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Abstract
Water meters are among the most important measurement devices and revenue-generating
assets of water and wastewater utilities. They play a significant role in recovering part of the Keywords:

costs associated with water production, transmission, and distribution, and consequently
contributing to the financial sustainability of these utilities. Determining the optimal timing for
meter replacement is of particular importance because premature replacement imposes
unnecessary costs, whereas delayed replacement increases economic losses resulting from
declining measurement accuracy. Therefore, the primary objective of this study is to determine
the economically optimal replacement interval for water meters (WMs) by balancing
replacement costs against the losses associated with measurement errors. Based on the Net
Present Value Replacement Chain concept, an economic model was developed to determine the
optimal replacement point of WMs. To operationalize the model, a computational tool was
designed and implemented in the Python programming environment. To evaluate the model’s
performance under real operating conditions, data from all customers of Tehran Water and
Wastewater Company, District 4, were analyzed as a case study, and the economically optimal
replacement point was determined individually for each customer. This process enabled the
assessment of the developed model using data from more than 172,000 customers. The findings
revealed that service connection diameter, water consumption level, and the corresponding
water tariff paid by customers are the most influential factors in determining the economically
optimal meter replacement point. Accordingly, high-consumption customers across all customer
categories were identified as the highest-priority group for meter replacement, whereas low-
consumption residential customers were assigned the lowest priority, since the economic
benefits obtained from correcting measurement errors in this group are insufficient to offset
replacement costs. In addition, apparent water losses attributable to meter inaccuracies were
estimated at approximately 6.4%. The results further indicated that 70,076 customers require
meter replacement, and implementing this replacement program would require an investment of
approximately IRR 1,773,610,000,000 (equivalent to approximately 177.4 billion Tomans),
expressed in 2024 values. The developed NPVRC-based model is capable of determining the
economically optimal timing for water meter replacement while simultaneously considering
both technical and economic factors. The Python-based computational tool enables the
simultaneous analysis and prioritization of a very large number of customers, transforming the
underlying theoretical framework into a practical, real-scale decision-support tool. The
proposed model can contribute to improved meter replacement planning, reduction of apparent
losses caused by measurement errors, and enhancement of the financial sustainability of water
and wastewater utilities. Owing to its flexible structure, the model can also be readily applied to
other utilities through simple updates of input data and parameters without modifying the
computational framework or decision-making logic.
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Development of an economic decision-making model for ...

1. Introduction

Water meters!, as the primary instruments used by
water utilities to measure billable water
consumption (Yazdandoost and Izadi, 2018), play
a fundamental role in sustaining utility operations
by recovering part of the costs associated with
water transmission and distribution (Van Zyl,
2011). However, as WMs age, the volume of
unregistered water gradually increases, leading to
substantial revenue losses for utilities (Arregui et
al., 2011).

In Iran, given the existing tariff structure and
the extensive water distribution networks, revenue
reduction caused by meter inaccuracies has
become one of the major economic challenges in
water resources management (Dezhestan et al.,
2025). Although malfunctioning WMs may
continue to operate for extended periods, the

economic losses resulting from inaccurate
consumption measurement make their
replacement with new, accurate meters

unavoidable (Arregui et al., 2011). Failure to
replace WMs at the appropriate time, allowing
measurement errors to exceed acceptable levels,
can significantly amplify the adverse financial
impacts on water utilities (Jalili Ghazizadeh,
2024).

Conversely, the procurement, installation, and
replacement of WMs involve considerable capital
expenditures that may impose a substantial
financial burden on utilities (Akbarpour and Azizi
2018, 2020). Therefore, before implementing
meter replacement programs, water utilities should
evaluate the economic feasibility of replacement
by balancing expected benefits against associated
costs, and subsequently, identify the population of
meters requiring replacement (Jalili Ghazizadeh,
2024).

Nevertheless, water utilities traditionally
replace customers' WMs primarily based on their
service life (Cassidy et al., 2021), which may result

in either premature replacement, incurring
unnecessary costs, or delayed replacement,
increasing non-revenue water and hidden

economic losses (Ghasemi Razveh et al., 2019;
Dezhestan et al., 2025). In reality, the optimal level
of meter inaccuracy is closely related to the
optimal replacement frequency. For instance,
WNMs installed in areas with relatively low water
tariffs generally have longer economically
justified replacement intervals-and consequently
higher acceptable measurement inaccuracies-than
those installed in areas where water tariffs are
higher (Arregui et al., 2010).

! Water Meters (WMs)

Determining the optimal service life of a water
meter before replacement is, therefore,
fundamentally an economic decision. The optimal
solution is the one that best aligns with the
investment and revenue policies of the utility while
maximizing net economic benefits. Achieving this
objective requires a comprehensive cost-benefit
analysis for each meter category (Arregui et al.,
2006). Despite the importance of this issue, no
comprehensive scientific guideline currently exists
in Iran for determining the optimal replacement
timing of WMs. Consequently, identifying the
economically optimal replacement time remains a
significant challenge for water utilities. Proper
implementation of an integrated water meter
management strategy can create a win-win
situation for all stakeholders (Van Zyl, 2011), yet
the limited attention paid to this issue is also
evident in the existing research literature (Ebadati
etal., 2021).

Accordingly, the primary objective of this
study was to determine the economically optimal
replacement interval for WMs by balancing
replacement costs against the economic losses
associated with measurement errors.

2. Methodology

To achieve this objective, the Net Present Value
Replacement Chain? model was adopted as the
analytical framework and further extended by
incorporating water consumption patterns, the
increasing-block water tariff structure, customer
categories, service connection diameter, and the
life-cycle costs of WMs (Equation 1):

+C

Cost = [Cpur[hasg+ C administrative (1)

install

Conraget DV, % WE__y, 147)

’ E. —|X ;
salvage p i (1+r!)(x 1) (1+7”,) -1

in which Cpurchase: meter purchase cost, Cinstal:
meter installation cost, Cadmin istrative: MEter
administrative cost, Cslvage: meter salvage value,
Vv, : average water consumption of customer i, g, :

meter error of customer i, WP;: water tariff for
customer 1, and 7' real discount rate
corresponding to the customer's tariff block. To
operationalize the extended model, a Python-based
computational tool was designed and implemented
to efficiently process and analyze very large
customer datasets within a short computational
time. By integrating the extended NPVRC model
with actual customer information, the tool

2 Net Present Value Replacement Chain (NPVRC)
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simultaneously determines the economically significantly increase the opportunity cost
optimal replacement point for each individual WM associated with meter inaccuracies, making earlier
while prioritizing large numbers of customers for replacement economically preferable. These
replacement. The performance of the proposed findings indicate that applying a uniform
model was evaluated using data from more than replacement policy to all customers does not
172,000 customers of Tehran Water and necessarily result in efficient allocation of
Wastewater Company, District 4, where the financial ~ resources, = whereas economic
economically optimal replacement point was prioritization of customers can substantially
determined individually for every customer. improve the effectiveness of WM replacement
The model inputs were classified into two main programs.

categories. The first category comprised actual The analysis further revealed that service
data extracted from the customer database of connection diameter, water consumption level, and
Tehran Water and Wastewater Company, District the corresponding water tariff paid by customers
4, including: (1) economic information related to are the most influential factors in determining the
WMs, such as purchase, replacement, service economically  optimal  replacement point.
connection standardization, and salvage (scrap) Furthermore, the estimated apparent water losses
values categorized by service connection diameter; attributable to meter inaccuracies indicate that
(2) water tariff information, including the continued operation of deteriorated WMs can
increasing-block tariff structure for residential result in substantial losses of potential utility
customers and the tariff schedules applicable to revenue, highlighting the importance of systematic
different non-residential customer categories; and WM management and changing paradigm from
(3) customer characteristics, including customer fixed-time replacement policies to economically
identification —number, service connection driven decision-making approaches. Apparent
diameter, customer category, water consumption, water losses caused by meter inaccuracies were
service connection installation date, and the date of estimated at approximately 6.4%. Finally, the
the last WM replacement. The second category results showed that 70,076 customers require
consisted of WM measurement performance data meter replacement, and implementing the
(meter error over time-WMEyrr,), which was proposed replacement program would require an
estimated using the relationship proposed by Investment of ~ approximately ~ IRR
Akbarpour and Azizi, (2018) and incorporated into 1,773,610,000,000 (equivalent to approximately
the developed model (Equation 2): 177.4 billion Tomans), expressed in 2024 values.
WMErr,=0.3124 xn+2.5 2) 4. Conclusion

The principal contribution of this research lies not
3. Results and discussion merely in extending the NPVRC model
The results demonstrated that the economically theoretically, but in localizing, operationalizing,
optimal replacement timing of WMs is achieved and implementing it as a practical data-driven
by balancing the capital costs of replacement decision-support tool for addressing a real-world
against the economic losses caused by declining asset management problem in the water industry.
measurement accuracy. For low-consumption This achievement transforms the NPVRC
customers, particularly residential customers in the framework from a purely theoretical analytical
lower consumption tariff blocks, the economic model into a practical tool that can directly support
losses resulting from theunder-registration of operational planning and asset management within
water consumption are often lower than the costs water and wastewater utilities. Moreover, because
of meter replacement; therefore, premature the computational framework remains unchanged,
replacement is not economically justified. the developed tool can readily be applied to other
Conversely, increases in water consumption, utilities simply by updating the required input data
service connection diameter, and water charges and model parameters.
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Table 1. A selection of research results

Model inputs Model outputs
Connection Water- Installation Last Dl Replacement
No. Connection type  diameter consumption date of replacement TLGLCT B necessity
(inch) (m>*/month) connection date repl;g;;nent age (Yes/No)

1 Residential 1.5 285.36 1371/10/12  1395/02/15 6 8 Yes
2 Residential 1.5 162.68 1372/01/07 1399/08/28 8 4 No
3 Commercial 0.5 7.57 1384/11/24 1401/04/11 16 2 No
4 Commercial 0.75 29.58 1371/10/12  1394/11/10 10 9 No
5 Commercial 0.5 12.25 1389/08/06  1398/04/11 13 5 No
6 Commercial 0.5 12.68 1383/09/02  1392/09/20 13 11 No
7 University 0.75 44.08 1364/03/19  1388/02/27 32 15 No
8 Residential 0.5 67.75 1371/10/12  1386/01/22 7 17 Yes
9  Cultural-Center 0.5 8.39 1381/11/15  1399/08/10 18 4 No
10 Residential 0.5 14.51 1372/05/12  1388/02/27 22 15 No
11 Residential 0.5 24.36 1353/01/18  1399/09/25 12 4 No
12 Residential 0.5 67.57 1373/06/28 1384/07/28 7 19 Yes
13 Residential 0.5 37.02 1367/03/22  1390/12/08 9 13 Yes
14 Residential 0.5 14.45 1371/10/19  1382/09/22 22 21 No
15 Residential 0.5 9.77 1390/07/02  1399/07/23 40 4 No
16 Residential 0.5 22.31 1372/05/16  1383/09/04 16 20 Yes
17 Residential 0.5 32.89 1351/06/15  1399/09/25 11 4 No
18 Residential 0.5 42.8 1366/03/03  1393/12/12 9 10 Yes
19 Residential 0.75 61.38 1352/06/15 1381/05/02 8 22 Yes
20 Residential 0.5 47.06 1366/05/21 1384/07/28 8 19 Yes
21 Residential 0.5 12.91 1366/08/30  1390/08/27 23 13 No
22 Residential 0.5 63.85 1360/03/31  1396/10/07 7 7 Yes
23 Residential 0.5 1.72 1370/07/02  1402/12/19 50 1 No
24 Residential 0.5 60.69 1381/10/08 1398/08/08 7 5 No
25 Commercial 0.5 4.13 1361/06/21 1381/06/16 20 22 Yes
26 Residential 0.5 5.5 1398/02/08  1402/03/03 50 1 No
27 Residential 0.75 60 1381/10/11  1388/08/06 8 15 Yes
28 Commercial 0.5 0 1361/04/26  1389/02/14 50 14 No
29 Residential 0.5 103.49 1351/06/15  1400/07/09 6 3 No
30 Residential 0.75 132.52 1351/06/15 1396/03/03 5 7 Yes
31 Residential 0.5 35.5 1373/01/15 1393/11/28 11 10 No
32 P-Hospital 0.5 4.01 1352/04/20 1384/07/12 24 19 No
33 Residential 0.5 14.26 1371/08/30  1393/11/28 22 10 No
34 Residential 0.5 55.4 1350/10/14  1394/07/29 8 9 Yes
35 Residential 0.5 39.65 1363/02/10  1393/10/11 9 10 Yes
36 Residential 0.5 25.25 1358/06/04 1396/05/15 12 7 No
37 Residential 0.5 65.79 1381/11/20  1402/10/18 7 1 No
38 Commercial 0.5 8.47 1370/08/19 1401/04/23 16 2 No
39 P-Hospital 0.5 2.97 1380/10/19  1401/04/06 26 2 No
40 Residential 0.5 58.35 1355/06/01  1395/10/02 8 8 Yes
41 Residential 0.75 99.46 1365/01/24  1384/05/01 6 19 Yes
42 Commercial 0.5 124.6 1367/03/24 1380/11/10 5 23 Yes
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Cont. Table 1. A selection of research results

oI5 @LA 3 side =Y Jads aalsl

Model inputs Model outputs
No . Co.nnection Water-. Installatio Last Olﬁzi:: :l Mete Replacelpen
Connection type diameter consumption n date of replacemen t necessity
: (inch) (m*/month)  connection t date reptl ?}i::,len rage (Yes/No)
43 Residential 0.5 24.36 1364/09/10 1380/10/18 12 23 Yes
44 Residential 0.5 79.31 1370/11/26  1380/10/19 7 23 Yes
45 Residential 0.5 40.69 1364/08/22 1391/04/13 9 12 Yes
46 Residential 0.5 40.84 1364/08/12 1380/10/18 9 23 Yes
47 Residential 0.5 24.06 1367/07/30 1390/12/20 13 13 Yes
48 Construction 0.5 5.21 1363/04/31 1380/11/10 13 23 Yes
49 Residential 0.5 16.31 1364/04/06 1382/09/23 21 21 Yes
50 Residential 0.75 65.35 1365/06/06 1387/05/20 7 16 Yes
51 Residential 0.5 120.56 1354/08/15 1402/04/12 5 1 No
52 Residential 1 178.6 1354/08/15 1402/01/29 6 1 No
s3  Pducational 0.5 0.7 1354/08/15  1395/11/06 50 8 No
center
s4  Pducational 0.5 43.88  1354/08/15 1401/02/05 27 2 No
center
55 Residential 0.75 75.28 1365/12/16  1384/04/11 7 19 Yes
56 Residential 1 157.57 1355/11/04 1383/06/17 6 20 Yes
57 P-Hospital 0.5 26.78 1373/02/18 1402/01/20 11 1 No
58 Commercial 0.5 78.93 1367/05/08 1396/04/14 6 7 Yes
59 Commercial 0.5 13.04 1365/12/16 1394/07/25 13 9 No
60 Commercial 0.5 0 1364/12/25 1389/12/16 50 14 No
61 Commercial 0.5 3.93 1368/03/11 1391/11/04 21 12 No
62 Commercial 0.5 6.17 1368/09/08 1390/01/21 18 13 No
63 Commercial 0.5 2.66 1391/04/06 1394/04/02 24 9 No
64 Commercial 0.5 100.93 1354/08/15 1392/02/30 5 11 Yes
65 Residential 0.5 58.88 1366/10/27 1395/03/24 7 8 Yes
66 Edl::ittz“al 0.75 1248 1351/10124 1386/01/27 43 17 No
67 Residential 0.75 25.51 1354/08/15 1380/11/21 13 23 Yes
68 Cultural-Center 0.75 28.18 1366/04/27 1396/04/14 11 7 No
69 Residential 1 232.43 1364/10/08 1395/10/25 5 8 Yes
70 Commercial 0.5 5.19 1369/09/18 1397/09/14 19 6 No
71 Commercial 0.5 25.23 1351/12/16  1384/09/28 10 19 Yes
72 University 0.5 4.63 1368/08/27 1390/12/11 50 13 No
73 Commercial 0.5 51.45 1370/06/26 1382/07/24 7 21 Yes
74 Commercial 0.5 1.4 1373/05/02 1399/07/03 30 4 No
75 P-Hospital 0.5 81.31 1390/10/25 1401/02/05 7 2 No
76 Commercial 0.5 0.42 1372/08/11 1397/07/10 45 6 No
77 Residential 0.5 2.52 1365/12/16  1395/03/12 50 8 No
78 Commercial 0.5 1.54 1373/05/02 1396/09/04 29 7 No
79 Commercial 0.5 13.32 1362/02/12  1393/12/18 13 10 No
80 Public 2 212.86 1368/02/25 1392/03/18 24 11 No
81 Residential 0.5 0 1386/05/09 1394/02/19 50 9 No
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