs together with water supply and distribution reliability were identified
as the most significant components.

In another study carried out by Yin et al. [10] alternatives for reducing and improving water
losses in water distribution networks were evaluated using MCDM approaches. Within this
scope, AHP and Fuzzy AHP methods were applied. The results indicated that rehabilitation,
pressure management and control, and leak detection and repair were the most effective
alternatives.

Noori et al. [11] proposed a hybrid spatial decision support and machine learning model for
detecting leakages in aging water distribution networks that have reached the end of their
economic life. In the study, pressure-driven hydraulic simulation and a GIS-based Fuzzy
AHP process were used to identify leakage-prone nodes in large-scale water distribution
systems. The findings revealed that more than 30% of the network had a high vulnerability
risk.

Tools and methods such as pressure management, active leak control, network regeneration,
measurement and meter management, hydraulic modeling, and real-time monitoring systems
are applied for water loss management. These components are classified under technical-
operational, data-monitoring oriented, and strategic-structural groups [12]. Effective leak
management requires the holistic implementation of these components. In recent years,
Multi-Criteria Decision Making (MCDM) methods have gained prominence in the analysis
of these multi-component systems. For example, AHP, ANP, TOPSIS, and especially the
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DEMATEL method allow for the scientific evaluation of relationships, causalities, and
priorities between criteria.

In the study conducted by Yang et al. [13], a cause—effect analysis was carried out using the
DEMATEL-ISM methods to address leakage problems occurring during the operation of
hydraulic structures. First, the factors causing leakages were identified through a literature
review and expert opinions. Then, the DEMATEL method was applied to determine the
influence and importance of these factors. Finally, the relationships and interactions among
the factors were examined using Interpretive Structural Modeling (ISM), and corresponding
recommendations were proposed.

In another study by Khalilzadeh et al. [14], fuzzy DEMATEL, fuzzy AHP, and artificial
neural networks were used to analyze and prioritize environmental risks in water supply
projects. The risks were classified into four categories: technical, organizational, project
management, and external risks. Among these, supplier-related risks were found to be the
most significant in the external category, while risks associated with high material costs
dominated the organizational category. In the technical category, requirement-related risks
were the most important, and in project management, communication-related risks received
the highest weight. The results showed a largely consistent pattern across the applied
methods.

Fang et al. [15] analyzed risk factors for tunnel flooding disasters using the DEMATEL
method. In this context, expert opinions were collected through a survey to identify tunnel
flood risk factors, and a visual matrix analysis was performed using DEMATEL. The study
identified nine key factors contributing to tunnel flooding disasters and evaluated their
relative influence.

DEMATEL is well-suited for revealing the impact-affected network between components in
complex infrastructure systems and identifying priority areas for intervention [16]; [17]. The
main objective of this study is to analyse the causal relationships between the main and sub-
components of physical loss management in drinking water distribution systems using the
DEMATEL method, thereby providing decision-makers with a holistic prioritization
framework. The study provides a scientific assessment that can help water authorities make
strategic decisions in the areas of data management, technical capacity building, monitoring
infrastructure strengthening, and operational planning.

2 Components of Real Loss Management

Basic methods that are the district metered areas minimum night flow rate analysis, and
pressure management have been being applied for real loss management. In this study, a total
of 16 components were defined under the main headings of "Data Measurement",
"Information Management Systems", and "Leakage Detection and Prevention". The main
heading of Data Measurement (V) includes the data necessary for monitoring and evaluating
real losses. Components involved in water management, monitoring of hydraulic
components, and evaluation of system performance fall under “Information Management
Systems (B)”. The activities of measuring and monitoring physical leakage components,
preventing leaks, real-time monitoring of the system, and economic analysis are defined
under "Leak Detection and Prevention (S)" (Table 1).

Tablo 1. The components of real loss management
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Information Management Leakage Detection and
Data Measurement (V) Systems (B) Prevention (S)
V1 | Data management Bl | Leakage management | S1 | Leakage monitoring
V2 GIS-based 2 | Actve leakage S2 | Network hydraulic model
distribution system control

Pressure sensor - leak

Monitoring hydraulic B3 | District metered area S3 | monitoring with noise

V3

data with SCADA
recorder and correlator
Minium niaht flow Hydraulic model-based
V4 | Average pressure B4 mnig S4 | leak detection and
analysis S
monitoring
Leak detection and . . L
V5 | repair technical BS Improving tr_\e speed S5 Real-time monitoring of
of fault repair the system.

capabilities

B6 | Pressure management

3 DEMATEL Method

The DEMATEL method that is a powerful method for helping to gather information from
groups, aims to reveal the relationships between decision variables and to determine the
importance weights of these criteria [18]; [19]. This method can create a structural model and
visualize the causal relationships of subsystems on a diagram [20]. Criteria that are assumed
to have a greater influence and higher priority over other criteria in the problem domain are
classified as "causes". Moreover, ccriteria that are more heavily impacted and those deemed
to have lower priority are grouped into "effect" categories, offering a systematic solution
approach [21]; [22]; [23]. The DEMATEL method analyzes causal relationships between
criteria based on assessments derived from expert opinions [21]; [24]; [25]; [26]. The
decision problem is defined, and the main components and, if any, sub-components are
identified. The relationships between the criteria are defined by experts using the comparison
scale shown in Table 2 (direct relationship matrix (A)). In this matrix, the criteria in the
columns are the influencing criteria, and the criteria in the rows are the influenced criteria.

Table 2. Comparison Scale in DEMATEL method

Score Impact level
0 No impact.
1 Low Impact
2 Moderate Impact
3 High Impact
4 Very High Impact

a; 0 a; apy

An1  QAnj 0
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In this method, the next step involves calculating the normalized direct relationship matrix

(M) as shown in Equation 3. Then, the total relation matrix (T) is obtained (equation 4).
N =kxA

(2)
. 1 1 ‘.
k = Min - , - , Lje1,2,3,..,n 3
max Yala| max N ay| )
T=N+N2+N3+---=ZN"=N(I—N)1 @)
i

The level of influence and relationship of each criterion with the others is determined using
the column sum (R) and row sum (D) of the overall relationship matrix (T). Criteria with
positive D-R values are generally considered to have a greater influence on the others.
Criteria with negative D-R values are more affected than other criteria. D+R values indicate
the relationship between each criterion and the other criteria. A criterion with a high D+R
value is more strongly correlated with other criteria, while those with low values are less
strongly correlated.

T = [Ti,jjnxn, i,j€{1,2,3,...,n} (5)

n

D=1, ©
j
J

In this method, experts need to determine a threshold value for the impact level in order to
obtain a suitable impact-oriented graph diagram [27] ; [28]. In this study, the threshold
value was taken as the average of the values in the total correlation matrix.

_ =1 Z?:l[tij]
q = 2iztay=1lrid

(®)
N
Equations (9) and (10) are used to calculate the importance weights of the decision
variables. The criterion with the highest value is the one with the highest priority.
wiq =+/(D; + R)? + (D; — R)? ©)
W = Yia__ (10)
' ?:1 Wiq

4 Analysis and Results

Experts compared the sub-components and main components of real loss management and
created direct relationship matrices by scoring them according to a scoring scale. In the
direct relationship matrix, the row totals for each row are written at the far right of the table,
and the column totals are written at the bottom of the table. The direct relationship matrices
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for the main headings of Data Measurement (V), Information Management Systems (B),
and Leakage Detection and Prevention (S), which were scored by experts according to a
comparison scale, are given in Table 3, Table 4, Table 5 and Table 6, respectively.

Table 3. Direct Relationship Matrix for Main Headings

\ B S Total
A% 0 3 4 7
B 1 0 2 3
S 1 3 0 4
Total 2 6 6

Table 4. Direct Relationship Matrix for Data Measurement

V1 V2 V3 V4 V5 Total
Vi 0 1 1 3 3 8
V2 3 0 1 3 4 11
V3 4 2 0 3 4 13
V4 2 2 1 0 3 8
V5 3 2 1 2 0 8
Total 12 7 4 11 14

Table 5. Direct Relationship Matrix for Information Management System

B1 B2 B3 B4 BS B6 Total
B1 0 2 2 2 3 1 10
B2 1 0 2 3 3 1 10
B3 1 1 0 4 3 3 12
B4 1 1 1 0 3 1 7
BS5 1 1 1 1 0 1 5
B6 0 2 2 2 3 0 9
Total 4 7 8 12 15 7

Table 6. Direct Relationship Matrix for Leakage Detection and Prevention

S1 S2 s3 sS4 S5 Total
S1 0 3 3 3 3 12
S2 1 0 2 4 3 10
S3 1 2 0 3 3 9
S4 1 2 1 0 4
S5 1 1 1 0 0 3

Total 4 8 7 10 13

In the next stage, the normalized direct relationship matrix (N) was obtained. The normalized
direct relationship matrices for the main headings of Data Measurement (V), Information
Management Systems (B), and Leakage Detection and Prevention (S), are shown in Table 7,
Table 8, Table 9, and Table 10, respectively.
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Table 7. Normalized Direct Relationship Matrix for Main Headings

v B S
\ 0.000 0.429 0.571
B 0.143 0.000 0.286
S 0.143 0.429 0.000

Table 8. Normalized Direct Relationship Matrix for Data Measurement

V1 V2 V3 V4 V5
V1 0.000 0.071 0.071 0.214 0.214
V2 0.214 0.000 0.071 0.214 0.286
V3 0.286 0.143 0.000 0.214 0.286
V4 0.143 0.143 0.071 0.000 0.214
V5 0.214 0.143 0.071 0.143 0.000

Table 9. Normalized Direct Relationship Matrix for Information Management System

B1 B2 B3 B4 B5 B6
B1 0.000 0.133 0.133 0.133 0.200 0.067
B2 0.067 0.000 0.133 0.200 0.200 0.067
B3 0.067 0.067 0.000 0.267 0.200 0.200
B4 0.067 0.067 0.067 0.000 0.200 0.067
BS5 0.067 0.067 0.067 0.067 0.000 0.067
B6 0.000 0.133 0.133 0.133 0.200 0.000

Table 10. Normalized Direct Relationship Matrix for Leakage Detection and Prevention

S1 S2 S3 S4 S5
S1 0.000 0.231 0.231 0.231 0.231
S2 0.077 0.000 0.154 0.308 0.231
S3 0.077 0.154 0.000 0.231 0.231
S4 0.077 0.154 0.077 0.000 0.308
S5 0.077 0.077 0.077 0.000 0.000

After obtaining the normalized relationship matrix, the Total Relationship Matrix (T) is
calculated. The total relation matrix is obtained by subtracting the normalized direct relation
matrix from the identity matrix (I), taking its inverse, and then multiplying it by the
normalized direct relation matrix. The next step after the total relationship matrix is
calculating the threshold value. The threshold value corresponds to the average of the sums
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of all values in the overall relationship matrix (Tables 11, 12, 13 and 14). If the value of a
criterion in a row of the relationship matrix against a criterion in a column is greater than the
threshold value, it indicates that the criterion in the row affects the criterion in the column.

Table 11. Total Relationship Matrix for Main Headings

A% B S
\Y% 0.286 0.987 1.017
B 0.269 0.346 0.538
S 0.299 0.718 0.376
Threshold 0.538

Table 12. Total Relationship Matrix for Data Measurement

V1 V2 V3 V4 V5
V1 0.267 0.246 0.173 0.431 0.484
V2 0.533 0.232 0.208 0.514 0.636
V3 0.653 0.397 0.167 0.577 0.710
V4 0.401 0.304 0.175 0.259 0.493
V5 0.452 0.300 0.175 0.387 0.316
Threshold 0.380

Table 13. Total Relationship Matrix for Information Management System

Bl B2 B3 B4 BS5 B6
Bl 0.080 0.233 0.248 0.309 0.411 0.185
B2 0.141 0.110 0.242 0.357 0.407 0.183
B3 0.148 0.197 0.146 0.436 0.448 0.311
B4 0.117 0.143 0.152 0.126 0.337 0.145
BS 0.104 0.127 0.135 0.168 0.132 0.129
B6 0.075 0.219 0.232 0.289 0.385 0.111
Threshold 0.214

Table 14. Total Relationship Matrix for Leakage Detection and Prevention

S1 S2 S3 S4 S5
S1 0.155 0.457 0.424 0.505 0.625
S2 0.197 0.211 0.312 0.490 0.547
S3 0.186 0.325 0.164 0.411 0.513
S4 0.170 0.294 0.215 0.179 0.519
S5 0.118 0.153 0.146 0.108 0.130
Threshold 0.302

In this study, the threshold values for the main headings of Data Measurement (V),
Information Management Systems (B), and Leakage Detection and Prevention (S) were
calculated as 0.538, 0.380, 0.214, and 0.302, respectively. Under the Data Measurement (V)
heading, it shows that criterion V1 affects criteria V4 and V5, but does not affect criteria V2
and V3. Then, the values of D, R, D-R, and D+R are calculated. The sum of the rows of the
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overall relation matrix gives the value D, and the sum of the columns gives the value R.
Positive D-R values indicate the influencing factor, while negative values indicate the
influenced factor. High and close D+R values indicate that the defined criteria are related to
each other (Tables 15, 16, 17 and 18).

Table 15. Values of D, R, D-R and D+R for main headings.

(D) R) (D-R) (D+R)
\ 2.291 0.855 1.436 3.145
B 1.154 2.051 -0.897 3.205
S 1.393 1.932 -0.538 3.325

Table 16. Values of D, R, D-R and D+R for Data Measurement

D) R) (D-R) (D+R)
V1 1.601 2.306 -0.705 3.907
V2 2.123 1.480 0.643 3.602
V3 2.504 0.899 1.605 3.404
V4 1.631 2.166 -0.535 3.798
V5 1.630 2.638 -1.008 4.268

Table 17. Values of D, R, D-R and D+R for Information Management System

(D) R) (D-R) (D+R)
Bl 1.466 0.666 0.800 2.132
B2 1.440 1.028 0.412 2.468
B3 1.687 1.155 0.532 2.842
B4 1.019 1.686 -0.666 2.705
B5 0.795 2.120 -1.325 2.915
B6 1.312 1.064 0.248 2.376

Table 18. Values of D, R, D-R a

nd D+R for Leakage Detection and Preventio

(D) (R) (D-R) (D+R)
S1 2.166 0.825 1.341 2.992
) 1.757 1.440 0.317 3.197
S3 1.598 1.260 0.338 2.858
S4 1.377 1.694 -0.317 3.070
S5 0.655 2.335 -1.679 2.990

After calculating these values, an impact-oriented graph diagram is created. An influence-
oriented graph diagram is obtained by plotting the points (D+R, D-R) on a coordinate plane
with the horizontal axis D+R and the vertical axis D-R (Figures 1, 2 and 3).
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Fig. 1. Impact-oriented graph diagram for main headings.

It appears that the data measurement criterion affects all criteria but is not affected by any
criterion. It was observed that criteria Information Management System and Leakage
Detection and Prevention were both influenced by other criteria and interacted with each

other.

2.0

1.5

1.0

0.5

D-R

0.0

-0.5

-1.0

-1.5

V3
\ .h - T T T - -
\\ .
| 3 N S |
\\\\ — =
\ - e
T ;‘-
D+

Fig. 2. Impact-oriented graph diagram for Data Measurement.

When examining the impact-oriented graph diagram resulting from the scoring of the sub-
criteria for Data Measurement (V), V3 appears to affect all criteria but is not affected by
any criteria, while V1, V4, and V5 are affected by all criteria. Furthermore, it is observed
that criteria V1 and V4, and V1 and V5, both influence and are influenced by each other.

10
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Fig. 3. Impact-oriented graph diagram for Information Management System

When examining the impact-oriented graph diagram resulting from the scoring of the sub-
criteria for Information Management Systems (B), criteria B1 and B6 appear to be the most
influential on the other criteria, while criterion BS is the least influential and affected by all
criteria. It is observed that criteria B3 and B6 both influence and are influenced by each
other.

1.5 51

1.0

0.5 53 52

0.0

3.3

D-R

0.5 -«

-1.0

-1.5

-2.0

D+R

Fig.4. Impact-oriented graph diagram for Leakage Detection and Prevention

When examining the impact-oriented graph diagram resulting from the scoring of the sub-
criteria for Leak Detection and Prevention (S), it is observed that S1 affects all criteria but
is not affected by any criterion, while criterion S5 is affected by all criteria. Furthermore, it
is observed that criteria S2 and S3 both influence and are influenced by each other.

11
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In the final step, the importance weights of the decision variables were calculated (Tables
19, 20, 21 and 22).

Table 19. Importance Weighting Values for main headings

(D) R) O-R) | (DR Wia Wi
v 2.291 0.855 1.436 3.145 3.458 0.341
B 1.154 2.051 -0.897 3.205 3.328 0.328
S 1.393 1.932 -0.538 3.325 3.368 0.332
TOPLAM 10.154 1.000

Table 20. Importance Weighting Values for Data Measurement
(D) (R) (D-R) (D+R) Wia Wi

V1 1.601 2.306 -0.705 3.907 3.970 0.202

V2 2.123 1.480 0.643 3.602 3.659 0.187

V3 2.504 0.899 1.605 3.404 3.763 0.192

V4 1.631 2.166 -0.535 3.798 3.835 0.196

V5 1.630 2.638 -1.008 4.268 4.385 0.224

Total 19.613 1.000

Table 21. Importance Weighting Values for Information Management Systems

(D) (R) (D-R) | D+R) Wia Wi

Bl 1.466 0.666 0.800 2.132 2277 0.142
B2 1.440 1.028 0.412 2.468 2.502 0.156
B3 1.687 1.155 0.532 2.842 2.891 0.180
B4 1.019 1.686 -0.666 2.705 2.786 0.174
B5 0.795 2.120 -1.325 2.915 3.202 0.200
B6 1312 1.064 0.248 2.376 2.389 0.149

Total 16.045 1.000

Table 22. Importance Weighting Values for Leakage Detection and Prevention

(D) (R) (O-R) | DR Wia Wi
S1 2.166 0.825 1.341 2.992 3.278 0.206
S2 1.757 1.440 0.317 3.197 3212 0.202
S3 1.598 1.260 0.338 2.858 2.878 0.181
S4 1377 1.694 -0.317 3.070 3.087 0.194
S5 0.655 2.335 -1.679 2.990 3.429 0.216
Total 15.885 1.000

5 Conclusions

In this study, the interactions between the main and sub-components of physical loss
management in drinking water distribution systems were evaluated using a holistic approach

12
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with the DEMATEL method. The direct and indirect effects of the components on each other
were analyzed, and critical components requiring priority intervention in the system were
identified. The findings showed that real loss management is not merely a technical process;
data management, monitoring, information systems, and active leakage control strategies
form an integrated structure that interacts with each other. The results revealed that the Data
Measurement (V) component is the most influential element of the system, in other words, it
forms the basis of physical loss management. The fact that criterion V has a positive D-R
value indicates that it plays a guiding role for the other criteria, while the Information
Management Systems (B) and Leakage Detection and Prevention (S) components are in the
affected group. This situation reveals that accurate, continuous, and reliable data flow is a
necessary prerequisite for a robust information management infrastructure and effective leak
detection mechanisms in physical loss management.

Results at the sub-criterion level have contributed to clearly identifying priority areas for
intervention within each main component. In the Data Measurement (V) group, V5 (Leak
Detection and Repair Technical Capacity) has been identified as the criterion with the highest
importance. This finding highlights the critical importance of strengthening equipment and
technical capacity for the rapid detection and repair of leaks. This, along with the V1, V4,
and V3 criteria, supports the idea that data quality and hydraulic monitoring infrastructure
play a key role in system performance. In the Information Management Systems (B) main
criteria group, B5 (Leakage/Failure Repair Speed and Time Analysis) emerged as the most
prioritized criterion. This result shows that not only detecting leaks but also shortening the
response process and increasing operational efficiency have a direct impact on loss reduction.
Furthermore, the high weightings of criteria B3 and B4 reveal that district metered areas
activities and minimum night flow analysis are indispensable elements in physical loss
management.

In the Leak Detection and Prevention (S) component, S5 (Real-Time System Monitoring)
has been identified as the most critical element. This finding demonstrates that real-time
monitoring technologies (pressure sensors, noise recorders, model-based analysis, etc.) play
an effective role in reducing real losses in modern water distribution systems. Furthermore,
the high effectiveness levels of components S1 and S2 support the importance of addressing
active leakage control with a holistic approach. Influence-oriented graph diagrams show that
the network of relationships between system components is both dense and contains
reciprocal interactions. The fact that some sub-criteria are included in both the influencing
and influenced groups indicates that real loss management has a multidimensional and
feedback mechanism. This situation also reveals that improving a single component will not
be sufficient in controlling real losses; the components must be addressed together within a
holistic framework. Overall, the results obtained using the DEMATEL method indicate that
data-driven infrastructure should be strengthened in real loss management processes,
feedback information systems should be developed, active and rapid leak management
capacity should be increased, and real-time monitoring technologies should be widespread.
The findings of the study provide a decision-supporting framework for water authorities
regarding which components to prioritize in order to achieve their resource efficiency and
sustainable water management goals.
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