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Abstract: Reducing non-revenue water (NRW) within a water distribution network may lead to
significant water savings. Most existing literature tend to focus on the design and implementation
aspects of NRW loss through better management of leaks, reservoir overflow, and water theft.
In contrast, this paper examines the association between the various water pipe types and their
respective impact on NRW loss in an emerging country. Malaysia is currently listed under emerging
and developing economies category in the International Monetary Fund World Economic Outlook
Database (October 2020). A correlation analysis is carried out using historical data obtained from the
Malaysian water authority, covering fiscal years 2013 to 2017 (inclusive of both years). Further analysis
is carried out by measuring the number of cases reported for two selected states in relation to the
type of pipe materials used. Results show that there is a significant correlation between mild steel
and polyethylene pipes to NRW loss. This study provides a better understanding of how water pipe
types affect NRW loss, which is pertinent to developing best practices in the marketplace to manage
NRW loss and protect water resources.

Keywords: water distribution system; non-revenue water; multiple linear regression; types of
water pipes

1. Introduction

Globally, the water development and supply sector’s economic sustainability are
threatened by scarcity of freshwater around the world, and with ever rising demands
straining the industry. The role of water service providers has become crucial in ensuring
that water is distributed efficiently, equably, and sustainably. Unfortunately, they face
several challenges, particularly, high losses of water within the distribution networks.
These losses are reflected through non-revenue water (NRW) and are commonly defined
as “the difference between the volume of water put into a water distribution system and
the volume that is billed to customers” [1]. High NRW rates indicate that large volumes
of water are mostly lost through leaks or breakage (real losses), water consumption that
is not billed to customers (apparent losses), and unbilled authorized consumption [2–4].
One of the causes of high NRW rates in developing countries is the lack of incentives to
promote more efficient and sustainable water management [5]. Approximately 32 billion
cubic meters of treated water is lost worldwide each year due to physical breaks and leaks
in water pipes. More than half of these losses tend to occur in developing countries, which
exacerbates existing issues caused by disruption of supplies and poor water quality [6].

Given that water loss is a worldwide phenomenon [7], it is important to consider the
context of water loss to the specific attributes of the local conditions. As reported by the
Asian Development Bank in 2006, around 30% of produced water in South East Asian
countries such as Indonesia, Malaysia, Thailand, Philippines, and Vietnam contribute to
NRW [6]. Malaysia has been noted to have unusually high NRW values.
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NRW in Malaysia

In recent years, water authorities in Malaysia have expressed concern over the issue
of sustainable water management [8], due to high records of NRW rates. Pipe materials,
joining methods of the distribution system components, the initial installation of system
components, water conditions, and external environmental conditions contribute to the
water loss problem [9]. The common types of pipes used in Malaysia’s water distribution
system include asbestos-cement (AC), mild steel (MS), ductile iron (DI), polyethylene
(PE), galvanized iron (GI), acrylonitrile butadiene (ABS), cast iron (CI), and un-plasticized
polyvinylchloride (uPVC) [10].

Given the severity of the NRW issue, the Malaysian government in its Eighth Malaysia
Plan 2001–2005 introduced numerous strategies and initiatives to curtail the water loss,
including funding for replacing old water meters and enhancing the general public in-
frastructure [8,11]. Other incentives taken to tackle leakage problems and improve piping
networks include replacing current asbestos–cement pipes with pipe materials with better
durability such as ductile iron, mild steel, and polyethylene [12]. Although the government
has implemented various incentive programs to curtail the NRW losses, the loss rate is
still alarming. Figure 1 illustrates the trend of NRW rates in Malaysia over five years. It is
evident that the NRW has gradually increased since 2014 [9,13–15]. In 2017, the NRW was
recorded to be approximately 5929 million liters per day (MLD).
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Figure 1. Recorded NRW losses in Malaysia from 2013–2017. Note: MLD = million liters per day.

Given that physical losses stand as an undeniable source of water loss aside from
commercial and unbilled authorized consumption, it is imperative to understand how
different water pipe types contribute to the NRW losses. Yet, studies relating to water pipes
and water loss phenomena are relatively limited. The NRW loss is mainly viewed as a
water utility performance indicator [1]. Hence, many studies emphasize the design and
implementation of aspects of NRW reduction through the improvisation of water utility
performance [1,16,17]. Therefore, to gain a better insight into other contributing attributes
of NRW, this study examines the association between the various types of water pipes and
its significance on NRW loss. The types of water pipe studied in this paper are ductile iron,
mild steel, and polyethylene. The remaining sections of the paper are structured as follows:
Section 2 provides a comprehensive literature review of the various types of pipes utilized
in the water networks and factors contributing to NRW in Malaysia. Section 3 outlines
the research methodology used to analyze the factors that contribute to the cause of NRW.
In Section 4, the results are presented, followed by a discussion on the implication of the
results. In the final section, conclusions are drawn and limitations of the current study as
opportunities for future research are included.
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2. Literature Review
2.1. Non-Revenue Water (NRW)

NRW is a concerning issue faced by many nations worldwide [6,16–18]. High NRW
loss has led to a considerable increase in the amount spent on operational and maintenance
costs in ensuring undisrupted water supply to the end-users. NRW is defined as the
“difference between the volume of water distributed by the system and the volume that
is billed to customers” [1]. High NRW may indicate a high amount of water loss before
it reaches the end-users, consequently leading to increased financial losses. According to
the International Water Association (IWA), one of the causes of NRW rates is poor water
resource management.

The components of NRW includes physical (or real) losses, commercial (or apparent)
losses, and unbilled authorized consumption [19]. Real losses reflect the physical water
losses due to leakages from parts of the distribution or overflow at storage tanks. The com-
mon causes of leakages and overflows are poor operations and maintenance, lack of active
leak control, and degradation of underground assets [1,20]. The underground assets refer
to part of an underground network such as water/drainage/sewerage, electricity, gas, or
communications [20]. Commercial losses, sometimes referred to as apparent losses, include
water metering errors, billing anomalies, and unauthorized consumption such as water
theft. Water metering inaccuracy constitutes a large portion of commercial losses [21]. Fur-
thermore, unbilled authorized consumption refers to the legitimate consumption of water,
which is neither unbilled nor metered. Legitimate consumption constitutes water usage for
firefighting, flushing of mains and sewers, street cleaning, frost protection, and supply of
subsidized water because of government policies.

Countries like Singapore and Japan have successfully managed to lower their NRW
rate tremendously through effective water management systems [18]. Other studies have
highlighted that effective water management is pivotal in reducing NRW losses [1,16,17].
However, continuous improvement of NRW loss remains a challenge in many countries
due to the technical difficulties and complexities of NRW management [1]. Particularly
in Malaysia, the issue of NRW remains a challenge. One of the main contributing fac-
tors to this challenge is driven by low awareness among the public of the severity of the
NRW issue and considering such a case to be the sole responsibility of the water author-
ities [22]. Additionally, the lack of cohesive government policy on water security and
financial constraints further dampen the movement towards implementing NRW reduction
programs [23,24]. Therefore, it is crucial to understand factors contributing to the NRW to
establish an efficient water management system to reduce and control the NRW rate.

The research reveals that the NRW loss is the result of physical factors consisting of
technical (system age, length, and type of network) and environmental factors (soil condi-
tion, traffic loading, and density of connections) [25]. In addition to physical and environ-
mental factors, considerable emphasis should be placed on water management factors such
as having sufficient trained staff to handle leakages and strong support from the water
utility organizations [26]. In a cross-national study conducted over 63 countries, the authors
concluded that the key drivers of water losses are linked to the physical characteristics of
the water system and environmental factors such as urbanization and land settlement pat-
terns [27]. Furthermore, high NRW rates may be caused by poor management, inadequate
training of workers and experts, lack of timely replacement of devices, and inappropriate
selection of pipes [28]. Research also shows that NRW is influenced by leakages due to
aged and corroded underground assets [18]. However, it has been remarked that aged
and corroded underground assets can be improved with pipe replacement and immediate
repairs to burst cases. Hence, this study’s scope focuses on the different types of water
pipes used in the water distribution system exiting the water reservoir.

2.2. Types of Water Pipes

Factors contributing to water leakages include old or poorly constructed pipelines,
inadequate corrosion protection, poorly maintained valves, materials defects, faulty in-



Sustainability 2021, 13, 2310 4 of 16

stallation, excessive water pressure, water hammer, ground movement due to drought or
freezing, extreme loads, and vibration from road traffic [29,30]. Beyond reservoir overflow
and losses, one factor often highlighted was the effect of aged and corroded underground
assets and their contribution to NRW rates. The solution to this problem is to replace aged
and corroded pipes with new pipes. However, there is limited literature regarding pipe
break rates segregated by pipe materials [31]. It is reported that the polyethylene piping
system, which was replaced 20 years ago, has been catastrophically failing due to the usage
of chlorine dioxide [32]. This demonstrates the piping system due to incompatibility of the
piping material used in the water distribution system. Tabesh et al. emphasized that the
“inappropriate quality selection of pipes and devices” can result in high NRW rates [28].
Therefore, it is crucial that the piping materials should be assessed before using it in the
water distribution system.

This study aims to understand each type of water pipes’ characteristics and their effect
on the NRW rate in the Malaysian context. The type of piping materials considered in this
study includes ductile iron, mild steel, and polyethylene. In Malaysia, the main piping
system is made up of mild steel pipes (29.1%), asbestos–cement pipes (27.1%), polyethylene
pipes (19.0%), un-plasticized polyvinylchloride (14.3%), ductile iron pipes (8.0%), cast-iron
pipes (0.5%), and others (2.1%) based on the 2017 data [10], as summarized in Figure 2.
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Figure 2. Breakdown of piping materials used in the Malaysian main piping system.

It was reported that approximately half of the cases of pipe breaks annually resulted
from asbestos–cement pipes [33]. To improve the NRW issue, the Malaysian government
has invested in NRW reduction contracts [6] and replacement projects such as pipe replace-
ment and water meter replacement [34–36]. As part of the proposed long-term solution,
the replacement project involves the replacement of the existing asbestos–cement pipes
with other piping materials such as ductile iron, mild steel, polyethylene, and modified
un-plasticized polyvinyl chloride (MUPVC) [12]. Although asbestos–cement pipes were
among the past options and served its purpose, these pipes are no longer plausible options,
as the material poses health hazards [37,38]. In Malaysia, initiatives are taken towards
reducing the use of asbestos [39,40].

2.2.1. Ductile Iron Pipes

Ductile iron pipes are pipes made from ductile cast iron [41]. Ductile iron pipes have
been used in piping systems since the 1960s [42]. They were introduced to replace cast
iron pipes due to issues of corrosion and manufacturing defects [41,43–45]. Compared to
cast iron pipes, ductile iron pipes have increased resistance to breakage caused by rough
handling in shipping and installation, with a greater margin of safety against service failures
due to ground movements and beam stresses. The installation method for ductile iron pipes
provides a clean tapping process using specialized tools and techniques using polyethylene
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encasement [46,47] along with a convenient spigot and socket joint. Ductile iron pipes have
enhanced toughness, impact strength, and resistance towards corrosion compared to cast
iron pipes [48]. Corrosion is a significant factor in the service life of pipes; it is reported
that 28% of all pipe failures in the US were caused by corrosion [49]. Despite the improved
strength and corrosion resistance in comparison with cast iron, graphitic corrosion is still
possible in ductile iron pipes [50]. Graphitic corrosion is a deterioration that mainly occurs
in gray cast iron, where metallic constituents are selectively leached and the graphite is left
behind. The thin wall of metal pipes makes them more susceptible to corrosion. Thus, to
reduce corrosion in metal pipes such as ductile iron and mild steel, pipe linings (inside the
pipe) and coatings (outside the pipe) are used. With cement mortar lining, the said metal
pipes will be more resistant to chemical degradation [51]. According to BS EN 545, ductile
iron pipes are manufactured to be corrosion resistant.

2.2.2. Mild Steel Pipes

Steel pipes have been used for water distribution systems since the 19th century [44]
as a substitute for iron pipes [52]. Generally, steel pipes are classified by the difference in
chemical compositions, based on carbon. They are classified into three groups: low carbon
(under 0.2% carbon), medium carbon (0.2% to 0.5% carbon), and high carbon (above 0.5%
carbon) [53]. Mild steel pipes have a low carbon steel composition of below 0.2%. Particu-
larly, mild steel has been widely used in industries and the water distribution systems due
to low cost and availability in ease for fabrication cooling tower tanks and pipelines [54].

In comparison, mild steel pipes are stronger and more ductile than cast iron. However,
mild steel pipes have lower corrosion resistance when compared to ductile iron in highly
corrosive soil. Despite this, the mild steel pipe cost is lower compared to ductile iron pipes,
and its welded joints offer many advantages in high-pressure pipes and flexibility [52,55].
Cement-lined mild steel pipes are mainly utilized for large transmission mains [56]. In an
environment with highly corrosive soil, the usage of cement-lined mild steel pipes remains
a concern, despite its low cost and advantages.

The issue of corrosion and leakages remains prominent. Traditional iron and steel
pipelines were believed to have a long service life expectancy in the application of water
distribution systems. However, its life expectancy has been reduced due to corrosion
effects, especially in acidic soil environments. It is noted that the mechanism of corrosion
depends on soil properties [57]. The deterioration of both ductile iron and steel pipe are
greatly influenced by highly corrosive soil [52]. There are also complexities in protecting
the inner surfaces using hand rendering of cement lining within mild steel pipes [58] at
joints or tap-out points, which poses a higher risk of corrosion. These weak points cause
corrosion to initiate and propagate, as mild steel is characterized by having low corrosion
resistance and is often the source of water leakage.

2.2.3. Polyethylene Pipes

The development of polyethylene pipes has helped resolve the corrosion and leakage
issues relating to traditional iron and steel pipelines, as polyethylene pipes are resilient
to corrosion [41,59]. Different densities of materials are used for polyethylene pipes, such
as low-density polyethylene (LDPE), medium-density polythene (MDPE), high-density
polyethylene (HDPE), and linear low-density polyethylene (LLDPE). In general, polyethy-
lene pipes are weaker (23 MPa in tensile strength) than steel pipes (400~650 MPa in tensile
strength) [60–62]. Despite polyethylene pipes having corrosion resistivity, they can deteri-
orate under specific conditions, such as exposure to organic chemicals from chlorinated
water and polluted soil [52,63]. Soil pollutants can diffuse through the polyethylene pipe,
which affects the quality of drinking water [64]. In the case of chlorinated water, the usage
of disinfectants deteriorates the wall of pipes through oxidation. Consequently, it embrit-
tles the piping material over time, resulting in crack propagation due to internal pressure
effects [65,66].
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Literature has highlighted that an inappropriate selection of piping materials could
lead to early failure of the water pipes, which may lead to high NRW loss. This study,
therefore, explores the hypothesis that there is an association between types of pipes used
and NRW loss. Thus, the hypothesis is postulated as:

Hypothesis 1: There is an association between the types of pipes used and NRW loss, ce-
teris paribus.

3. Research Methodologies

Data collected on the volume of NRW losses per year and pipe lengths for this research
were obtained from the Malaysian Water Industry Guide (MWIG) books published by the
Malaysian Water Association, which specifically contain and provide a wide range of water
industry data and statistics in Malaysia. The sample period covers the fiscal years from
2013 to 2017 (inclusive) and 70 state-year observations. This study employed multiple
linear regressions using pooled ordinary least square regressions analysis. The sample
period’s yearly variation is accounted for by introducing the year as a fixed effect. Given the
nature of the data (a state-year case of panel), it was noted that the regressors were often
highly correlated. Due to this, the error is correlated over time for a given state, resulting
in heteroskedasticity in the residuals when it is estimated. White’s heteroskedastic robust
estimator test was employed to account for heteroskedasticity in this study [67]. For this
study, the following regression model was adopted:

NRW = β0 + β1LMSi,t + β2LDIi,t + β3LPEi,t + β4LOPi,t + β5DVCi,t + β6NDVCi,t + β7WSISi,t
+β8WSIUSi,t + β9WSIUSi,t + β10POPSERi,t + β11YEARi,t + εi,t

(1)

where NRW is non-revenue water loss. LMS stands for the length of mile steel
pipes, LDI refers to the length of ductile iron pipes, LPE is the length of polyethylene
(HDPE variant) pipes, and LOP is the length of other pipes. Therefore, the length of water
pipes refers to the level of usage of the pipes in the water network. In this study, mild
steel pipes were widely used for large diameter pipes due to their ability to handle high
strength and pressure, implying that they carry higher volumes of water than the other
types. In this model, subscript β represents the beta coefficient, i represents the state, and
t denotes time measured in years. A set of control variables was included in this model,
and ε represents the random-error term. The definition and measurement of dependent,
experimental, and control variables are explained in Appendix A.

For further analysis, the data on the number of news hits and water disruption notices
that are available in the public domain were considered. The data was retrieved from
Selangor (located in West Malaysia) and Sarawak (located in East Malaysia) due to the
significant record of reports that included information about the type of pipes which failed.
In Selangor, information on water disruptions and related types of pipe failures were
gathered from several prominent online newspapers such as The Star, Malay Mail, and
New Straits Times. Meanwhile in Sarawak, the types of pipe affected for each case were
made available from water disruption notices provided by their state water authority
website. Cases of water pipe leakage and bust pipes reported for both states are provided
in Appendices B and C.

In this analysis, a case index is calculated by taking the number of cases divided by
every 1000 km length of pipes laid in 2017, according to the corresponding pipe material
reported. Since data on length of pipes according to pipe material in each state is not
available after 2017 in the Malaysian Water Association official website, only cases within
this timeframe were considered for consistency and comparison.

4. Results

Table 1 presents the NRW values for each state in Malaysia from 2013 to 2017 [10,13–15].
To obtain the values presented in Table 1, the NRW percentage is estimated based on the
deduction of volumes of billed authorized consumption from the system input volume.
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Interestingly, 10 out of 14 states in Malaysia show an increase in NRW over the years.
The related Malaysian states are denoted as * in Table 1.

Table 1. NRW loss in million liters per day (MLD) and percentage (%) for each state in Malaysia.

States 2013 2014 2015 2016 2017 Total
(MLD)

Johor *
NRW(MLD) 417 426 436 450 433

2162NRW (%) 26.4 25.9 25.6 25.9 24.7

Kelantan *
NRW(MLD) 228 220 222 232 234

1136NRW (%) 53.1 49.4 49.0 49.4 49.3

Malacca *
NRW(MLD) 107 102 93 95 101

498NRW (%) 22.1 21.4 19.3 19.0 19.6
Negeri

Sembilan
NRW(MLD) 267 267 264 253 245

1296NRW (%) 36.3 35.9 34.8 32.7 32.6

Penang * NRW(MLD) 180 182 202 227 231
1022NRW (%) 18.2 18.3 19.9 21.5 21.9

Pahang NRW(MLD) 561 588 596 532 528
2,805NRW (%) 52.7 53.1 52.8 47.9 47.5

Perak *
NRW(MLD) 365 379 382 402 406

1934NRW (%) 30.4 30.6 30.3 30.5 30.9

Perlis *
NRW(MLD) 132 121 124 148 152

677NRW (%) 62.4 55.8 56.3 60.7 63.1

Sabah *
NRW(MLD) 602 618 677 634 679

3210NRW (%) 53.2 51.7 55.1 52.0 53.8

Sarawak *
NRW(MLD) 359 381 423 479 529

2171NRW (%) 31.3 32.0 33.3 36.0 37.8

Selangor NRW(MLD) 1575 1545 1497 1547 1526
7672NRW (%) 34.5 33.6 32.0 32.2 31.5

Terengganu NRW(MLD) 210 188 192 189 186
965NRW (%) 33.8 31.0 31.0 30.0 30.4

Kedah *
NRW(MLD) 675 596 614 637 651

3173NRW (%) 50.9 46.1 46.7 46.7 47.5

Labuan *
NRW(MLD) 16 20 22 22 23

103NRW (%) 25.9 29.5 30.9 30.5 32.0
Source: Malaysia Water Industry Guide 2015–2018. Note MLD represents million liters per day. States in Malaysia
that showed an increase in NRW over the years studied are denoted by *.

Table 2 shows the total number of water service complaints on pipe burst/breakages/
leak [10,13–15]. Based on the representation from Table 2, it is evident that six out of
14 states in Malaysia have shown an increase in terms of water service complaints on cases
of pipe bursts/breakages/leaks. The growth in the number of cases signifies that there is
an increased contribution towards real losses of NRW.

The descriptive statistics of each variable are reported in Table 3. The mean NRW is
412.03 million liters per day with a standard deviation of 368.92. Meanwhile, the mean
length of mild steel, ductile iron, and HDPE are 2959.5, 826.03, and 1839.84 km, respectively.
The pipes with the longest lengths are mild steel.
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Table 2. Total number of water service complaints on pipe bursts/breakages/leaks in each state.

States 2013 2014 2015 2016 2017 Total

Johor 57,627 61,525 62,697 63,551 58,306 303,706
Kelantan 11,179 16,257 16,062 25,870 41,191 110,559
Malacca 33,948 24,712 22,897 30,923 33,514 145,994
Negeri

Sembilan 27,945 29,180 28,740 32,026 30,215 148,106

Penang 47,959 43,517 42,947 47,977 39,809 222,209
Pahang 4081 2471 5018 6917 7039 25,526
Perak 32,987 39,322 24,332 13,362 13,131 123,134
Perlis 7295 7456 6381 5523 1413 28,068
Sabah 15,276 18,050 18,231 17,996 14,096 83,649

Sarawak 15,239 16,769 21,629 16,325 14,786 84,748
Selangor 125,114 136,163 123,673 123,930 164,199 673,079

Terengganu 21,252 20,282 23,496 22,336 21,048 108,414
Kedah 44,825 40,357 40,295 37,212 38,312 201,001
Labuan 1151 893 354 564 1643 4605

Source: Malaysia Water Industry Guide 2015–2018.

Table 3. Descriptive statistics (N = 70).

Variable Mean Std. Dev Quartile 1 Median Quartile 3

NRWi,t 412.03 368.92 186.5 313.00 553.8
LMSi,t 2959.50 3701.53 901.5 1587.00 3139.8
LDIi,t 826.03 931.39 96.5 541.00 1123.8
LPEi,t 1839.84 1693.08 687.5 944.00 2234.5
LOPi,t 4775.06 3718.73 2166 4508 5164
DVCi,t 45.65 437.28 203.0 319.00 510.8

NDVCi,t 290.54 308.81 176.0 217.00 329.8
WSISi,t 339.43 470.38 18.75 185.50 452.00

WSIUSi,t 9201.73 18,503.05 404 3948.50 6566
WSCi,t 32,325.69 33,210.19 13,546 23,196.50 40,174

POPSERi,t 2099.15 1569.18 1091.4 1720.55 2692.1
Note: The definition and measurement of dependent, experimental, and control variables are explained in
Appendix A.

Table 4 presents the Pearson correlations between the variables. Non-revenue water
(NRW) is found to be significantly and positively correlated with length of ductile iron
pipes, length of mild steel pipes, length of polyethylene pipes, and length of other pipes
listed in the Malaysian Water Industry Guide. At the same time, NRW is found to be
significantly and positively correlated with domestic volume of water consumption (DVC),
non-domestic volume of water consumption (NDVC), number of water services inter-
ruption scheduled (WSIS), number of water services interruption unscheduled (WSIUS),
number of water services complaints of pipe bursts, breakages and leaks (WSC), and
population served by state (POPSER). Some of the figures presented in Table 4 suggest
absolute value exceeding 50%, which include those between LMS and NDVC (coeff. = 0.829,
p = 0.00), between LMS and POPSER (coeff. = 0.867, p = 0.00), between DVC and NDVC (co-
eff. = 0.867, p = 0.00), between DVC and POPSER (coeff. = 0.897, p = 0.00), between NDVC
and POPSER (coeff. = 0.874, p = 0.00), and between WSIS and POPSER (coeff. = 0.867,
p = 0.00), and further, the absolute value between WCS and DVC (coeff. = 0.840, p = 0.00),
between WCS and NDVC (coeff. = 0.818, p = 0.00), and between WCS and POPSER (co-
eff. = 0.785, p = 0.00). The variance inflation factor (VIF) for each independent variable is
computed, and the mean VIF is 7.3 (unreported). For brevity, the results are not tabulated.
This suggests that multicollinearity is not likely to be an issue in this analysis.
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Table 4. Pearson correlation (values are the correlation coefficients and p-values are in brackets).

Variables NRW LDI LMS LPE LOP DVC NDVC WSIS WSIUS POPSER WCS

NRW
1

(0.000)

LDI
0.471 1

(0.000) (0.000)

LMS
0.872 0.316 1

(0.000) 0.008 (0.000)

LPE
0.214 0.483 −0.122 1
0.074 (0.000) 0.315 (0.000)

LOP
0.579 0.374 0.533 −0.007 1

(0.000) 0.001 (0.000) 0.954 (0.000)

DVC
0.891 0.546 0.786 0.197 0.671 1

(0.000) (0.000) (0.000) 0.101 (0.000) (0.000)

NDVC
0.881 0.565 0.829 0.139 0.576 0.867 1

(0.000) (0.000) (0.000) 0.252 (0.000) (0.000) (0.000)

WSIS
0.805 0.495 0.777 0.126 0.579 0.794 0.795 1

(0.000) (0.000) (0.000) 0.300 (0.000) (0.000) (0.000) (0.000)

WSIUS
0.712 0.222 0.617 0.208 0.386 0.767 0.729 0.781 1

(0.000) 0.065 (0.000) 0.084 0.065 (0.000) (0.000) (0.000) (0.000)

POPSER
0.900 0.613 0.867 0.222 0.668 0.897 0.874 0.840 0.640 1

(0.000) (0.000) (0.000) 0.081 (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

WCS
0.782 0.423 0.745 −0.046 0.655 0.826 0.818 0.697 0.662 0.785 1

(0.000) (0.000) (0.000) 0.701 (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

The hypothesis presented in this paper predicts an association between the different
types of pipes and NRW loss, ceteris paribus. Table 5 shows the influence of different types
of pipes on NRW loss. The results show that the effects of different type of water pipes on
NRW loss are positive and significantly correlated for mild steel pipes (β = 0.0849, t = 3.347,
p = 0.0015) and HDPE pipes (β = 0.0687, t = 4.699, p < 0.01). The results support Hypothesis
H1, thereby suggesting that mild steel and HDPE pipes positively contribute towards NRW
loss. Table 5 also indicates that there are negative but insignificant association between
ductile iron pipes (β = −0.0058, t = −0.126, p = 0.9003) and other pipes (β = −0.0037,
t = −0.594, p = 0.5548) with NRW loss. This suggests that ductile iron and other pipes are
not associated with NRW loss. Overall, the statistical results show that the types of water
pipes have influence on the NRW loss.

The lengths of water pipes laid according to pipe materials for Selangor and Sarawak
are presented in Figure 3. The distribution of pipe lengths in Selangor is very similar
to the distribution seen in the entire country shown in Figure 1. Mild steel is mostly
used, followed by other types of materials that consist of mostly asbestos cement water
pipes. In contrast, ductile iron and polyethylene only take up a small portion of the pipes
laid in Selangor. Therefore, one can say that Selangor could be a good representation
of the distribution of water pipe material in the country in general. On the other hand,
Sarawak took an unconventional approach compared to many other states in the country
by using a lot of polyethylene, followed by ductile iron and very little mild steel. The data
from Sarawak serves as a good contrast to the typical distribution in Selangor.

Figure 4 shows the case index for Selangor and Sarawak between 2011 and 2017
(inclusive). The case index for Selangor has consistent ranking with the length of pipes
laid in this state. Although the usage of ductile iron pipes was almost six times more than
mild steel pipes in Sarawak, the case index is still the highest. Cases due to damaged pipe
caused by construction projects were not included in this study.

Mild steel remains at the top for both states, followed by HDPE. The results from these
case indexes measured supports the correlation study.
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Table 5. Influence of water pipes on NRW loss in Malaysia.

NRW Model (1) Model (2)

LDI
0.0207 −0.0058
0.089 (−0.126)

LMS
0.0842 ** 0.0849 **

6.019 3.347

LPE
0.071 ** 0.0687 *

4.395 4.699

LOP
0.013 −0.0037
0.997 (−0.594)

DVC
0.7567
1.627

NDVC
−0.5648
(−0.668)

WSIS
0.1329
1.228

WSIUS
−0.0032
(−1.236)

POPSER
−0.0857
(−1.251)

WSC
0.0009
0.304

Year fixed-effect Included Included

R-Squared 0.8821 0.9179

Adjusted R2 0.8666 0.8970

N observations 70 70

F-Statistics 57.05 43.90
The dependent, experimental, and control variables are defined in Appendix A. Note: T-statistics reported
beneath each coefficient are based on White’s heteroscedasticity-consistent standard errors. Model F-statistic is
the F-statistic from an F-test of the statistical significance of the model. Year dummies are not shown for brevity.
Statistical significance at 1% and 5% levels are denoted as * and ** respectively.
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5. Discussion

NRW loss remains a crucial issue yet an endemic challenge in developing countries.
The need to manage NRW better and protect precious water resources has become increas-
ingly important. In this study, the association between different types of water pipes used
and NRW loss was explored. Types of water pipes mainly affect NRW in the form of physi-
cal losses through pipe failures. The findings suggest that there is an association between
different types of water pipes and NRW loss. Based on results presented, mild steel pipes
had a significant effect on NRW loss. Despite the fact that mild steel pipes can carry large
volumes of water for a relative length, they can contribute to NRW losses. Thereby, longer
length usage of mild steel pipes suggests an increase on the plausibility of higher NRW
loss. Similarly, results show that HDPE pipes are also associated with NRW loss. Thus, the
longer length usage of HDPE pipes contributes towards NRW loss. On the contrary, ductile
iron pipes were found to have an insignificant association with NRW loss. Overall, this
study suggests that different kinds of water pipe have influence over NRW loss. Given the
environment, inappropriate selection of water pipe can result in high failure rates, which
increases NRW loss. Therefore, it is important to account for an appropriate selection of
water pipes in the water distribution system.

Although applications of steel and iron pipelines are seen in the water distribution
system, mild steel pipes appear to have a significant association to NRW loss in comparison
to ductile iron pipes based on the correlation analysis and case index presented in this
paper. Mild steel installation methods rely heavily on skilled workers to weld and seal
off any exposed mild steel on both the inner and outer layer. The dominating factor for
corrosion in steel water pipelines is coating wear and tear. These failures often occur due
to negligence and improper application of coating [68]. In contrast, ductile iron pipes have
an advantage of clean tapping process using specialized tools, which reduces the welding
and installation skills dependencies [46,47]. These are important features for reticulation
pipes, as they often have many tap-out points during new phases of development and for
future expansion works. Hence, there are less tendencies for corrosion to propagate from
joint failures in ductile iron pipes compared to mild steel pipes [69]. The life expectancy
and performance could reach more than 100 years if they are designed and installed
properly [70]. One study even showed that the flow test presented a “smooth” surface after
97 years of service [71].

For HDPE pipes, despite the advantage of eliminating the possibility of corroding,
these pipes are easily damaged due to any unstable soil condition or weak soil support.
Plastic pipes are also permeable when exposed to hydrocarbons and contaminated soil [72].
This could suggest that failure rates of polyethylene pipes are highly dependent on the
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environment. Therefore, the usage of polyethylene pipe in inappropriate or vulnerable
environments could contribute a significant amount to NRW loss, after mild steel.

One possible confounding factor is large diameter pipe applications, where mild
steel is a common choice. Nevertheless, this application may not represent the only major
contribution to NRW loss. The pipes’ large size and high pressure also make leaks or
breakage highly visible and thus quickly reported and repaired. The majority of NRW loss
could have resulted from low volume leaks at numerous pipes of limited visibility.

6. Conclusions

This research provides insights on how different types of water pipes affect NRW
loss in Malaysia. Given that mild steel pipes account for transporting large volumes of
water before branching in a reticulation pipe system, one may assume that the total usage
length contributing to NRW loss would be low. However, the results reveal that mild steel
water pipes and polyethylene pipes contribute significantly toward NRW loss compared to
ductile iron pipes in Malaysia, as different types of water pipes do affect NRW loss. Hence,
water authorities need to reform and develop best practices in the marketplace to manage
non-revenue water loss better and protect precious water resources. The correlation study
is confined to using samples with varying pipe sizes or diameters. This study is also
subjected to data availability restriction, particularly on factors relating to apparent losses
and unbilled authorized water consumption. Future research could focus on apparent
losses and unbilled authorized water consumption from the aspect of water metering losses
with NRW loss.
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Appendix A

Table A1. Variable definition.

Variables Variables Definition

Dependent
NRWi,t Non-Revenue Water Loss in million liters per day;

Experimental
LMSi,t Length of Mild Steel pipes in kilometer;
LDIi,t Length of Ductile Iron pipes in kilometer;
LPEi, t Length of Polyethylene pipes in kilometer;

LOPi, t
Length of Other pipes in kilometer (inclusive of galvanized iron (GI) and

acrylonitrile butadiene (ABS);

https://www.mwa.org.my/water-industry-guide/
https://www.mwa.org.my/water-industry-guide/
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Table A1. Cont.

Variables Variables Definition

Control
DVCi,t Domestic Volume of Water Consumption in million liters per day;

NDVCi,t Non-Domestic Volume of Water Consumption in million liters per day;
WSISi,t Number of Water Services Interruption Scheduled.

WSIUSi,t Number of Water Services Interruption Unscheduled.
WSCi,t Number of Water Services Complaints of Pipe Burst, Breakages and Leak

POPSERi,t Population served by state.
Year Year dummy.

Appendix B

Table A2. Cases of Water Pipe Leakage and Burst Pipes Reported for Selangor (West Malaysia).

Date of Report Type of
Pipe Condition Online Links to News/Report

10/5/2011 Mild Steel Burst
https:

//www.thestar.com.my/news/community/2011/05/
10/residents-want-syabas-to-restore-water-supply

13/4/2013 Mild Steel Burst
https:

//www.thestar.com.my/news/community/2013/04/
13/water-disruption-for-five-days-in-kl-and-gombak

31/1/2014 Mild Steel Leakage
https://www.malaymail.com/news/malaysia/2014

/01/31/temporary-water-disruption-in-selangor-
tonight/610077

27/6/2014 HDPE Burst https://malaysia.news.yahoo.com/water-disruption-
kl-selangor-due-high-demand-says-152910505.html

2/7/2014 Mild Steel Burst
https:

//www.malaysia-today.net/2014/07/02/syabas-
blames-city-hall-for-burst-pipe-that-caused-sinkhole/

2/7/2014 HDPE Burst https://www.nst.com.my/news/2015/09/new-pipes-
supply-water-pulau-ketam-year-end

3/12/2014 Mild Steel Burst https://www.thestar.com.my/news/nation/2014/12/
03/water-cuts-expected-thursday-in-selangor-and-kl

19/3/2015 Mild Steel Leakage https://www.thestar.com.my/news/nation/2015/03/
19/water-disruption-klang-shah-alam

Appendix C

Table A3. Cases of Water Pipe Leakage and Burst Pipes Reported for Sarawak (East Malaysia).

Date of Report Type of
Pipe Condition Online Links to News/Report

16/3/2011 Ductile Iron Burst https://www.theborneopost.com/2011/03/16/solve-
our-water-woes-%e2%80%93-residents/

9/1/2017 HDPE Leakage
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=38

24/1/2017 Ductile Iron Burst
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=41

7/2/2017 HDPE Burst
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=44

24/3/2017 HDPE Leakage
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=62

6/4/2017 HDPE Burst
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=64

27/7/2017 HDPE Leakage
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=91

https://www.thestar.com.my/news/community/2011/05/10/residents-want-syabas-to-restore-water-supply
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https://jbalb.sarawak.gov.my/modules/web/pages.php?mod=announcement&sub=announcement_detail&id=64
https://jbalb.sarawak.gov.my/modules/web/pages.php?mod=announcement&sub=announcement_detail&id=64
https://jbalb.sarawak.gov.my/modules/web/pages.php?mod=announcement&sub=announcement_detail&id=91
https://jbalb.sarawak.gov.my/modules/web/pages.php?mod=announcement&sub=announcement_detail&id=91
https://jbalb.sarawak.gov.my/modules/web/pages.php?mod=announcement&sub=announcement_detail&id=91
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Table A3. Cont.

Date of Report Type of
Pipe Condition Online Links to News/Report

24/11/2017 Mild Steel Burst https://www.theborneopost.com/2017/11/24/water-
pipe-burst-affects-7000-households/

27/11/2017 HDPE Leakage
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=147

7/12/2017 HDPE Burst
https://jbalb.sarawak.gov.my/modules/web/pages.

php?mod=announcement&sub=announcement_
detail&id=152
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