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Abstract: Achieving affordable and equitable access to water for all remains a challenge worldwide.
In areas suffering from chronic water shortages, communities pay high costs for alternative informal
water sources (such as tanker trucks, bottled water, and wells) to meet their daily water needs.
This study examines water costs of informal sources and overall affordability disparities for two
communities of different socioeconomic status in Beirut, Lebanon. Water is often unaffordable for
both of these communities. Overall, 6% of household income is spent on purchasing water (compared
to an average global percentages of 3% to 5%). There are also significant disparities between the
communities: lower income residents pay 2.2 times more of their income to secure water, and more
than half of these residents (55% of households) spend more than 5% of their income on water. To
overcome water shortages, these residents turn to informal water sources, but at significant additional
cost. These costs and impacts on lower income residents are high and inequitable. We propose
strategies to address cost, quality and quantity issues for informal sources.

Keywords: informal water systems; affordability; disparities; Lebanon

1. Introduction

The affordability of water supply systems has been an issue for communities and water
managers for centuries. Different affordability frameworks have evolved to assess water
quality, availability, and overall equity of water systems using components of volume, cost,
household expenditure, and household income. Most affordability frameworks neglect
the additional costs of informal water sources and how communities with varying socio-
economic resources cope with these additional costs. This section highlights emerging
notions of water affordability and identifies some major gaps in existing frameworks that
neglect alternative informal sources.

Affordability frameworks generally look at the cost of accessing water sources relative
to households’ economic resources or total expenditures [1-3] (p. 19). These ratios are then
compared to a threshold to estimate the relative affordability of water in relation to income
or wealth [4].

An early and well-documented use of the term “water affordability”, is found in
the 2002 United Nations” General Comment No. 15 on the right to water [5]. While this
document helped to catalyze discussion on this topic, it ultimately lacked a clear method
to calculate water affordability. Ten years later, the United Nations’ Sustainable Devel-
opment Goal (SDG) #6 established the Joint Monitoring Programme (JMP) to measure
access and coverage of rates of “improved” drinking water (i.e., households with physical
connection to a water system [6,7]) without considering the quality, availability, and afford-
ability of water supply [6,8,9]. Various affordability frameworks have emerged to include
components of water volume, cost, income, and thresholds. Each of these components is
introduced below.
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To measure water consumption in households, studies have looked at average house-
hold water consumption [2,10,11], basic household water needs [12-14], or general house-
hold water activity needs [15,16]. Average water consumption might include higher water
consumption for amenities (such as irrigation and swimming pools) or under-consumption
by “water-poor” households [11,13,14,17] (p. 13). There is no consensus on basic need
volumes, which can range from 15 to 100 L per person per day [17] (p. 13), [18-20].

To measure water costs, affordability frameworks typically consider water bills from
formal sources only [2,12,14,21]. However, communities that suffer from unsafe, unreliable,
and/or polluted water [6,16] must rely on alternative sources. As such, many frameworks
have attempted to account for the cost of multiple alternative water sources and the coping
behavior of residents (e.g., the social and labor costs associated with collecting, treating,
and storing water). While some studies have considered the financial costs of a range of
alternative water sources [16,17], others have focused on bottled water specifically [22-24].
In terms of coping behavior, several studies have looked at the time needed for women
and other household members to acquire water [15,25-27].

From the scholars that have looked at alternative water sources, some have specifically
looked at the socio-economic implications of informal water sources. Informality can refer
to economic activities that fall outside the direct functioning of the state [28]. However,
more recent definitions highlight how informal systems are complex and often intertwine
with formal systems and can have ever-shifting characteristics [29-35]. Typical water afford-
ability studies that consider alternative informal water sources tend to focus on people’s
access to bottled potable water only [22-24]. Some studies show the psychological and
physical impact of water shortages on lower income areas by focusing on psychological
indicators (e.g., worries of water security), physical health, nutrition, livelihoods, house-
hold economy and agriculture [34-37]. Few studies analyze simultaneous affordability
disparities of informal water sources across different income groups.

Affordability frameworks can be divided into income-based measures and expenditure-
based measures. The former methods compare water expenditures relative to household
income and the latter methods compare water expenditures to total household expendi-
ture [1,2]. While household income data is generally easier to collect, it may obscure the
real impact of water expenditures by overestimating or underestimating income availabil-
ity [2,3,11,13,38]. Within income-based methods, income has been measured in different
ways. Studies have compared income groups by looking at differences in water expen-
diture [15,16,25], median incomes [22], or average incomes [24]. Some studies consider
the median income of different racial and ethnic groups [2]. Other studies focus solely on
lower income communities [23,39]. Finally, additional research has specifically investigated
disposable income available for water [1], [17] (p. 13), [20].

Once affordability ratios between water costs and household income (or expenditure)
are computed (which might include monetizing household time costs for water acquisition
and use), their results are compared to a threshold that classifies whether the household is
considered to have affordable water or not. There is not yet a consensus on affordability
thresholds, which range from 1.4% to 10%, usually between 3% and 5% [4,40].

The affordability frameworks reviewed above can be divided in two categories: those
that evaluate the cost and affordability of accessing multiple water sources and activities,
and others that capture water affordability of different income groups by focusing on
lower-income communities. In this article, we focus on alternative informal water sources
that residents rely on in response to water shortages and inadequacies in the formal (piped)
water supply. Informal water sources include bottles, tanker trucks, and wells.

This study seeks to answer the following research question: how does accessing
multiple (formal and informal) water sources affect water affordability for communities
of differing socioeconomic status? To answer the research question and fill gaps in the
literature, the study combines both frameworks mentioned above. We assess the water
affordability of Lebanese households by comparing costs of formal and informal water
sources with median income levels for two communities (high and low-income). We also
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develop a detailed per household income analysis. Our focus on affordability disparities of
informal water sources for different income groups allows us to address knowledge gaps
in the field of informality.

The study accounts for water demand volumes, including temporal and seasonal
variations. It calculates the financial cost as well as the coping costs for each water source
by identifying total water use, temporal delivery of sources (i.e., frequency of delivery),
and water cost by source. The combination of these data shows the total cost of water
services for households in two Lebanese communities of different socio-economic levels.
To measure levels of water affordability for both communities, the cost-to-income ratios
are compared to income-based affordability thresholds of 3%, 5% and 10%. The results
highlight informal water cost implications, affordability ratios of both income groups, and
overall affordability disparities. This approach shows refined affordability levels of the
total sample population and affordability disparities among different income groups and
helps support water policy recommendations on water reliability, affordability and quality.

2. Materials and Methods
2.1. Case Study Area

This study evaluates water affordability for two communities in Beirut, Lebanon with
different incomes. We sought adjacent communities with different socio-economic and
sectarian characteristics. The selected communities in Beirut: Aicha Bakkar (lower income)
and Verdun (higher income), are shown in Figure 1. Census data do not exist in Lebanon,
so the selection of the income groups was based on the researcher’s local knowledge of the
urban neighborhoods, cross-validated by local academicians and urban planners (such as
the Urban Lab at American University of Beirut).

BEYROUTH /

| \ / ‘ Legend

&S i Aicha Bakkar — Lower income
Verdun — Higher income

® Interviewed Households
Figure 1. Location of two income communities. Source: first author.

The two selected communities are physically adjacent; however, they have different
urban typologies and socio-economic levels [41]. Based on the surveyed buildings, Aicha
Bakkar has shorter buildings, with 70% of buildings’ height between 21 to 40 m high
and an average buildings’ footprint of 220 m?. Verdun has taller buildings, with 70% of
buildings” height between 31 and 50 m and an average buildings’ footprint of 320 m?.
These differences are linked to the development period of each area. Aicha Bakkar’s urban
development, that started in the 1920s, was unplanned and evolved organically leading to
a dense physical form with smaller building footprints and streets. In contrast, Verdun’s
development started 40 years later in the 1960s. The later development is related to a
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landownership dispute, of four main land parcels, which halted any land selling. Once
the lands were foreclosed by the court, the municipality was able to subdivide the lands
following a grid-like typology which led to today’s large homogenous-shaped lots and
large buildings footprints [41]. This late development encouraged larger construction
firms to develop the area, which allowed wealthier families to settle in. Both areas have
socio-economic and sectarian differences. While the majority of residents in both areas
share a similar religious background of Sunni Muslim, Aicha Bakkar is predominantly a
low-middle income Lebanese Sunni Muslim community while Verdun is an upper income
relatively mixed community of Lebanese and Syrian Sunni Muslims [41]. Despite these
social and economic differences, being located adjacent to each other, the communities
share a similar quality of access to piped water infrastructure.

Beirut receives water from two main sources, shown on Figure 2. The largest source is
a northern water treatment plant in Dbayeh, which supplies about 80% of the city’s piped
water. Another source is groundwater wells in the south in Naameh area. Water from
these locations is usually pumped to reservoirs in Beirut for storage before delivery. The
reservoirs cannot supply water on a consistent daily or weekly basis, so they release water
to different water distribution areas (“zones”) every 48 h. The selected communities are in
the same water distribution zone, so they have the same intermittent piped water delivery
schedule. On average, residents receive water for a continuous period of about 3 h per day
in summer and around 7 h per day in winter.

Dbayeh /

Beirut

Pumping Stations
{ . : X Wells

Springs

Case Study Area

N ~—p  Pumped Water
Ll 5l
Hay N b b o —» By Gravity
Kassiral Naameh |-
: —
Not to Scale Daouret-€l m = ®  Truck Tanker Locations

Figure 2. Schematic water distribution system in Beirut, Lebanon. Source: first author.

To cope with the intermittence of the piped infrastructure, residents leverage various
solutions at the building and household scales. Figure 3 shows typical paths for different
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water sources. Residents mostly rely on bottled water for drinking (and sometimes for
cooking) because of mistrust in the quality of delivered water [6,42]. Bottled water is
typically delivered directly to households. For ‘non-potable” water use (i.e., shower, toilets,
cleaning), it is common to maintain on-site storage in underground and roof reservoirs to
capture intermittent piped water. The formal piped water is first collected in underground
tanks, which are usually large reservoirs shared by residents of a building. Once the large
reservoir is full, the water is pumped to smaller, individual roof reservoirs assigned to
each apartment or household. As both underground and roof reservoirs are completely
consumed before additional piped water becomes available, buildings and households seek
other water sources, either pumping water from private wells (sometimes with additional
treatment, such as reverse osmosis) or buying water from water tanker trucks.

Building Level Regional Level

Roof Reservoirs

juidwing [euadyu]

S~

Underground

RO 3
Reservoir

N

_—

Legend

Formal Source <€ -~

Figure 3. Water supply at different scales: building and household scales. Source: first author.

2.2. Data Collection

Data on household water consumption were collected by in-person household inter-
views in Aicha Bakkar and Verdun over two months from October and November 2019 by
the first author. Interviewees were recruited with a convenience sampling process. This
was based on interviewees’ ease of accessibility, willingness to participate, and geographic
location in the two communities [43]. The sampling process started with one main contact
in each community. At the end of each interview, the interviewees would share the con-
tact information of their friends in the same community, including their neighbors. The
researcher would then contact by phone the new list of names to make appointments. The
process was repeated until a sample size of about 50 households in each community was
reached (52 in Aicha Bakkar and 53 in Verdun). The sample size was based on similar
studies in the field of water insecurity and informal water systems [24,37,44] and meets the
minimum standards for statistical analyses given the political and financial constraints in
the region [24]. The interviews were conducted in multiple languages: the questions were
asked mainly in Arabic and when necessary (especially when using some technical terms),
the interviewer asked the questions in French and/or English. Answers were collected
using the Survey123 phone application from ESRI ArcGIS. The interviews followed an
interview guide of topic areas including urban typology (location and age of building,
number of floors, and number of apartments), socio-economic details (occupation, age,
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and educational level of household owners), cost, volume and temporal delivery of wa-
ter deliveries for formal piped infrastructure, tanker trucks, bottled water, groundwater
pumping, and the scale of deliveries (water delivered buildings or single households), and
seasonal variation.

2.3. Data Analysis

Analysis starts with household income levels. It then identifies volume and cost of
each water source (piped infrastructure, bottled water, domestic wells, and internal water
pumping). Total delivered volumes and costs per sources are mainly based on interview
answers. The cost rates are all converted from Lebanese Lira (LBP) to dollars (USD) (during
the time of analysis the rate of 1 USD was equal to 1500 LBP). For each source, the unit
of analysis is liter per person per day (I/person/day) and dollar per person per year
(USD/person/day). Affordability ratios are then calculated by dividing income levels by
total water costs.

2.3.1. Income Levels

Income estimates are based on household surveys due to the absence of census data
on income. Survey answers indicate occupation, age, and level of education of the intervie-
wees. Based on these data, we first estimate years of experience per occupation and then
estimate income levels using two databases that show income level per occupation per
years of experience. The first database gathers income data per occupation and per years
of experience for 11 sectors: advertising, banking, construction, fast moving consumer
goods, hotel, insurance, IT, manufacturing, restaurant, retail, and the travel and tourism
sector [45]. The second database shows lump sum Lebanese salaries by career and field [46].
Both sources complement each other. The first has a more refined division of income, for
each sector, as it shows the different salaries of multiple positions per years of experience.
However, it does not cover a wide range of sectors. The second database covers more
sectors without detailing income levels. Using both databases we identify 22 occupation
categories and estimate their corresponding incomes. This combination of methods allowed
a better estimate of household income.

2.3.2. Cost and Volume per Source

Piped infrastructure water cost is based on the official subscription fees. Lebanese
households pay a flat rate of 200 USD per year for one cubic meter (m?) per day. Since
piped infrastructure supply is not metered, estimated final delivered volumes are based
on initial average supply values from the water utility. The volumes are then adjusted
based on leakage percentages and estimations of reductions in summer supply (a result
of higher intermittence and lower flow). Unit conversion calculations provide total liters
of piped infrastructure per person per year. Initial average supply by the water utility is
180 L/person/day [47]. We account for water losses of up to 45% in the regional distribution
due to leakages [48-50]. Meanwhile, Beirut experiences significant seasonal fluctuations in
water availability and use. Based on household interviews, 50% of the sample population
experienced lower flows from August until November. Thus, the dry period is considered
to be four months, and the wet period to be eight months. It is estimated that water
production drops in dry months by approximately 40% [50].

Bottled water cost and volume measurements are based on household surveys, which
provide the number, cost, and volume of bottled water purchased per household per week.
Unit conversion calculations (from household per week to person per day) provide total
liters and dollars of bottled water per person per day.

Water tanker cost and volume were also based on household surveys which provide
the quantity, cost, and volume of water tanker deliveries purchased per household (or
building) per week. Unit conversion calculations allowed estimation of the cost and volume
of water delivered by tankers to households (or buildings) per week and to total liters and
dollars per person per day.
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The volume delivered from domestic wells is calculated by multiplying total hours of
operation of pumps per day by pump flow rates. Unit conversion calculations provide total
liters pumped per person per year. The total hours of operation of pumps are estimated from
interviews. Not all interviewees reported using their wells (32 of the 105 interviews reported
pumping water from their wells). Those who did use a well, pumped for approximately
5 min per day at an average flow rate of about 18 L/min. Thus, the volume of water
consumed from domestic wells in terms of liters per person per year (Q) is computed by
averaging all flow rates of households based on Equation (1):

Q=p (6116 10> w)/h d, 1)

where:

p = power (kW), 0.7457 kW. The typical household pump sizes are around 1 horsepower
(HP), based on the water utility [50].

6116 x 10® = constant for conversion.

u = pump efficiency (0.70).

h = differential head, depth of the wells (m). Intake depth is usually less than the well
depth. However, since intake depth was not available, it was assumed that the pumps
are at the ground level and residents pump water from the bottom of the pumps which
was considered as the pumping height. The interviewees provided the depth of the well,
however for the missing depths an average of 70 m was taken into account, based on the
average well depth from the interviews.

d = density (1000 kg/m3).

The cost of domestic wells (C) is based on the cost of drilling, pumping, and treatment.
Drilling cost is based on the Lebanese market drilling rate (100 USD per meter of depth)
and on the assumption that wells have a lifespan of 25 years. Unit conversion calculations
provide total drilling cost per person per day. Pumping cost is based on multiplying the
pumping costs with pumping operation hours (obtained from household survey answer)
as per Equation (2) below. Treatment costs are based on reverse osmosis (RO) unit costs,
estimated by summing initial investment costs, monthly maintenance costs, and pumping
costs which were provided by the household survey answers.

C=Qpghc/(3.6 x 10° up ttm), ©)

where:

Q = volume flow (m3 /h) =1.284 m3/h.

p = density (1000 kg/m?).

g = acceleration of gravity (9.81 m/s?).

h = differential head, depth of the wells (m). As noted above, pumping height was based
on the well depth since depth intake data was not available.

¢ = cost in kW per minute (USD/kW). It was based on the Lebanese cost of kW of
0.0958 USD/kW /min.

3.6 x 10° = constant for conversion.

Up = pump efficiency = 0.7.

Wm= motor efficiency =0.7.

The total cost and volume of internal pumped water are calculated by multiplying
total hours of operation of pumps by the pump flow rate. Unit conversion calculations
provide total volume pumped per person per year. The hours of pump operation are based
on interviews, which indicate that on average a building pumps water internally for about
20 h per week. Average flow rate from lower to upper reservoirs, which pumps a mixture
of three sources (formal piped infrastructure, tanker trucks, and wells illustrated in Figure 1
was estimated to be 8 m3/h. Similar to domestic well volumes, internal pumped volumes
are computed by averaging all flow rates of households based on Equation (1), with a
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differential head (h) based on building heights (pumping water from ground level to roof
reservoirs) of about 32 m compared to well depths of about 70 m.

2.3.3. Affordability

To assess water affordability, water sourcing costs are compared to median income in
different ways. First, we analyze the overall affordability ratio for the entire population
by comparing total water costs to median income of the total sample population across
both communities. We then analyze each community’s affordability ratios by comparing
average water costs with average median income per community. Finally, we analyze
per household affordability ratios by comparing water costs and median income for each
household. To validate our results, we develop an affordability sensitivity analysis.

3. Results

The results start with establishing income distributions for both communities fol-
lowed by estimations of the volumes consumed and costs of all water sources. Then,
water affordability thresholds are explored for both communities, accompanied by a sen-
sitivity analysis. Finally, disparities in income between communities and their statistical
significance are presented.

3.1. Income Distribution of Both Communities

Average monthly income for the entire sample population is around 2792 USD. For
Aicha Bakkar community, 60% of salaries are 1000-2000 USD/month, and for Verdun
community, 64% of salaries are at or above 4000-5000 USD/month (Figure 4). Median
monthly income for households in Aicha Bakkar is about 1400 USD, and for households
in Verdun, about 4700 USD. These income levels are similar to those found in databases
on Lebanese household income levels [45,46,51]. However, these differences appear to
increase at the highest and lowest values. Based on Lebanese incomes databases, lowest
income values can reach 355 USD/month [45,46,51], which is one quarter of the average
of the lower income community of this study. This income is lower than the Lebanese
minimum wage of about 450 USD/month [52]. The highest income values can reach
11,600 USD/month [45,46,51], around 2.5 times more than the average of the higher income
community of this study. Income differences of lowest and highest values show that Aicha
Bakkar is a lower income community, but does not fall into extreme poverty. Meanwhile,
Verdun is a higher income community, but not extremely affluent relative to the country
as a whole. These differences are also reflected in the sensitivity analysis of the water
affordability estimates.

Household monthly income distribution by community

Count
&

5
0-.'- [ |

[$0-1]  [$1-$2] [$2-$3] [$3-$4] [$4-85] [$5-$6] [$6-87] [$7-$8] [$8-$9] [$9-$10] [S10and
more]

Income Brackets (in thousands of USD)

Aicha Bakkar ®Verdun

Figure 4. Household monthly income distribution by community (in thousands of USD).
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3.2. Volume Use by Source and Their Seasonal Variation

Figure 5 shows total water volume supplied per day by multiple sources. Roughly
77% comes from the formal piped system, followed by tankers (12%), wells (10%) and lastly
bottled water (2%).

Formal Piped

Water Tankers Wells ottled Water

12% 10% 2%

77%

0.0 20.0 40.0 60.0 80.0 100.0 120.0
Total Volume Used by Source (L/Person/Day)

Figure 5. Volume by water source (L/Person/Day).

Total water volume and volume by source varies per season in response to decreased
summer deliveries in the formal piped supply and increased summer use by residents.
Formal piped water supply decreases in summer by 40% (from 114 L/person/day to
69 L/person/day). This is mainly a result of an increase in intermittence and reduced
flow in summer, as reported by interviewees and water utility engineers [50]. Residents
also increase summer water use by 10% [53]. To compensate for the reduced supply and
increased use, people increase their use of informal water sources. Table 1 shows tanker
water use increases in summer almost 20-fold and well water use increases almost 6-fold.
Drinking water use does not change; people drink about 2 L/day year-round. These
additional sources result in a total increase of 10% in total supply between summer and
winter, 143 L/person/day compared to 129 L/person/day, respectively. These values also
account for 45% of losses from leakage in the distribution network.

Table 1. Average supply volumes (L/Person/Day).

Winter Volume Summer Volume
Formal Piped Water 114 69
Bottled Water 2 2
Tankers 2 48
Wells 11 24
Total Volume 129 143

Volume Comparison between Communities

Table 2 shows overall water use volumes by source for Aicha Bakkar and Verdun. Since
these communities are adjacent, they share similar schedules of water intermittence from the
piped infrastructure and also have similar piped water use of 99 L/person/day. The main
differences are that Aicha Bakkar has more informal water supply from tankers, whereas
Verdun has more supply from wells. Moreover, 10% of Aicha Bakkar households reported
being very careful in how they consume water, which also might reduce overall volumes.



Water 2022, 14, 2713

10 of 19

Table 2. Water supply differences by source for Aicha Bakkar and Verdun communities

(L/Person/Day).
Aicha Bakkar Verdun
Formal Piped Water 99 99
Bottled Water 2 2
Tankers 19 7
Wells 8 21
Total Volume 128 130

3.3. Cost Comparison per Source between Communities

Figure 6 shows total cost per source by total delivered volume, and Table 3 shows
cost per liter. These results show that informal sources have much greater cost, despite
their generally lower volume of consumption relative to the piped water supply. Bottled
water has the largest share of total cost because it is by far the most expensive per liter at
0.52 USD/L.

Cost percentages by water source
(Percentage of cost per Person per Day)

Formal Piped Water Tankers Wells
12% 4% 1%
Additional
Pumping Costs
0.05%

0.20 0.40 0.60 0.80 1.00 1.20 1.40

Total Cost per Source (USD per Person per Day)

Figure 6. Household water costs by source, including delivered volume (USD/Person/Day).

Table 3. Cost breakdown per source of 1 L of water (USD/L).

Average Unit Cost (USD/L)

Formal Piped Water 0.0017
Bottled Water 0.5238
Tankers 0.0045

Wells 0.0010

Promised and Actual Costs

The additional costs from informal sources increase total water costs to households
in each community The piped water subscription fee for households is around 200 USD
per year for a “promised” volume of a 1 m® per day, but this is not delivered reliably. In
reality, Aicha Bakkar and Verdun households pay an overall average of 2124 USD per year
for water, around 10 times more than the subscription fee for formal piped water (Figure 7).
As a total cost, households in Verdun pay an average of 2514 USD/year/household, or
50% more than households in Aicha Bakkar (1727 USD/year/household). The additional
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costs are mostly from the increased costs of bottled water and local well supplies (including
extra pumping and treatment costs). Furthermore, there are additional costs to maintain
underground and roof reservoirs (such as yearly cleaning from sand and other debris that
settle in reservoirs) that are not covered in this study.

3000
% 2514
3
E 2000 1727
2 § 1500
2 z 1000
%3
] 500 200
=
= 0 I
é Subscription Fee ~ Total Population Aicha Bakkar Verdun (Actual
(Promised Cost)  Cost of all Sources (Actual Cost) Cost)

(Actual Cost)

Figure 7. Formal piped system and actual water costs for total sample population and individual
communities (USD/Household /Year).

3.4. Water (Un)Affordability

The average overall affordability ratio for both communities is 6%. With affordability
thresholds in the literature generally ranging between 3% and 5%, it is clear that water
is comparatively less affordable in the study region. The average water cost to median
income ratio is around 10% in Aicha Bakkar and 4% in Verdun, so even though the Aicha
Bakkar average household water bill is lower (1727 USD versus 2514 USD for Verdun, see
Figure 7), the (un)affordability ratio is 2.2 times higher than that of Verdun. This is because
the median income in Aicha Bakkar is one fourth that of Verdun. Figure 8 shows a more
detailed analysis with a per household water cost-to-income ratio distribution, by taking
the cumulative percentage of each household, ranked in decreasing order [11]. The far left
of the graph shows Aicha Bakkar households with a higher water cost-to-income ratio than
Verdun households. This indicates that water is generally less affordable for lower income
households. This is elaborated further in Table 4. Nevertheless, on the far right, a small
percentage of households in Aicha Bakkar have a lower percentage of water costs than
Verdun households. This can be explained by the lower income households reducing their
water consumption: a pattern that can have other negative effects including psychological
and physical impacts [37]. Further, it indicates that water is, at times, more affordable but
inadequate in supply for lower income communities.

Cumulative decreasing affordability ratios across thresholds
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Figure 8. Ordered distribution of affordability ratios crossing four affordability levels.
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Table 4. Percentage of households within each (un)affordability bracket threshold.

Affordability Threshold: Aicha Bakkar Verdun
Income-to-Cost Ratios Percentage of Households Percentage of Households
Water is I;‘lels)gc}:iz Il_gngfordable 18% 8%
e s Ut
Water s Modery Afordble

Based on threshold ranges from the literature, four threshold brackets are defined: less
than 3%, 3% to 5%, 5% to 10%, and more than 10%, as summarized in Table 4. In Aicha
Bakkar, 45% of households allocate less than 5% of their income for water, and 18% of
households pay less than 3% of their income for water. However, most of this population
(around 55%) pay above 5% of their income for water, and 18% of households have highly
unaffordable water, paying more than 10% of their income for water. In Verdun, most of
households’ access affordable water services. A total of 72% of households use less than 5%
of their income for water and 45% of households pay less than 3% of their income for water.
Meanwhile, only 8% of this population pays more than 10% of their income to water.

Sensitivity Affordability Analysis

To address potential uncertainty in our estimation of household income (and thus,
the water affordability ratio), we performed a sensitivity analysis that leveraged existing
databases on Lebanese incomes [45,46,51]. The lowest income levels are estimated at 25%
of our results (the lowest income in Lebanon can be as low as 355 USD, compared to our
results of 1453 USD), whereas highest income estimates can be 2.5 times higher than our
results (around 11,600 USD compared to our results of 4775 USD, Figure 4). For these
income extremes (lowest and highest values), affordability disparities are much higher.

The cost to median income ratios for lowest incomes increases up to 40% (compared
to the base result of 10%). Our per household analysis (Figure 8), indicates that no lower
income household is paying more than 19% their income for water. Thus, 40% is an extreme
unaffordability ratio; taking the example of a person earning less than the minimum wage
(450 USD/month). The cost to median income ratios decreases for the highest income
down to 1.7% (compared to our base results of 4%). However, our per-household analysis
(Table 4) shows that 45% of higher income communities have an affordability ratio less
than 3%, hence many households in higher income communities have lower affordability
ratios, with some households approaching 1.7%.

3.5. Disparities between Communities and Their Statistical Significance

Table 5 shows total costs per person per year (accounting for the volumes consumed
per source) and cost per liter for different sources for both communities. Differences in
yearly cost per source are mainly based on the sources’ costs per liter and supplied volume
as detailed below. We use a t-test to calculate the statistical significance of the differences in
the estimations for the two communities.

In both communities, bottled water is the most expensive source per liter and the
smallest source by volume. However, the total per capita cost difference between the
two communities is around 188 USD, a 46% of difference (412 USD for lower-income Aicha
Bakkar and 600 USD for higher-income Verdun). The costs per liter of bottled water for
Verdun is around 0.6 USD/L and for Aicha Bakkar it is around 0.4 USD/L. Even though
both communities have an average household size of about 4 people, Aicha Bakkar residents
buy around 10 water bottles on average during a summer week, whereas Verdun residents
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buy up to 4 times this quantity, or up to 41 bottled water per summer week. Moreover, 96%
of Verdun residents tend to buy bottled water that are registered on the website of Ministry
of Public Health [54], whereas 39% of Aicha Bakkar residents compromise on the quality of
bottled water by buying unregistered brands that are often cheaper but have more dubious
quality. These large differences are elaborated in the discussion section.

Table 5. Differences of supply costs per sources for both communities.

Aicha Bakkar Verdun
Total Cost of per Person * % of Cost per Cost per Liter Total Cost of per Person * % of Cost per Cost per Liter

USD/person/year Source USD/L USD/person/year Source USD/L
Formal Piped Water 53 13% 0.0015 71 12% 0.0020

Bottled Water 324 79% 0.4352 ** 507 84% 0.6004 **
Tankers 33 ** 8% 0.0048 9 2% 0.0036
Wells 1 0.2% 0.0002 10 ** 2% 0.0047
Puﬁ;ﬁ;"giﬁ 2 0.4% 0.0000 3 1% 0.0000

Total 412 600

* Taking into account yearly supply. ** statistical significance difference between communities = 0.05,
g yearly supply. g P
t-test results).

The second most expensive source is the formal piped water system, up to 53 USD per
capita yearly in Aicha Bakkar and 71 USD per capita in Verdun. Even though the cost per
liter for both communities is the lowest with 0.0015 USD/L and 0.0020 USD/L, respectively,
the formal piped water system is by far the largest in volume.

For tanker truck water supply, residents of Aicha Bakkar spend 8% of their income,
while the wealthier households in Verdun spend only 2%. This might be related to costs
per liter where Aicha Bakkar residents pay around 0.0048 USD/L versus Verdun residents
who pay around 0.0036 USD/L for tanker water. The difference in cost of tanker water
results mainly from economies of scale, as Verdun residents can employ larger tankers that
are cheaper per liter of water, as further explained in the discussion section.

As for wells, Verdun residents spend around 2% of their total water supply cost on
wells. Differences in well costs could be linked to the higher-income households in Verdun
having more wells. The total number of wells used in Verdun (24) is 50% more than Aicha
Bakkar (17). Moreover, in Verdun, 17% of buildings use reverse osmosis units to treat well
water, but no evidence was found of any RO units in Aicha Bakkar households.

Additional internal pumping cost differences are due to building height differences.
Aicha Bakkar tends to have shorter buildings with an average height of 27 m whereas
buildings in Verdun have an average height of 38 m requiring greater pumping capacities.

To identify statistically significant differences between the communities, t-tests were
applied to evaluate differences in informal source volumes and unit costs for the two com-
munities. Differences in volume consumed between the communities were not statistically
significant. However, as indicated in Table 5 the cost difference per liter for bottled water is
statistically significant. This might be related to Verdun residents purchasing more bottled
water that is more expensive per liter. Moreover, Table 5 also shows that tanker truck
and well water cost differences are statistically significant for these communities. Tanker
truck cost differences might be related to economies of scale where Verdun residents can
access cheaper water from larger tankers; whereas for wells this might be related to Verdun
residents accessing more wells and using expensive RO treatment units.

4. Discussion

In areas where formal piped water supply is insufficient in quantity, quality, or reliabil-
ity, informal water sources usually supply the remaining daily household water demands.
This study shows that most household water costs come from informal sources (even
though they provide the smallest volumes), with bottled water being the most expensive
source. To answer our main research question, the study shows that informal water sources
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increase total cost of water and create stark disparities between communities of different
economic levels. Based on affordability thresholds found in the literature [4,30], water is
rather unaffordable for the entire sample population but affects lower income commu-
nities more. This study proposes some recommendations to address these disparities in
water unaffordability.

Water for the entire sample population is comparatively unaffordable, with some
households in both communities paying more than 10% of their income for water. This
is far more common in the lower income community of Aicha Bakkar than in the higher
income community of Verdun. Even though Aicha Bakkar has lower total water costs,
water is less affordable as residents pay 2.2 times more (relative to their income) for water.
Per household analysis highlights disparities further and shows that more than half of
Aicha Bakkar residents (55% of households), spend more than 5% of their income on water.
Sensitivity analysis shows that households with the lowest Lebanese income values might
pay 40% of their income for water. The greater purchasing capacity of higher income
households helps them secure enough daily volume, making them less vulnerable to the
current and future water insecurity issues.

A major statistically significant difference was the cost of bottled water related to
differences in the quantity and cost of water bottles purchased in these communities. These
differences are mainly from disparities in access to bottled water. Verdun residents can
afford more expensive brands and tend to buy more bottled water as they often use it for
cooking as well as for drinking. In contrast, Aicha Bakkar residents tend to buy cheaper
brands and generally boil tap water for cooking.

We also found statistically significant differences in total costs for tankers and wells.
These differences are not only related to the purchasing power of Verdun residents but also
can be explained by factors linked to the community’s urban form and economies of scale.
Aicha Bakkar has smaller streets (due to its earlier and informal settlement pattern), so only
smaller tankers, which are more expensive to operate per unit delivered, can enter the area.
Moreover, Verdun residents have larger storage capacities in their larger building footprint.
We did not measure storage capacity per community since the reservoirs are usually stored
under and above the buildings; however, it is most likely that water storage capacity
increases with the building’s footprint. Thus, Verdun residents may have more capacity to
refill and store more water at each cycle by purchasing water from larger tankers (cheaper
per unit delivered). They are also able to store more water from the piped infrastructure
(the cheapest source).

The study also calculates added coping costs related to increased pumping and treat-
ment of water within individual buildings. Generally, for both communities, cost differ-
ences between summer and winter can be explained by costs per source, where people
increase use of cheaper sources (e.g., the tanker trucks) to backfill from inconsistent formal
sources. Moreover, for lower income communities, households change their consumption
by being conservative in their water consumption as they cannot afford greater costs of
informal sources. They schedule their most intensive water activities (i.e., washing clothes)
when cheaper municipal piped water is available. Changing behavior to adapt to a certain
supply schedule or worrying about having enough water for household activities are
important psychological stressors of water insecurity [40]. For higher income communities,
coping costs come from accessing improved technologies, such as treating water through
expensive reverse osmosis treatment, accessing more expensive bottled drinking water [54],
and increased pumping costs for taller buildings. Thus, higher income households become
less impacted by overall municipal water shortages, as they can buy and pump larger
volumes of water as well as purchase expensive bottled water to secure access to good
water quality.

A major problem driving these water access and affordability disparities is that formal
water subscription fees constitute a minimal share of total water cost. The low cost of
formal service affects overall water utility revenue and budget, which becomes limited in its
capacity to upgrade and maintain the water infrastructure system. The piped infrastructure
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currently has up to 45% of water losses in its distribution systems [48,49]. This results in a
vicious cycle where the piped water system’s reduced fees and budget result in high supply
intermittence, pushing households to rely even more on alternative informal water sources.
This translates into affordability disparities between low- and high-income neighborhoods
and overall higher costs and inconvenience to all including psychological and physical
impacts from water shortages [37].

In many settings globally, relying on informal sources often is a necessity rather than
a choice. As such, it is critical to understand the role of informality in producing costs to
all and disparities between populations and communities. While informality initially had
a negative connotation in the literature, referring to sub-optimal activities of the urban
poor [31,55,56], scholars now recognize that informal activities have the ability to adapt
and can sometimes be more suitable (in terms of water quantity and quality) than formal
piped infrastructure [57,58]. This case study shows that in terms of quantities, informal
sources deliver up to 23% of total volume, and can help residents access better water quality
with bottled water. However, we need to be critical when associating resilience [57] with
informality. While informal sources provide needed volumes and quality, they often come
at a higher cost, especially for low-income communities. As seen in this study, both Aicha
Bakkar and Verdun households pay about 10 times the total subscription fee to access
informal sources, but the additional costs impose inequitable and extreme burdens on
Aicha Bakkar residents.

Formal and informal water systems work in tandem [36,59]. While informal sources
can fill the gap in the needed volumes and quality, formal piped infrastructure generally
provides an affordable service. Thus, perhaps there are opportunities to consider support-
ing hybrid strategies to balance the objectives of improved water quantity, quality and
affordability, all with an emphasis on increasing social equity.

A first strategy should target upgrading piped infrastructure to reduce losses. This
strategy is being developed by the Lebanese water utility as an indirect method to eliminate
the dependency on informal tankers [55]. To upgrade the piped infrastructure, the water
utility could try to increase its budget by increasing service rates. This approach is aligned
with the water utility’s current effort to install household water meters [60,61], which will
help monitor losses and reduce leakage. People are clearly paying added costs for other
sources, so they might be willing to pay for more expensive piped service that ultimately
reduces their overall water costs.

To estimate the increase in service rates, the water utility can calculate whether the
additional costs that people are already paying would be sufficient to upgrade the in-
frastructure. However, this might be politically challenging. Public institutions are often
poorly managed [62-64], leading to a lack of trust in public institutions. This sentiment
might result in an unwillingness to pay more, knowing that residents might never receive
the promised volumes. One way to move forward is to start with a pilot project, where
water institutions could begin building public trust by satisfying the household needs in
providing safe and reliable water quantity and quality at a smaller scale.

Other strategies could target interventions that improve quality and cost. Bottled
water is currently the most expensive source and there are many dangers of commodifying
water [65]. However, in areas where people do not trust the quality of tap water [6,42],
bottled water becomes a necessity [24]. Financial strategies and subsidies could reduce
the price of bottled water, making it more affordable for both high- and low-income
communities. Other public health strategies should be developed to control the distribution
of unregistered bottled water of dubious quality. From our survey, of the 26 drinking
bottle brands mentioned by households, only 8 (31%) were registered with the Ministry
of Public Health [54]. Another strategy could focus on monitoring the quality and cost
of informal water tankers [60]. Some scholars suggest formalizing informal tankers [54]
through management frameworks that target water tanker quality standards and tariffs [66].
However, this might lead to in a monopoly by larger water tanker companies that already
dominate the market, as they might be the only ones capable to engage and negotiate with
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public institutions. Furthermore, larger companies might be the only ones able to afford the
added costs of formalization, e.g., registration fees, licenses and taxes [59]. The inequitable
impact of this type of policy could threaten smaller tanker companies that cannot afford
these costs. Moreover, reduced competition between water tanker truck operators could
reduce access to these informal water resources resulting in higher costs for residents.

As seen in this study, understanding and analyzing affordability disparities in informal
systems is complex. Informality is inherently less regulated and has hidden characteristics
(e.g., unknown total number of distributors, their locations, and aspects of their water
quality) [67]. Therefore, to calculate the cost of water systems, we cannot rely simply on
water bills. We also need to account for the costs of different water sources including
variabilities in their supply volume and schedule. Based on this analysis, we uncovered
problems of water unaffordability for all households with particularly harsh consequences
for lower-income residents. We also showed how effective solutions to water affordability
problems require careful attention to issues of informality. Moving forward, it is important
for engineers and planners to be aware of the difficulties of analyzing and accounting
for informal sources and to develop more holistic methods to better assess disparities
in affordability. These considerations become important for regions with geopolitical
uncertainty, such as in Lebanon and the Middle East, especially as rising numbers of
refugees add pressure on water sources [68] and increase impacts on accessibility and
affordability of water sources.

Beirut is not an isolated case. Around 30% to 60% of the urban population in the
global south relies on such informal water systems [59]. Beirut’s case study fits in the
larger field of water justice that highlights how water struggles tend to affect lower income
communities disproportionally, and how they tend to result in disparities in water access,
affordability, and quality [69,70]. Informal sources also cross geographic borders leading to
challenges in governance and oversight. While most case studies have focused on lower
income counties, communities in higher income countries, such as in California or across
the USA-Mexico border, also rely on informal sources such as bottled water and water
trucks [37,71,72]. Thus, developing more holistic tools to measure affordability disparities
of informal source will help to better understand, and ultimately intervene to improve,
water justice across geographic areas.

5. Conclusions

This study shows the financial impact of informal sources on two communities of
different income levels in Beirut, Lebanon. It compares their income-based water afford-
ability ratios and highlights their affordability disparities. In both communities, informal
water sources are responsible for 88% of total water cost but provide only 22% of average
water use. Water affordability is an issue for both communities, as they both pay almost
10 times more for total water services than the cost of water from the formal piped water
system. The study also highlights water affordability conditions and disparities between
those communities. The lower income community of Aicha Bakkar has lower total water
costs, but the water is less affordable as residents pay 2.2 times more for water relative to
their income. Per household analysis highlights disparities further and shows that more
than half of these residents (55% of households), spend more than 5% of their income on
water. Higher income communities have more purchasing capacity, so they can afford
more expensive bottled water and reverse osmosis units and thus avoid consumption of
lower quality water. Furthermore, they generally have greater cistern capacity to refill and
store water from cheaper sources, such as the formal water systems and tanker trucks. As a
result, higher income communities are less vulnerable to water insecurity issues in both
quality and quantity.

The study also analyzes coping behaviors and costs. Lower income communities
are more likely to change their consumption patterns relative to water availability, i.e.,
conducting water intensive activities when municipal water is supplied. Meanwhile, coping
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costs, from treatment technologies and increased water pumping, are higher for higher
income communities because they can afford domestic reverse osmosis treatment.

Many areas in both the global north and south rely on informal water sources as a
necessity rather than a choice. It is critical to understand the complexities of informal
water sources and their role in producing overall societal costs, including the disparities
they create among populations and communities. More specifically, it is important to
develop affordability assessment methods that consider the complexities of informal water
systems. This will allow the development of holistic policy strategies that improve overall
water justice.
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