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Abstract: The Water and Sanitation Agency (WASA) of Lahore, Pakistan, supplies water to 5.29 mil-
lion people through 598 tube wells but faces difficulties in meeting rapidly increasing water demand,
lowering groundwater table, high energy costs, and low water tariffs. However, the actual water
consumption and water loss have never been estimated due to water meter outages. This study aimed
to estimate the actual water consumption, production, and water losses for the WASA Lahore service
area, using the limited number of working water meters and pump operation data. The actual water
consumption was estimated by 14,030 working customer meters; the population census was 44.02 m3

per connection per month, or 200 L per capita per day, while the water production was 79.8 m3 per
connection. The actual water loss was significantly higher than non-revenue water, with an average
of 45.4% (ranging from 35.9–69.4%). Due to high electricity costs, WASA has had to cut their supply
hours. Therefore, leakage reduction programs must be implemented in the high-water-loss townships
found in this study in order to meet the increasing water demand, reduce electricity consumption,
and alleviate groundwater table drawdown.

Keywords: electricity cost; groundwater table; population; water consumption; water loss; water meter

1. Introduction

Water is an essential, life-sustaining element [1]. Access to a safe and adequate
potable water supply is a basic human right, as human lives are greatly dependent on
water [2,3]. Water, being one of the most important natural resources, is viewed as a
key to prosperity and wealth [4]. Rapid population growth, changes in socio-economic
activities, urbanization, and industrialization have greatly increased the risk of global
water crisis [5,6]. Over the past century, annual blue water consumption use per capita
has increased from 209 m3 per year in the 1900s to 230 m3 per year in the 2000s [7]. It is
estimated that by 2050, over 40% of the world’s population will live in severely water-
stressed river basins [8]. Freshwater scarcity and security have been identified as major
global environmental problems of the 21st century [9]. Humans already appropriate over
50% of all available renewable freshwater, raising legitimate concerns that water shortages
may limit agricultural and industrial production and human wellbeing in the future [6].
Sustainable Development Goal 6 states that the availability and sustainable management
of water should be ensured for all [10]. However, over 2.5 billion people in the world
have no access to quality drinking water [11]. Many countries in both the developed and
developing world face serious problems in maintaining reliable water supplies [12,13].

Pakistan, once a water-surplus country, now faces serious water deficits [14]. Per
capita water availability in Pakistan has decreased from 5260 m3 in 1951 to 1050 m3 in
2010 [15]. The water shortfall is expected to increase from 11% in 2004 to 31% by 2025,
leading to a food shortage of about 70 million tons per year [16]. Pakistan’s rising water
demands are met by the Indus River System, which supplies 180 billion m3 of water [17].
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Pakistan is abstracting 61 billion m3 (50 million acre-foot; MAF) from the aquifers and
has already crossed the sustainable limit of safe yield [18]. The Indus Basin aquifer is
ranked as the second-most over-stressed ground-water reserve in the world. Over 60%
of irrigation, 90% of urban water supply, and 100% of industry in the country depend on
groundwater [19].

Dependence on groundwater for public and/or private water supply is a rapidly
increasing phenomenon in developing cities [20]. At present, many cities, from across the
EU and USA to Brazil, China, India, Mexico, Nigeria, Pakistan, and Vietnam, exhibit a high
dependence on groundwater for urban water supply [21]. In Pakistan, the water supply
to large metropolitan cities has become a challenge due to increasing water demands [22].
Lahore is the second-largest metropolitan area in Pakistan, with a population of 11.1
million [23]. The rapid increases in population, urbanization, and industrialization in
Lahore have contributed to increasing water demand [24,25]. Lahore abstracts 6.31 million
m3/d of groundwater for urban, industrial, and agricultural water supply [26]. Over-
abstraction, land development, and reduced aquifer recharge have led to substantial
groundwater table drawdown [27,28]. The groundwater table in the central part of the
city has dropped below 40 m, with a current decline rate of 0.9 m per year [29,30]. The
major sources of groundwater recharge for Lahore are rainfall (approximately 40%) and the
Ravi River [24]; however, the river remains dry except during the monsoon season, and the
entire municipal wastewater from Lahore City is discharged into the Ravi River without
any treatment [28].

The Water and Sanitation Agency (WASA) is the city’s official water supply utility,
covering 61.6% of the 11.1 million people in the city. In the WASA service area, 78% of the
homes are connected to a piped water supply [31]. To provide more water to the residents,
WASA has increased the number of tube wells in operation [32]. At present, WASA supplies
water through 598 deep tube wells, installed in various areas of the city [24]. These tube
wells abstract groundwater from a depth of more than 200 m, due to the high concentration
of arsenic found above the depth of 30 m [28]. The falling groundwater table has increased
the pumping costs [33], as pumping groundwater with electricity is about seven times
more energy intensive than surface water abstraction [34]. WASA has kept their tariffs well
below the cost-recovery level, instead relying on heavy loans and subsidies [35]. Depleting
groundwater resources, ever-increasing water demand, and service area expansion pose
serious challenges for WASA [36]. At the same time, WASA is facing financial constraints
due to high energy costs and low water tariff rates, which has resulted in the reduction
of supply hours by the tube wells from 14–18 h per day in 2013 to 10–11 h per day in
2020 [33,37].

This intermittent water supply has given rise to customer complaints due to water
shortages across the city; however, the supply-side solution has become highly unsustain-
able for the aforementioned reasons [38–40]. Alternatively, WASA is considering water
demand management through technical, financial, administrative, and social efforts in
order to meet the needs of the 756,000 customer connections. This necessitates estimating
the actual water consumption and water loss in the distribution networks; however, there
are no accurate data on water supply and consumption in WASA due to a lack of flow
meters installed on the groundwater pumps and customer water meter outages—97.99% of
the customer connections are unmetered. The water consumption of unmetered households
is billed based on the land area of their home. In addition, almost all of the tube wells do
not have bulk flow meters. This makes it difficult to improve water supply efficiency and
to reduce water demand based on actual water supply and consumption data. Therefore,
in this study, we aim to develop a method for estimating the actual water supply and
water consumption based on pump operational data and the limited number of working
water meters at the consumer home, as well as to verify the estimation method using data
obtained in the WASA Lahore service area.
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2. Materials and Methods
2.1. Water Supply in Lahore

Pakistan, officially known as the Islamic Republic of Pakistan, is located in South Asia,
bordering India to the east, Afghanistan to the west, China to the north, and the Arabian
sea to the south. Pakistan has four provinces: Punjab, Sindh, Khyber-Pakhtunkhwa,
and Baluchistan. Lahore is the second-largest city in Pakistan and is the capital of the
Punjab province. Lahore has a semi-arid climate and five seasons, including foggy winter,
pleasant spring, summer, rainy monsoon, and dry autumn. The hottest month is June, with
atmospheric temperature exceeding 45 ◦C [26]. The annual precipitation is 636 mm, with
the highest in July at 166 mm on average. Lahore is covered with surface water bodies,
including the Ravi River to the north-west, the Bambawali–Ravi–Bedian Doab (BRBD) to
the east, and the Lahore Canal in the center of city. The Indus Water Treaty, signed in 1960
with India, stipulates the proprietary rights to use the water from the Ravi River. After the
construction of the Thein dam, the river flow decreased from 5097 m3/s in 1996 to 566 m3/s
in 2013. In addition, wastewater from the city is disposed into the river without treatment,
which has deteriorated the water quality.

The Lahore aquifer is unconfined alluvium with a thickness of about 400 m. Borehole
logs show that the lenses of less-permeable material are neither thick nor continuous, and
hence, the aquifer may be treated as a single unconfined layer. The bedrock in Lahore
exists at 381–388 m depth. Groundwater is used to meet the water needs for residential,
agricultural, and industrial sectors in Lahore. The Water and Sanitation Agency (WASA)
Lahore, working under the Ministry of Housing, Urban Development and the Public
Health Engineering Department (HUD & PHED), was established in 1976 under the Lahore
Development Authority (LDA) act of 1975 and supplies water to about 756,000 households
through 6000 km of the water supply network.

2.2. Study Area

This study focuses on the service areas of WASA Lahore, which are divided into eight
townships: Allama Iqbal Town (AIT), Aziz Bhati Town (ABT), Gulberg Town (GT), Gunj
Bux Town (GBT), Jubilee Town (JT), Nishter Town (NT), Ravi Town (RT), and Shalimar
Town (ST) (Figure 1). However, for database management of customers and billing water
consumption, Gulberg and Jubilee Townships are placed under Gunj Bux and Allama
Iqbal Township, respectively. Hence, six townships—namely, Allama Iqbal Town (AIT),
Aziz Bhati Town (ABT), Gunj Bux Town (GBT), Nishter Town (NT), Ravi Town (RT), and
Shalimar Town (ST)—were selected for this study, in order to estimate water consumption,
production, and losses. For ease of operation, maintenance, and service delivery, each
township is further divided into 4–6 subdivisions. The Tajpura subdivision falling under
the ABT Township was additionally selected for time-series analysis of water consumption,
impacts on water losses, electricity cost, groundwater table, and customer survey.

2.3. Data Collection

In August–September 2021, customer database, water tariff, billed water consumption,
and bill collection data were obtained from the Revenue Directorate of WASA. Data per-
taining to static groundwater levels and electricity costs were obtained from the Hydrology
and Electricity Directorates, respectively. The census data in 2017 from the Pakistan Bureau
of Statistics were used for population estimation.
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Figure 1. Study area: (a) WASA service area in Lahore City; and (b) townships in WASA service area.

2.3.1. Water Consumption

The water consumption data were comprised of a customer account number (Reg-
istration ID), property number, address, tariff, and consumption billed (in gallons). To
protect customer privacy, the data were processed using the account numbers, and only
the aggregate numbers (e.g., totals and averages) are presented in this study. The water
consumption was measured and billed bi-monthly to the customers until June 2019, then
billed monthly afterwards. Hence, the monthly water consumption before June 2019 was
calculated by dividing the bi-monthly water consumption equally. The customers were
segregated, based on the tariff category, into residential (domestic), commercial (e.g., shops
and hotels), charitable (e.g., mosques and churches), and industrial (e.g., small factories)
consumers. The number of customers was counted at end of each month in order to obtain
the number of monthly connections, among which 97.99% were unmetered and 2.01%
were metered. Water bills to unmetered customers were charged as per-consumption slabs
based on the land area of the property. These slabs were revised in July 2018 by adding a
25% increment in consumption to those customers having more than a single-story home
(Table 1). Metered consumption was measured and billed based on the actual reading of
working meters. The billed consumption of both metered and unmetered customers was
summed to obtain the monthly billed consumption. The data on metered customers were
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collected for 11 years (between 2010 and 2020) in Tajpura and for one year (2020) in the six
townships (Table 2).

Table 1. Consumption slabs for unmetered customers before and after 2018.

Consumption Slabs for Unmetered Customers

Land Area (Marla 1)
Consumption (GPM 2)

Before 2018 After 2018

1–3 10,000 12,500
4–5 12,500 15,625
6–7 15,000 18,750

8–10 17,500 21,875
11–15 20,000 25,000
16–20 25,000 31,250
21–40 30,000 37,500
>40 40,000 50,000

Notes: 1 1 Marla ≈ 21 m2. 2 1000 GPM (gallons per month) = 4.6 cubic meters per month.

Table 2. Customer connections, tube wells, and production capacity in the six townships.

Township Unmetered
Connections

Metered
Connections Tube Wells Production

Capacity (m3/s)
Connections per

Tube Well

AIT 122,466 5198 107 9.1 1193

RT 123,149 1439 80 6.9 1557

GBT 118,587 4267 172 14.5 714

ABT
(Tajpura)

110,643
(27,669)

714
(182)

73
(18)

6.1
(1.42)

1525
(1547)

NT 105,834 1347 89 7.0 1204

ST 103,374 1065 77 6.2 1356

Total 684,053 14,030 598 49.8 1258 (average)

2.3.2. Water Production

Water production data could not be obtained, as none of the tube wells were equipped
with a bulk flow meter. Hence, water production was estimated using Equation (1). For
this equation, data on the production capacity (Table 2) and daily supply hours of tube
wells were collected for one year (in 2020) for the six townships. For Tajpura, data on
tube well capacity were collected for 11 years (2010–2020), but supply hour data could
not be obtained. Therefore, electricity consumption (kWh) and electric motor power (kW)
data were obtained for 11 years (2010–2020), which were then used to estimate the pump
operation hours. The supply hours were calculated by dividing the electricity consumption
by the electric motor power.

W p = D × N × h × C, (1)

where
Wp: water production (m3/month);
D: tube well capacity (m3/s);
N: number of days in month;
h: daily supply hours;
C: conversion factor (3600).
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2.3.3. Electricity Consumption

Monthly electricity consumption data were collected for 9 years (2012–2020) for
Tajpura. Lahore Electric Supply Company (LESCO) is an electric distribution company
that supplies electricity to the tube wells. WASA Lahore has also established an Electricity
Directorate for collection and verification of the electricity bills issued by LESCO. The
reference number for each pump was used to determine monthly electricity consumption
(in kilowatt-hours; kWh) and the corresponding cost (in Pakistani rupees; PKR). Monthly
electricity consumption was computed through summation of electricity consumption of
all tube wells in a particular month in order to determine the monthly electricity cost.

2.3.4. Static Groundwater Level

Static groundwater level data in Tajpura were obtained for 9 years (2012–2020) from
the hydrology directorate of WASA. These static groundwater levels were monitored and
recorded during the rest periods of the tube wells. The monthly static groundwater level
was calculated by taking the average of static groundwater levels of 7–9 monitored tube
wells to obtain a single monthly value.

2.3.5. Population

Population census data were obtained from the Pakistan Bureau of Statistics for
different time periods. Since Pakistan’s independence, the population census has been held
in 1951, 1961, 1972, 1981, 1998, and 2017. A growth rate of 3% was noted in the population
between 1998 to 2017. For estimation of population and water demands, two assumptions
were made: (1) A 3% annual population growth in the future; and (2) a household size of
7 people.

2.3.6. Water and Sewer Tariff and Customers Bill

Table 3 shows the water and sewer tariff, which has been applied since 2004. The
sewer tariff has been kept at 70% of the water tariff, and the sanitation fee has been kept
at 30% of the sewer tariff. The tariff is applied according to three consumptions slabs: up
to 5000 gallons per month, from 5001 to 20,000 GPM, and more than 20,000 GPM. For a 3
Marla home, the consumption charge was 10,000 gallons per month before 2018 (Table 1).
The water bill against this consumption is calculated by dividing 10,000 into two slabs. For
the first 5000 gallons, the rate is 24.66 PKR per 1000 gallon and, for the next 5000 gallons,
the rate is 39.93, giving a monthly bill of 343 PKR, which includes a monthly fixed charge
of 20 PKR. To estimate the customer bill per connection, data on billing amounts were also
obtained for the year 2020. The monthly billed amount was segregated with respect to
metered and unmetered domestic (i.e., residential) consumers, which were summed to
obtain the total monthly billed amount. This amount was divided by the respective number
of customer connections in order to obtain the monthly amount per connection.

Table 3. Water and sewer tariff for metered and unmetered customers.

Tariff for Metered and Unmetered Customers
(Since 2004)

Consumption (GPM 1)

Tariff
(PKR 2/1000 Gallons)

Water Sewer Total

Without sanitation fee
Up to 5000 12.88 9.02 21.90

5001 to 20,000 20.86 14.6 35.46
≥20,001 27.3 19.11 46.41
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Table 3. Cont.

Tariff for Metered and Unmetered Customers
(Since 2004)

Consumption (GPM 1)

Tariff
(PKR 2/1000 Gallons)

Water Sewer Total

With 30% sanitation fee included in sewer rate
Up to 5000 12.88 11.78 24.66

5001 to 20,000 20.86 19.07 39.93
≥20,001 27.3 24.96 52.26

Notes: 1 1000 GPM (gallons per month) = 4.6 m3 per month; 2 10 PKR ≈ 0.05128 US$ (as of 18 May 2022).

2.3.7. Customer Satisfaction Survey

A questionnaire survey was conducted in Tajpura in August–September 2021 in order
to assess customer satisfaction regarding the water supply. The purpose of the survey was
explained to the respondents, and their consent was obtained prior to the survey, following
the Research Ethics Guideline of the University of Tokyo. The names of the customers
were withheld to protect their privacy. A total of 294 responses on house size, persons per
house, water source, water availability, supply hours, water quantity, and water quality
were obtained from the consumers.

2.4. Data Analysis

The collected data were analyzed using R v.4.1.3. Water consumption data were
examined to determine the leading consumption category among domestic (residential),
commercial, charitable, and industrial consumers. The domestic category comprised
90–95% of the water consumption and, thus, was considered for further analysis. In the
case of Tajpura, the time-series data of monthly billed and metered consumption were
analyzed to determine consumption per connection, wherein billed consumption included
both metered and unmetered consumption. Water losses were determined with respect to
billed and metered consumption by subtracting them from the water production. The time-
series data on billed consumption per connection, metered consumption per connection,
water production per connection, unit electricity cost, static groundwater level, population,
temperature, and water losses were plotted to investigate trends and variations over time.
Based on the metered consumption per connection, the actual monthly water consumption
for all domestic consumers was estimated for comparison with the monthly billed water
consumption. The variations in billed and metered consumption, production, and water
losses for the six townships were examined and compared in order to investigate the causes
of variations.

The time-series data on electricity, static groundwater levels, population, and tem-
perature were correlated, through regression analysis, with the estimated metered water
consumption to examine their influence on water consumption. The monthly revenue was
analyzed and compared with the monthly cost of electricity. The monthly bills for metered
and unmetered consumers were compared to determine the difference between them.

3. Results
3.1. Water Demand Estimation
3.1.1. Primary Water Category

Figure 2 shows the percentages of the number of connections and water consumption
in each tariff category. The domestic tariff category was the largest category, both in terms
of the number of connections and consumption. The construction category primarily
uses water consumption for construction works; both construction and industrial water
consumption were very low (at 0.01%), as almost all industries in Lahore (comprising
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approximately 2700 registered industries) have their own water sources, of which 75% are
their own tube wells.
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Figure 2. Percentages of connection numbers and water consumption for each tariff category in 2020.

3.1.2. Billed Water Consumption

Figure 3a shows a time-series plot of the monthly billed water consumption per
connection, including both metered and unmetered consumption. The billed consump-
tion per connection increased from a minimum of 43.52 m3/month to a maximum of
71.23 m3/month. The mean billed consumption per connection was 49.46 m3/month from
2010 to 2018 and increased to 61.60 m3/month from 2019–2020, with an overall mean of
51.67 m3/month, as the water consumption slabs were revised in 2018 (Table 1).

Figure 3b shows the billed consumption per connection for the six townships. The aver-
age consumption per connection was almost the same among these townships; the highest
was in AIT at 74.21 m3/month, followed by 72.69 m3/month in GBT, 70.10 m3/month in
NT, 69.85 m3/month in ST, 69.81 m3/month in RT, and 68.60 m3/month in ABT. The small
variation in consumption can be attributed primarily to the similar sizes of homes.
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3.1.3. Metered Water Consumption

In Tajpura, the number of domestic connections increased from 13,417 to 27,851 over
the 11 years from 2010 to 2020 (Figure A1). During this period, the connections with
working meters remained between 182 and 186. Figure 4a shows the time-series plot of
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monthly consumption per connection. The metered consumption per connection slightly
increased in 2012, but remained almost stable afterwards, while seasonal variations were
observed. The minimum and maximum values of metered consumption per connection
were 34.80 and 53.36 m3/month, respectively, with an overall average of 44.02 m3/month.

To examine the cause of variations in metered water consumption, the impact of
temperature was analyzed (Figure A2). The average monthly temperature was low in
January but high in May–August. The seasonal variations in water consumption were
correlated with the temperature variation, as shown for 2019 and 2020, as monthly water
metering commenced in July 2019 (Section 2.3.1).

Figure 4b shows the metered consumption per connection for each township. The
difference in metered water consumption among the townships were greater than that in the
billed (i.e., metered plus unmetered) water consumption (Figure 3b). The average metered
consumption per connection in AIT was the highest, at 51.19 m3/month, followed by
49.35 m3/month in NT, 43.75 m3/month in GBT, 42.48 m3/month in ABT, 39.20 m3/month
in RT, and 37.95 m3/month in ST (the minimum). Figure 4c depicts the linear correlation
between service population and metered consumption in Tajpura (p < 0.01; R2 = 0.94).
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3.1.4. Water Production

Based on the electricity consumption in Tajpura, the average operation time of tube
wells was estimated to be 10.47 h a day in 2010–2020. The water production per connection
decreased rapidly, from 96.5 m3/month to 53.5 m3/month, in 2012–2013, then followed
a slowly decreasing trend with some variations (Figure 5a). In other words, the water
production per connection decreased in accordance with the increasing number of cus-
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tomers (Figure A1). The average water production per connection in 2012 was estimated
to be 85.92 m3/month, which decreased to 53.53 m3/month in 2020, with some variations
between these years. These variations can best be understood in terms of factors such as
the number of tube wells, supply hours, and cost of electricity. The decrease in production
from 2012–13 was due to the increasing number of connections at the same time. In 2014,
there were 16 tube wells operating at a unit cost of 0.065 US$/kWh, whereas in 2015, 15
tube wells operated at 0.080 US$/kWh. Due to increased electricity costs and reduced
number of tube wells, the water production dropped in 2015.

The water production per connection was also calculated for each township (Figure 5b).
The average production per connection was the highest in GBT, at 142.94 m3/month,
followed by 85.99 m3/month in AIT, 79.03 m3/month in NT, 72.21 m3/month in ST,
67.39 m3/month in RT, and 66.34 m3/month in ABT. The possible cause for the highest
productivity in GBT was the highest number of tube wells (172) with actual discharge
capacity of 14.5 m3/s to supply water to 122,854 customer connections (Table 2). In the
case of ABT, there were 73 tube wells with an actual discharge capacity of 6.1 m3/s to
supply water to 111,357 customer connections. On the other hand, there were 89 tube wells
in NT with an actual discharge capacity of 7.0 m3/s to supply water to 107,181 customer
connections, less than the number of customers in ABT.

Figure 5c shows the monthly variations in water production, billed consumption, and
metered consumption of WASA Lahore, calculated using the data for the six townships. The
average water production, billed consumption, and metered consumptions per connection
were 79.8 m3/month, 71.6 m3/month, and 44.02 m3/month, respectively, for WASA Lahore.
It is evident that the water production and billed consumption were much higher than the
metered consumption.
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3.1.5. Non-Revenue Water (NRW) and Water Loss in Tajpura

Figure 6a shows NRW and water losses in Tajpura, calculated based on the billed
consumption and metered consumption, respectively. NRW and physical water loss were
synchronized from 2012 to 2018 but decoupled afterwards. The water loss, calculated by
metered consumption, dropped from 58.0% in 2012 to 22.4% in 2020, with an average of
25.7% between 2012 and 2018. On the other hand, NRW decreased to negative values since
mid-2018, due to an increase in consumption slabs (Table 2). Meanwhile, many steps have
been taken in recent years to control water losses through improvement of the water supply
infrastructure under development packages including the Sustainable Development Goals
(SDGs), Institute of Public Opinion and Research (IPOR), and the Annual Development
Program (ADP) of the Government. Under these developments, water supply pipes have
been switched from Asbestos Cement (AC) pipes to High-Density Polyethylene (HDPE)
pipes. In addition, a comprehensive campaign named “One-Street One-Line” has been
launched, the idea of which is to make only one line per street operational and to disconnect
other old and/or additional pipes.

Figure 6b shows the NRWs and water losses for the six townships. The highest average
NRW was found in GBT, at 48.8%, followed by 13.5% in AIT, 11.2% in NT, 3.0% in ST, −3.1%
in ABT, and −3.6% in RT, with an overall average NRW of 12%. The highest average water
losses were found in GBT, at 69.4%, followed by 47.4% in ST, 41.8% in RT, 40.4% in AIT,
37.5% in NT, and 35.9% in ABT, with an overall average of 45.4%. Although it is reported
that the water loss estimation has a high variability depending on the method used [41],
the method employed in this study is highly accurate as it is shown in the small variability
of NRW or water loss in each township (Figure 6b). The actual water losses estimated
from metered consumption were significantly higher than the NRWs, as the NRWs were
calculated using the billed volume of water consumption, of which 97.99% are based on
the water consumption slabs (Table 1).

Figure 6c shows the linear correlation between metered water consumption per con-
nection (Figure 4b) and water losses (p < 0.01). It is important that the percent water loss
decreases with increasing water consumption; in other words, increasing water demand
could be met partially by reducing water losses. As water production equals water con-
sumption plus water losses, water loss reduction is important to meet the increasing water
demands without significantly increasing water production.
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Figure 6. Water losses: (a) time-series of NRW and water loss in Tajpura; (b) NRW and water loss
estimated by billed and metered consumption for the six townships in 2020; and (c) correlation
between water losses and metered consumption per connection in the six townships.

3.1.6. Water Demand

The average metered consumption per connection (Figure 5c) for WASA Lahore was
44.02 m3/connection per month. The estimated per capita water consumption, assuming 7
persons per connection, is 200 L per capita per day (LPCD). According to the 2017 Census,
WASA covered only 61.6% of the total area of Lahore City (Figure 7a). In December 2021,
8.02 million people were living within the WASA service area, of which 5.29 million (66.0%)
were connected to the piped water supply, whereas the remaining 2.73 million (34.0%) had
no access to the piped water supply by WASA. Assuming an annual population growth
rate of 3%, the future water demand was estimated by multiplication of the per capita
water consumption with the projected population (Figure 7b). According to this figure, the
total water demand will increase from 1.71 million m3/day in 2022 to 2.93 million m3/day
in 2040; however, if average water losses (Figure 6b) of about 45.4% are added to the water
demand, then WASA will need to produce approximately 4.25 million m3/day of water by
2040.
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3.2. Factors Influencing Water Demand
3.2.1. Static Groundwater Level

Figure 8 shows the time-series (blue line) and the trend line (red line) of static ground-
water levels in Tajpura. The fluctuations in static groundwater levels represent the discharge
and recharge of groundwater. According to the trend line, the static groundwater level
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in 2012 was 36.86 m below the ground level, which dropped to 39.97 m in 2020. In other
words, the drawdown in groundwater level was 3.11 m over the nine years, at an average
rate of 0.35 m/ year. It should be noted that Tajpura is located at the periphery of Lahore
(Figure 1b) and is a subdivision of the ABT Township, where 73 tube wells were installed
with a discharge capacity of 6.1 m3/s.
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3.2.2. Electricity Consumption and Cost

Deep aquifer tapping is associated with increased consumption and electricity costs
(Figure 9a). In 2012, the average unit cost of electricity was 0.062 US$ (11.91 PKR), which
increased by 110.7% to 0.130 US$ (25.1 PKR) in 2020 over 9 years. Other than the increase
in electricity tariff, the monthly variations in unit cost were due to fuel price adjustments.
From 2012 to 2018, the scarp/agricultural tariff (D-1) category, applicable to reclamation
and drainage operation pumping under SCARP (salinity control and reclamation program),
was applied to tube wells, with the average cost of electricity during this period being
0.069 US$ (13.5 PKR). After 2018, the electricity tariff was revised to general services tariff
(A-3), applicable to water supply schemes including water pumps and tube wells other
than those for irrigation or reclamation of agricultural land, under which the average unit
cost increased to 0.120 US$ (23.61 PKR) in 2019 and 0.130 US$ (25.1 PKR) in 2020.
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Figure 9b shows the monthly revenue and expenditure on electricity in Tajpura. The
average monthly revenue in 2020 was 85,700 US$ (16.71 million PKR), whereas the av-
erage monthly expenditure on electricity was 53,070 US$ (10.35 million PKR). The cost
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of electricity accounted for 62.1% of the total revenue collected in Tajpura in 2020. This
electricity expenditure was used for operating the water supply tube wells, not for drainage
or waste disposal stations. In 2020, the estimated water production, based on electricity
consumption, was 17.73 million m3 and the expenditure on electricity was 0.64 million
US$ (124.19 million PKR); thus, the unit electricity cost for the production of water was
0.0361 US$/m3.

3.2.3. Customer Bills

Figure 10 shows a comparison of monthly customer bills for metered and unmetered
connections in Tajpura for 2020. The metered bills showed a clear increase in the summer
months between June and September, which was not evident for the unmetered bills.
The average monthly bill per metered connection was 1.81 US$ (352 PKR), whereas the
average monthly bill per unmetered connection was 2.55 US$ (498 PKR); therefore, the
monthly bill for unmetered customers was about 42.5% higher than that for metered
customers. It is reported that unmetered households consume 30 LPCD more water than
metered consumers; thus, water metering can reduce water consumption by about 15% [42].
However, it is also reported that price elasticity of water consumption decreases under
water-scarce conditions [43,44].
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3.3. Customer Satisfaction Survey

Table 4 shows that 74.9% of the homes of customers were 21–105 m2 (1–5 Marla) in
size, while 24.8% were 105–210 m2 (5–10 Marla). Only 1.02% of the connections in these
houses were metered, and the rest were unmetered. As for the drinking water sources, only
10.5% of the customers used piped water for drinking, whereas 80.95% fetched water from
filtration plants set up for arsenic removal, and 8.16% of the consumers drank bottled water.
The water from filtration plants is free of charge, but bottled water costs were 0.52–5.18 US$
per month (7.5% of the consumers) or more than 5.18 US$ (5.8%). Concerning water quality,
4.8% of the consumers reported the piped water quality as good, 78.9% as acceptable,
and 16.3% as bad. A similar response was obtained for the quantity of water supplied.
Customers had concerns over the duration of piped water supply, as 92.9% of the customers
reported that the water supply hours were only 3–9 h/day, while 5.4% reported that water
was available for only 3 h/day. All of the consumers reported water shortages and low
pressure and, thus, they had to use booster pumps to lift water from street level to roof-top
tanks with storage capacities of 0.45–3.4 m3 (100–750 gallons).



Water 2022, 14, 2197 15 of 20

Table 4. Summary of customer survey in August–September 2021 (n = 294).

Description Responses

House size (m2) 62–420 (3–20 Marla)

Connection type (metered/un-metered) 1.02%/98.98%

Drinking water source Piped water, filter water (treated water),
bottled water

Monthly expenditure for drinking water:
treated water/bottled water US$ (PKR) Free/0.52 (100) to more than 5.18 (1000)

Water quality (good/acceptable/bad) 4.8%/78.9%/16.3%

Water quantity
(sufficient/reasonable/insufficient) 4.8%/78.9%/16.3%

Supply hours (h) 3–12

Water shortage (yes/no) 294/0

Water storage (yes/no) 294/0

Storage volume (m3) 0.45–4.54

Booster pump installation (yes/no) 294/0

4. Discussion
4.1. Estimation of Water Demand, Water Production, and Water Loss

There were a few factors influencing the accuracy of the estimated water consumption
using limited numbers of metered water consumption. First, the number of working
water meters was small (about 14,030), comprising only 2.01% of the total connections.
In addition, those connections with working water meters were not randomly selected
and, thus, there could be deviations from the actual distribution of water consumption
in the whole system. In addition, a meter inaccuracy of 2–5% is unavoidable, similar to
other water supply [45]. As there were no bulk flowmeters attached to the groundwater
pumps, groundwater abstraction was estimated by multiplying the pump capacity by
operating hours per day, which was estimated from the electricity bills. As the dates of
electricity consumption measurement for billing were not exactly fixed to the first day of
the month, the actual electricity consumption for each month might be slightly different
from that given by the electricity bills, although the monthly variations could be averaged
by taking longer periods to estimate electricity consumption. Furthermore, the amounts of
groundwater abstracted by pumps might be different from those of the pump capacity, due
to gradual lowering of the groundwater table.

Nevertheless, this study made it possible to estimate the actual amounts of physical
loss in the service area of WASA Lahore, where no bulk flowmeters are attached to the
groundwater pumps and only 2.01% of the customer meters are working. Although the
estimated water loss inherently includes the abovementioned errors, the estimated water
losses were very high, at 35.9–69.4%, with an overall average of 45.4%. Reducing water
loss should, therefore, be prioritized in order to meet the increasing water demand and
electricity costs, as well as to cope with groundwater depletion (Figure 8).

4.2. Factors Influencing Water Demand

The service population in Tajpura increased by 52%, from 128,632 in 2012 to 194,957 in
2020, while the per connection and per capita water consumption remained almost steady,
at 44.02 m3/connection/month and 200 LPCD, respectively. (Figure 4a). This means that
the short supply hours of 3–12 h (Table 4) did not cause a significant reduction in the water
demand, as the consumers developed coping strategies to obtain enough water, such as
installing storage tanks. The water tariff has been fixed at low levels since 2004, such that it
is not likely that water demand will decrease. Therefore, although it is reported that water
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prices are an effective tool in water demand management [46], they cannot be applied in
Lahore because of the large numbers of unmetered connections.

However, due to the high water demand and high levels of water loss, the supply
volume is high, which has caused drawdown of the static groundwater level by 0.35 m per
year (Figure 8). More seriously, the over-abstraction of groundwater has led to increased
contamination of the aquifer, with a higher-than-acceptable concentration of arsenic and a
looming threat of saline water intrusion from Raiwind area towards the fresh groundwater
in Lahore [47]. The Pakistan Council of Research in Water Resources (PCRWR) conducted
a study to assess arsenic in Lahore City in 2009 and found that most groundwater samples
had a concentration higher than 50 µg/L [48]. In addition, the cost of electricity to produce
water has increased by 110.9% (Figure 9). In 2020, the expenditure on electricity was 62.1%
of the revenue collected. The collected revenue is expected to shrink by 42.5% (Figure 10) if
unmetered connections are replaced with 100% metering.

4.3. Customer Perception of Water Supply Service

The average per capita water consumption was found to be 200 LPCD, higher
than the per capita water consumption in many cities in the developing and developed
world [49]. Nevertheless, all of the consumers reported water shortages (Table 4),
possibly due to the short supply hours, not the amount of water they consume. To reduce
expenditure on electricity, WASA has reduced the pump operating hours, which has led
to short supply hours for the consumers. Due to the intermittent water supply, many
homes have installed water tanks to store water for their needs. Thus, once the water is
delivered, many people withdraw water from the distribution pipes to fill their storage
tanks, leading to water pressure lowering in the network. In addition, the supply hours
and water quality vary under the intermittent operations [50]. These problems arising
from the intermittent water supply might be the cause of the water shortage complaints
of the consumers.

5. Conclusions

Due to broken or non-existent water meters, the number of metered consumers is
very small among all consumers in many cities in developing countries. To overcome the
difficulties in estimating water production and water consumption in such cities, in this
study, we estimated the water consumption for the whole service area of WASA Lahore
using the small number of metered consumers (14,030 consumer meters) and electricity
bills for pump operation. Water production was also estimated, using pump capacity and
electricity consumption data. As a result, we found that the actual water consumption
was significantly less than the billed water consumption since the increase in the water
consumption slab in 2018, and the water loss was estimated to be 45.4% on average. Water
loss decreased as water consumption increased, possibly due to the lowering of water
pressure.

To cope with the increasing electricity costs (62.1% of the income in 2020), WASA
Lahore has reduced the operational hours of groundwater pumps and the water supply
hours (3–12 h in 2021). Subsequently, all consumers complained of low pressure and
short supply hours. Based on these results, it is recommended that further efforts be
made to reduce water losses, which will make it possible to deliver more water to the
consumers and save electricity consumption. Despite the intermittent water supply,
water consumption per capita is high, at 200 LPCD. Therefore, demand management,
including water-saving, might also be instrumental in sustainable management of the
water supply system.
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The methods and results presented in this paper might be useful for other cities where
the number of working water meters is very limited and where bulk flow meters are not
installed in the network. The future perspective of this study is to improve the estimation
accuracy based on a higher numbers of customer meters and installation of the bulk flow
meters, which requires regular maintenance and replacement of customer and bulk flow
meters.
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