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Abstract: Water has complex cost dimensions and is considered a scarce commodity under a reduced-
recycle-reuse system with a full cost recovery strategy. The impact of externalities from the social,
economic, and ecological aspects of exploiting water resources are often not accounted into the
pricing mechanism. We discuss the current work model as well as a pricing strategy for a water
infrastructure program with a full cost recovery strategy. Single and multi-block pricing models
are created, and their effect on water pricing is discussed. The impact of externalities is accounted
for, and respective cost components, namely, environmental cost, opportunity cost, and ecological
imbalance cost are included in the water pricing, to analyze the impact on the cost of produced water.
A comparison under the normalized, single-block and multi-block pricing strategy are discussed and
the payback period is found. It is seen that the unit cost of potable and non-potable water is brought
down from 0.94 USD/m3 and 0.51 USD/m3 to 0.62 USD/m3 and 0.29 USD/m3, respectively using
a multi-block pricing strategy. It is recommended that policy interventions in a full cost recovery
water pricing strategy should consider the cost of externalities with a multi-block pricing system for
breakeven in water infrastructural investments.

Keywords: water pricing; urban infrastructure; multi-block pricing; externality costing; single-
block pricing

1. Introduction

Water scarcity is a huge challenge across the globe, especially in the region of the
Middle East and North Africa (MENA), affecting cropping patterns and decisions on the
import and export of cereals [1]. Over-consumption of water, non-metering, exploitation
of new water resources, treatment cost of below-par quality water, and transformation of
resources, demand a shift in egalitarian pricing strategy in water management programs [2].
It is found that addressing the energy, water, and food (WEF) nexus as a single entity shall
address the water crisis in line with constraints, possible policy interventions, and meet
sustainable development goals [3]. Analysis models to analyze the efficiency of water usage
in the urban-peri-urban region in line with the WEF nexus to assess the importance of
water usage optimally have proved successful [4]. Reformed price structures, direct benefit
transfers, demand-side management, and the use of efficient technologies at the source are
mechanisms that can compensate for the higher price demands. Water use and recycling
for application in the WEF nexus is important to address the use of water efficiently
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including agriculture which is found as the optimized way to address scarcity [5,6]. Two
strategies that can address water scarcity are (i) providing incentives and taxation to meet
the additional cost of water infrastructure and (ii) adopting pricing strategies with price
discrimination [7]. Water pricing should focus on the socio-economics of the region and be
aptly priced to keep the sustainable initiatives considering the naturally available resources
and new technology [8]. Flat rate, uniform rate, block rate, and complex rate structures are
the basic types of water pricing explored for urban-municipal corporations [9]. However,
different pricing models were studied and experimented with to improve demand-supply
management. Full cost recovery in water management programs with environmental
cost components directly proportionated to respective impacts is an effective method of
control [10]. The full cost with efficient use is the crucial strategy for optimal use of water
resources in urban area water management programs [11]. The increasing block pricing
is not idle for developing countries, considering the social justice for use of water. It is
better to consider the old pricing strategy with rebates and discounts [12]. High uniform
water pricing can be a direct intervention to curtail water use, while its impact on social
rights for water to meet minimal needs can be questioned [13]. Increasing block pricing,
which is a mix of efficient pricing strategy and egalitarian pricing philosophy, is an effective
mechanism to curtail water waste, however, the sizing of blocks in a multi-tier social
structure will be critical [10].

An exhaustive study on water management programs in a few cities across the globe
shows that non-metered flat pricing privileges consumers to use water till the marginal
benefit becomes zero resulting in aggregate consumption mismatches [2]. The study
shows that pricing below the ‘full cost’ results in the ineffectiveness of water management,
while the cities which used an increasing block pricing strategy have resulted in meeting
social inequality and motivating the individual user to use water efficiently. The multi-
block pricing system has shown effective results to bring a conscious effort to reduce the
consumption of water [14]. The impact of block pricing, to improve water use efficiency,
conclude that identifying the size of block and price slabs is difficult in a divergent socio-
economic group [15].

The pricing structure for any naturally available resource should be based on the social
parameters, environmental conditions, and cost recovery mechanism [7]. The water pricing
should be done on three principles which are equality, efficiency, and environment [16,17].
Sustainable use of water is to use exhaustible renewable resources within their regener-
ation limits while having the rational judgment to use non-renewable resources or their
availability for prolonged periods. Any impact whose reason can be traced back to human
involvement and whose cost is not accounted for among the economic decision-makers can
be considered an externality. The type of event, the scale of impact, system boundaries, and
the social group determine the decision-making for reactive or pro-active decision-making
and actions [16,17].

Water consumption and pricing strategy should consider water to be administratively
priced to include the cost of externalities, as an incentive or subsidy [16]. There is a strong
interlinking between energy, water, and food nexus, and sustainable initiatives should
move immediately from concept to practice [18]. Along with block pricing, non-pricing
interventions, such as raising social conscience for water use are proven as successful
initiatives [13]. A range of options including pricing, restrictions, awareness, and efficient
technologies can effectively control supply-demand management, for the benefit of suppli-
ers and customers [16]. The full cost pricing and efficient use of water alone cannot control
the sustainable use of water, but policy and instrumental changes to consider water as a
limited natural resource are mandatory [19].

The literature survey concludes that earlier efforts for full cost recovery pricing have
not taken the cost of externalities into the water pricing system for the water management
scheme to be self-sustainable. In the current work, an urban water management program
with water sources such as natural reservoirs, recycled water, and desalinated water are
considered as water sources to meet the potable and non-potable requirements of the
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city. The possibilities of levelized cost, single-block, and multi-block pricing systems are
explored. Efforts are made to create a sustainable water pricing model, for different water
quality levels for multiple water requirements. Considering the high capital cost of water
infrastructural projects, the cost of externalities is included in the water pricing model, for
a better cost breakeven. Social costs due to greenhouse gas emissions, opportunity costs
due to depleting naturally available water resources, and ecological imbalance are costs ac-
counted for impacts due to externalities. The structure of this paper adopted the following
methodology: (1) Design the objective function to minimize the water infrastructural cost
for efficient demand-supply management in a multi-resource variable demand environ-
ment; (2) Identify the unit cost of produced water under a single-block pricing strategy;
(3) Identify the externalities and corresponding impacts whose costs can be accounted;
(4) Structure an appropriate multi-block pricing slab to motivate efficient utilization of
water; (5) Account the ‘cost on externalities’ into a multi-block pricing model to identify
the impact on the cost of produced water. Identify policy interventions required for a full
cost recovery pricing model in water infrastructure programs.

2. Design of the Water Infrastructure Model

The water infrastructure model for a greenfield industrial city with a full cost recovery
strategy is modeled. Treated river water and desalinated seawater are considered potable
water resources, while treated sewerage and industrial effluent are considered non-potable
water resources. A water treatment plant (WTP) is considered for treating river water to
potable standards. Since the river water is not a perennial source, water from a seawater
reverse osmosis (SWRO) desalination plant is considered the second source of potable water.
To promote sustainable activities, a renewable energy-based hybrid technology desalination
plant, termed energy-efficient desalination (EED), is considered the third source of potable
water. The produced water from WTP, SWRO, and EED is expected to provide potable water
to total dissolved solvent (TDS) levels less than or equal to 200 ppm. The wastewater after
human needs for washing and sanitation from residential and industrial establishments is
recycled to reuse standards of 500 ppm and less by a sewerage treatment plant (STP). A
common effluent treatment plant (CETP) recycles wastewater from industrial processes to
TDS levels less than or equal to 500 ppm.

2.1. Assumptions Considered in the Water Management Program under Study

The assumptions considered for the design of the water management program are:

i. The water consumption per head is taken as 200 LPD (higher by 25% than normal
standards) considering the future developments in a Greenfield project.

ii. The availability of the water in the river is seasonal and cannot meet the potable water
requirement through all seasons. Hence the water treatment plant (WTP) is sized
40 MLD, half the size of the total potable water requirement for the city. The potable
water network for the city is based on an 80 MLD design.

iii. To increase the reliability of potable water supply, seawater desalination is considered
the second source of supply, with the size allotted at 50% of the total potable water
requirement for the city. Out of 40 MLD, 35 MLD will be met by conventional seawater
reverse osmosis (SWRO) technology, while 5 MLD will be met by a renewable energy
powered, hybrid technology energy-efficient desalination (EED) plant.

iv. The recycled, treated water from the sewerage treatment plant will be the first source
for the non-potable applications. The sizing of the STP is done based on the con-
sumption of 80 MLD potable and 320 MLD non-potable by the city population. The
non-potable water distribution network is designed based on STP sizing.

v. It is assumed that 80% of potable and non-potable water consumption can be recycled,
which makes 320 MLD in total. However, to meet any uncertainty or shortfall, an
additional 40 MLD of industrial effluent is treated by a common effluent treatment
plant (CETP) to a quality of <500 TDS, for supply as a non-potable requirement.
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vi. It is assumed that the water requirement for the process applications of industries is
met by the federal administration on a chargeable basis. This water network is not
considered in the current study.

vii. The cost of the potable and non-potable utility network lines, and sewerage/effluent
collection network lines are not considered for the current analysis. It is assumed that
this cost is borne by the urban administration.

The technology considered for the STP is a sequential batch reaction, automated
to address variable parameters which are generally used by large municipalities. The
common effluent treatment plant (CETP) is based on an activated sludge process (ASP),
trickling filter (TF) technology and a tertiary treated reverse osmosis plant, which is an
established combination for industrial effluent treatment. The water treatment plant is on
the technology of settling, floatation, adsorption, ultrafiltration, and disinfection, ideal for
surface water, including river water treatment. The seawater desalination plant considered
in the analysis is multi-pass reverse osmosis technology, which is widely accepted [20–23].
The renewable energy-based, energy-efficient desalination plant will use combinations
of technologies with reverse osmosis after the first pass to increase the recovery rate.
The plant will operate on solar photovoltaic power, without battery backup, hence triple-
sized, to operate on design size during sunlight hours [24]. The water infrastructure for
a Greenfield city is modeled with the design conditions, costs, and assumptions from
previous studies [20,25–30]. The parameters for design and modeling are described in
Tables 1 and 2, respectively.

Table 1. Design parameters and assumptions are considered for problem modeling.

Population 2 Million Individuals

Potable water requirement (person/day), drinking and cooking 40 L

Water for sanitation (person/day)—Non-potable 80 L

Water for washing (person/day)—Non-potable 80 L

The efficiency of STP (BOD removal rate) 90%

The efficiency of CETP (BOD removal rate) 90%

Life of the plants 25 years

Interest on investment 4%

Discount rate/Return rate 4%

Acceptable total dissolved solids (TDS) for drinking <200 ppm

Acceptable TDS for washing <500 ppm

Acceptable TDS for sanitation <500 ppm

Table 2. Cost parameters of various water infrastructures.

Source

Capital
Expenses

USD/MLD
(Million)

Yearly
Operational

Expenses (%)

Operational
Expenses

USD/MLD
(Million)

Water Treatment Plant (WTP) 0.4 8 0.03

Seawater Reverse Osmosis (SWRO) Plant 1.2 14 0.17

Energy-Efficient Desalination (EED) 5.14 6.5 0.33

Sewerage Treatment Plant (STP) 0.64 7 0.04

Common Effluent Treatment Plant (CETP) 1.36 12 0.16
[31–35].
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While the capital cost of the EED is the highest, the operational cost of the SWRO
and CETP is the highest. The operational cost and the trend of operational cost with a 5%
annual increase are shown in Figures 1 and 2, respectively.
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Figure 2. The trend with a 5% annual increase.

It is seen that there is a considerable difference between the components regarding
capital cost and operational cost. This shows that there will be a considerable difference
between various components concerning payback and the levelized cost of production.

2.2. Formation of the Objective Function for Multi-Resource and Variable Demand
Allocation Model

The objective of the problem formation is to reduce the total cost of the water in-
frastructure program, by optimally allotting the capacities for each water source. The
parameters and attributes used for modeling the problem statement are represented in
Table 3, and the abbreviations used are as defined at the end of the paper.
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Table 3. Parameters and attributes of the problem statement.

S N

Sources ATC per
Capacity

of the
Plant

Demands

Water
Source
Index

Total
Water

Available
TDS

Water
Demand

Index

Total
Water

Required
TDS

1 WS1 Wa1 WsTDS1 ATCS1 WD1 Wr1 WdTDS1

2 WS2 Wa2 WsTDS2 ATCS2 WD2 Wr2 WdTDS2

3 WS3 Wa3 WsTDS3 ATCS3 WD3 Wr3 WdTDS3

· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··
· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··· ·· ·· ·· ·· ·· ·· ··

N WSn Wan WsTDSn ATCSn WDm Wrm WdTDSm

WS = Water source, WD = Water demand, Wr = Water required (MLD), TDS = Total dissolved solids
(ppm), WSTDS = TDS of water at the source (ppm), WDTDS = TDS of water required at the demand (ppm),
ATCi = Annualized total cost of source ‘i’, it includes annualized capital and operating cost for the ith

source (USD).

The objective function of the problem is written as in Equation (1). The objective
function is to minimize the overall cost meeting the demand with the optimized allocation
of resources.

Minimize ∑n
i=1 ∑m

j=1 ATCi ∗ Wi,j (1)

where,
i = index for number of water sources from 1, 2, 3 . . . . n
j = index for number of water demands from 1, 2, 3 . . . . m
Wi,j = allocation of W resource from ith source to jth demand
The constraints for the objective function are expressed through Equations (2)–(5);

Equation (2) states that each demand is satisfied completely by all the sources in TDS for
the source is lower than or equal to the minimum limiting value of that demand:

∑m
j=1 ∑n

i=1 Wi,j − WDj = 0 (2)

Each source is less than or equal to addition of all demands if TDS for source is lower
than or equal to minimum limiting value of that demand, as indicated through Equation (3).

∑n
i=1 ∑m

j=1 Wi,j − WSi ≤ 0 (3)

Allocation of source and demand is feasible only when TDS for source is lower than or
equal to a minimum limiting value of the demand TDS as explained through Equation (4),
while the non-negativity constraint is expressed as in Equation (5):

For f easible Wi,j allocation, TDSi ≤ TDSj (4)

Non-negativity constrains:

∑m
j=1 ∑n

i=1 Wi,j ≥ 0 (5)

The objective function is solved using a linear programming problem (LPP), simplex
algorithm, and the tot of infrastructure cost is derived.

3. Water Pricing on Single-Block Theory

The following assumptions are made to determine the cost of potable and non-potable
water under single-block pricing.



Sustainability 2022, 14, 14495 7 of 16

1. The cost of each source needs to be recovered completely so that economic feasibility
will be established.

2. Water is considered a social commodity, and everyone has an equal right to water,
irrespective of consumption quantity.

The unit cost of water under the single-block pricing strategy is found using Equation (6):

WiCBi = ATCi (6)

The unit cost of water derived with a single-block price analysis is listed in Table 4.
With the single-block approach pricing, it is found that the cost of water produced from
SWRO and EED is multi-fold higher than the cost of water produced from WTP. Adopting
a single-block pricing strategy will not be a viable option, considering breakeven in water
infrastructure investments. Since the supply of a minimum quantity of water to meet
social needs is a commitment, water cannot be higher priced to meet the infrastructural
cost. Therefore a multi-block pricing strategy with increasing block tariff is investigated,
considering the costs due to the impact of externalities.

Table 4. The unit cost of produced water from various resources in a single-block pricing strategy.

Source Cost of Water (USD/m3)

WTP 0.02

SWRO 0.79

EED 2.00

STP 0.26

CETP 0.75

4. Externality Components in Water Pricing

The environment cost, opportunity cost, and ecological system imbalance costs are the
various externalities considered to account for the multi-block pricing strategy approach.
The cost of emission of greenhouse gases (GHG), the opportunity cost of water from
natural resources, and the cost incurred due to damage to ecological systems are taken as
externalities in the current paper.

4.1. Environment Cost

Environment cost is defined as the cumulative monetary unit of the effects of envi-
ronmental impacts through socio-economic activities to obtain water as a resource. The
environmental impacts and their effect on cost structure are very complex to have a stan-
dard method of calculation [19].

For the current study, cost due to emission of greenhouse gases (CEGHG) is accounted
which is determined as units of electricity consumed from conventional energy sources for
the generation of 1 L of water * cost of electricity produced by renewable energy source,
which is mathematically given as in Equation (7):

CEGHG =
(

The total energy required for the process − Energy used from the renewable energy
Quantity of water generated

)
×

Cost of energy generated per unit by renewable energy sources in India
(7)

The cost of the impact of the emission of GHG per unit of electricity (1 kWhe) generated
from conventional sources is considered equivalent to the cost of green energy, which is
USD 0.064/kWh [36]. The cost due to the emission of greenhouse gases by each water
source is found using Equation (7) and is represented in Table 5.
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Table 5. Cost per MLD on produced water considering emission through conventional electricity.

Source Power Consumption
(kWh/MLD)

Cost
(USD/m3)

Water treatment plant (WTP) 345 0.02

Seawater reverse osmosis plant (SWRO) 5000 0.32

Sewerage treatment plant (STP) 476 0.03

Common effluent treatment plant (CETP) 546 0.04
[37–39].

4.2. Opportunity Cost

Marginal opportunity cost is defined as the economic benefits lost in not allotting the
additional unit of water for the second-best alternative for economically productive use.
Hence estimation of opportunity cost is important in the process of efficient allocation of
water while assessing the future infrastructure investments in water programs [40]. In the
current work, the opportunity cost is considered as the cost of not allotting the freshwater
(water from the river) for agricultural produce. The benefits that could have been recovered
by using this water for the next better option, agriculture is 0.2 USD per m3, considering
the water requirement of 10 mm per square meter per day, with a yield of USD 2857 per
acre per year [41–43]. The equation for opportunity cost is described in Equation (8):

CO = Income from yield per acre of land per year/Water requirement per year per acre of land (8)

4.3. Ecological System Imbalance Cost

Though seawater desalination is a reliable source of potable water, the brine rejection
will have large environmental impacts, affecting the local ecology and marine life at the
intake and reject locations. The ecological system imbalance cost due to desalination is
defined as the change in gross domestic production (GDP) in the catchment area of the
project due to the introduction of a technology derived per liter of desalinated water [44].
Advanced seawater reverse osmosis (SWRO) technologies have a 45–55% recovery ratio,
with brine management costs accounting for 20–60%, of the produced water. Not much
study is done on the direct impact on GDP due to brine rejection (Venkatesan, 2015), hence
the ecological imbalance cost is taken as 20% of the cost of water produced by SWRO and
EED, as indicated in Equation (9).

CE = The cost to ecology due to brine = cost f or brine management
= 20% o f the cost o f produced water by SWRO and EED in single
−block pricing

(9)

5. Multi-Block Water Pricing Strategy

In a multiple block pricing system, water is considered a social and economic com-
modity. In this paper, two-block pricing is explored with quantity in block 1 taking care
of minimum water requirement for potable requirements, considering water as a social
commodity alone. To avoid the wastage and overuse of water, a second block is proposed
setting only 10% of the total water quantity. The objective of the multi-block pricing strat-
egy is to (i) Promote low-quality water for non-potable applications; (ii) Restrict usage of
potable water beyond the social needs; (iii) Recover investments in water infrastructure;
(iv) Self-sustainability of water infrastructure projects, to avoid incentives and subsidies.
The quantities of water requirements allotted in each block for various applications are
shown in Table 6.
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Table 6. Allocation of water quantity in multi-block scenario.

Potable Water Non-Potable

Block 1 0 to 25 L Block 1 0 to 125 L

Block 2 >25 L Block 2 >125 L

Water consumption in
Block 1 72 MLD Water consumption in

Block 1 288 MLD

Water consumption in
Block 2 8 MLD Water consumption in

Block 2 32 MLD

Total water consumption 80 MLD Total water consumption 320 MLD

The relation between the cost of potable water in block 1, to the cost of non-potable
water in block 1 and the cost of water in block 2 is provided in Table 7. The multiplying
factor is based on the quality of water, application to meet social causes, and measures for
misuse or overuse of water.

Table 7. Relation of cost components in blocks 1 and 2 concerning potable water in block 1.

Cost Components Relation with CPWB1

Cost of potable water in block 1 CPWB1

Cost of potable water in block 2 CPWB2 1.5 × CPWB1

Cost of non-potable water in block 1 CSWWB1 0.6 × CPWB1

Cost of non-potable water in block 2 CSWWB2 0.75 × CPWB1

Considering the externalities in multi-block pricing, the cost balance of water is
represented in Equation (10):

CB1 + CB2 + CEGHG + CO + CE = ATCSTP + ATCCETP + ATCWTP + ATCSWRO + ATCEED (10)

The socio-economic cost of potable water in Block 1 is found using Equation (10) and
the cost of potable and non-potable water in block 1 and block 2 are found using the relation
of potable water in block 1 concerning other water components as in Table 7. The calculated
values of potable and non-potable water in different blocks are indicated in Table 8.

Table 8. Cost component due to various factors in block 1 and block 2 water pricing.

Cost of Water under Various Portfolios Cost
(USD/m3)

The socio-economic cost of potable water in Block 1 0.41

The economic cost of potable water in Block 2 0.62

The socio-economic cost of non-potable water in Block 1 0.25

The economic cost of non-potable water in Block 2 0.31

The opportunity cost of water resources 0.04

Cost due to ecological imbalance due to brine 0.08

To obtain the cost competitiveness among various water sources and promote sus-
tainable sources, while calculating the cost of produced water from each source, the cost
of emission of greenhouse gases (CEGHG), opportunity cost (CO), and cost due to effect of
brine discharge (CE) are considered as an externality cost component.

The cost of producing unit water in multi-block pricing strategy from WTP, SWRO,
and EED are given in Equations (11)–(13), respectively. The average cost of producing
potable water is given in Equation (14). The cost of producing unit water for washing and
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sanitation from the STP and CETP are given in Equations (15) and (16), respectively. The
average cost of producing water for washing and sanitation is given in Equation (17).

Cost of unit water from Water Treatment Plant,

CWWTP

=
(

CPWB1 ∗ WWTPB1 + CPWB2 ∗ WWTPB2 + CEGHG ∗ WWTP + CO ∗ WWTP
WWTP

) (11)

Cost of unit water from seawater reverse osmosis process,

CWSWRO =

(
CPWB1 ∗ WSWROB1 + CPWB2 ∗ WSWROB2 + CEGHG ∗ WSWRO + CE ∗ WSWRO

WSWRO

)
(12)

Cost of unit water from seawater through energy-efficient desalination process,

CWEED =

(
CPWB1 ∗ WEEDB1 + CPWB2 ∗ WEEDB2 + CE ∗ WEED

WEED

)
(13)

Average Cost of potable water per unit liter,

CPW =

(
WWTP ∗ CWWTP + WSWRO ∗ CWSWRO + WEED ∗ CWEED

WWTP + WSWRO + WEED

)
(14)

Cost of unit water produced through a sewerage treatment plant,

CSWWSTP =

(
CSWWB1 ∗ WSTPB1 + CSWWB2 ∗ WSTPB2 + CEGHG ∗ WSTP

WSTP

)
(15)

Cost of unit water produced through a common effluent treatment plant,

CSWWCETP =

(
CSWWB1 ∗ WCETPB1 + CSWWB2 ∗ WCETPB2 + CEGHG ∗ WCETP

WCETP

)
(16)

The average cost of non-potable water,

CNPW =

(
WSTP ∗ CSWWSTP + WCETP ∗ CSWWCETP

WSTP + WCETP

)
(17)

Based on Equations (11)–(17), the cost of water from various resources under a multi-
block pricing system considering the externalities is mentioned in Table 9.

Table 9. Cost of water under Multi-block pricing strategy.

Source Capacity
(MLD)

Cost of Water
(USD/m3)

Water Treatment Plant 40 0.57

Seawater Reverse Osmosis Plant (SWRO) 35 0.77

Seawater Energy-Efficient Desalination (EED) 5 0.51

The average cost of potable water 0.66

Non-potable water—Sewerage Treatment Plant (STP) 320 0.28

Non-potable water—Common Effluent Treatment Water (CETP) 40 0.29

The average cost of non-potable water 0.28

It is seen that the cost of producing water from the SWRO is brought close to the cost
of water from WTP. Similarly, the cost of produced water from the EED has become cheaper
than the water produced from the WTP. The average cost of produced water is brought to
USD 0.66/m3. Similarly, the cost of recycled water from the STP and CETP are brought to
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almost the same, with the average at USD 0.29/m3. To improve cost competitiveness and to
promote green energy sources, cross-subsidy may be given among various water resources.

6. Results, Discussions, and Policy Interventions

Water pricing is predominately based on a single-block strategy without considering
the externalities of the system. However, the current study has compared the feasibility
of multi-block pricing against single-block taking into consideration the externalities. The
comparison of three scenarios, namely, levelized cost, and single-block and multi-block
pricing strategies are shown in Figure 3. It is found that the levelized cost strategy cannot
be considered a correct approach considering the high pricing for potable and non-potable
components. The single-block pricing has brought down the price component considerably,
but there is a huge disparity between the pricing of potable and non-potable components.
The produced water from WTP is very much affordable, while the produced water from
EED cannot be sold. Similarly, the water produced from STP is cheap, while the CETP-
produced water is high-priced. The payback period for the single-block pricing strategy as
shown in Figure 4, shows that few components in the potable and non-potable system may
not be feasible with high payback periods. The multi-block pricing strategy has included
the environment, opportunity, and cost towards the ecological imbalance thus making the
unit cost of the produced water better than under the single-block and levelized cost pricing
strategy. Large water infrastructure projects will have an impact on society, economy, and
ecology, which are often not accounted into the cost economics.
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The average cost of three potable and two non-potable sources under scenarios
of levelized, and single-block, and multi-block pricing strategies are considered and
depicted in Figure 5. It is seen that the multi-block pricing has shown a better sell-
able pricing strategy with potable and non-potable water sources at USD 0.62/m3 and
USD 0.29/m3, respectively.
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The payback period as indicated in Figure 6 shows that it is better to consider the
potable and non-potable components as blocks than consider them individually. The
multi-block pricing strategy has a higher payback, but the unit pricing can be normalized.
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Water is a social commitment to society and becomes the priority for urban administra-
tions to native populations. Hence the financial impact of externalities often skips the cost
assessment. However, a multi-block pricing strategy, factoring the impacts of externalities
can normalize the cost of externalities and provide workable business models.

The following policy interventions are suggested:

(i) The outcome of the study indicates that multi-block pricing can be recommended
with a full cost recovery objective. The full cost recovery requires considering the
externalities due to the use of conventional power as a penalty or the use of renewables
as an incentive.

(ii) The use of recycled water should be subsidized in a multi-block pricing philosophy
which will extend the areas of use of recycled water. An accountable difference in the
unit price of fresh and recycled water can make a difference in water consumption.
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(iii) Incentivizing water from the high levelized cost of water (LCOW) resources and
penalizing the use of low LCOW water resources in a multi-block water pricing
system could normalize the unit cost of produced water. Cross subsidies should be
considered from the cost breakeven perspective, effects of externalities, and depletion
of naturally available resources.

7. Conclusions

In this research, single-block and multi-block pricing strategies were utilized to formu-
late a water infrastructure issue in a multi-resource variable demand context. The objective
function is framed to minimize the overall cost, and the problem statement and constraints
are specified. Demands are satisfied by the optimal distribution of resources. The issue
statement was resolved using the linear programming problem approach. Investigated is
the effect of single-block and multi-block pricing strategies. The goal of the single-block
pricing method is to allocate the generated water’s unit cost to completely recover the
cost. While considering multi-block pricing, the impact of externalities of the project is
considered. The impacts due to emission of greenhouse gases, the opportunity cost of
naturally available water resources, and the cost due to ecological imbalance because of
seawater intake and brine rejection are the externalities considered. While considering the
size of the blocks, the following are given priority (i) water is considered more a social com-
modity than an economic one; (ii) encourage maximum use of recycled water; (iii) obtain
breakeven on investments in water infrastructure projects. The single-block pricing strategy
shows that the unit cost of water produced by SWRO and EED is many times higher than
the unit cost of water produced by WTP. Hence the investments made on high CAPEX
water infrastructure may not breakeven. The analysis of the multi-block pricing strategy
shows that the high unit cost of produced water from SWRO and EED can be normalized.
Similarly, the high unit cost of recycled water from CETP can be normalized to that of
recycled water from STP.

Multi-block pricing blocks must be scaled to enforce optimal water usage and to
maximize the use of recycled water, with water being considered a social commodity.
Water infrastructure projects include externalities that the water price system does not take
into account. The high manufacturing costs can be made more reasonable by including
cost factors for externality implications. By including the impact of externalities into a
multi-block pricing method, the high capital expenditure for integrating renewable energy
into water infrastructure projects may be normalized. The significance of governmental
action to require the inclusion of the cost of externalities in pricing models is stressed by
the paper’s conclusion. Future studies may examine the application of dynamic pricing
in water management plans, taking into account the hours when renewable energy is
available, the hours when water use is at its highest, and the amount of electricity used by
dependable water sources.
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Abbreviations

WWTPB1 Quantity of potable water with block 1 pricing underwater treatment plant production
WWTPB2 Quantity of potable water with block 2 pricing underwater treatment plant production
WWTP Quantity of water produced by the water treatment plant
WSWROB1 Quantity of water with block 1 pricing under seawater reverse osmosis treatment produce
WSWROB2 Quantity of water with block 2 pricing under seawater reverse osmosis treatment produce
WSWRO Quantity of water produced by seawater reverse osmosis method
WSWEEDB1 Quantity of water with block 1 pricing under seawater energy-efficient desalination method
WSWEEDB2 Quantity of water with block 2 pricing under seawater energy-efficient desalination method
WSWEED Quantity of water produced by seawater energy-efficient desalination method.
WSTPB1 Quantity of water with block 1 pricing under sewerage treatment plant produce
WSTPB2 Quantity of water with block 2 pricing under sewerage treatment plant produce
WSTP Quantity of water produced by the sewerage treatment plant
WCETPB1 Quantity of water with block 1 pricing under common effluent treatment plant produce
WCETPB2 Quantity of water with block 2 pricing under common effluent treatment plant produce
WCETP Quantity of water produced by the common effluent treatment plant
CPWB1 Cost of potable water in block 1
CPWB2 Cost of potable water in block 2
CWWTP Cost of water from the water treatment plant
CWSWRO Cost of water from seawater reverse osmosis process
CWSWEED Cost of water from seawater energy-efficient desalination process
CWSTP Cost of water from the sewerage treatment plant
CWCETP Cost of water from the common effluent treatment plant
CPW The average cost of potable water
CSWW The average cost of water for sanitation and washing
CS Sustainability cost
CEGHG Cost due to emission of greenhouse gases
CEE Cost due to environmental effects

References
1. Kashifi, M.T.; Al-Ismail, F.S.M.; Chowdhury, S.; Baaqeel, H.M.; Shafiullah, M.; Tiwari, S.P.; Rahman, S.M. Water-Energy-Food

Nexus Approach to Assess Crop Trading in Saudi Arabia. Sustainability 2022, 14, 3494. [CrossRef]
2. Bithas, K. The sustainable residential water use: Sustainability, efficiency and social equity. Eur. Exp. Ecol. Econ. 2008, 68, 221–229.

[CrossRef]
3. Papadopoulou, C.-A.; Papadopoulou, M.P.; Laspidou, C. Implementing Water-Energy-Land-Food-Climate Nexus Approach to

Achieve the Sustainable Development Goals in Greece: Indicators and Policy Recommendations. Sustainability 2022, 14, 4100.
[CrossRef]

4. Sani, Y.; Scholz, M. Interplay of Water-Energy Security and Food Consumption Patterns towards Achieving Nutrition Security in
Katsina State, North-Western Nigeria. Sustainability 2022, 14, 4478. [CrossRef]

5. Gulati, A.; Banerjee, P. Emerging water crisis in India: Key issues and way forward. Indian J. Econ. 2016, 96, 681–704.
6. Alghassab, M.; Khan, Z.A.; Altamimi, A.; Imran, M.; Alruwaili, F.F. Prospects of Hybrid Energy in Saudi Arabia, Exploring

Irrigation Application in Shaqra. Sustainability 2022, 14, 5397. [CrossRef]
7. Soto Rios, P.C.; Deen, A.T.; Nagabhatla, N.; Ayala, G. Explaining water pricing through a water security lens. Water 2018, 10, 1173.

[CrossRef]
8. Sanabria, S.; Torres, J. Water Price: Environment Sustainability and Resource Cost. Water 2020, 12, 3176. [CrossRef]
9. Donnelly, K.; Christian-Smith, J. An Overview of the New Normal and Water Rate Basics; Pacific Institute: Oakland, CA, USA, 2011.

Available online: http://pacinst.org/wp-content/uploads/2013/06/pacinst-newnormal-and-water-rate-basics.pdf (accessed on
1 September 2017).

10. Silvestre, J.G.; Tango, G.M.; Alonso, C.; Jalon, G. The environment costs of water flow regulation; An innovative approach based
on ‘Polluter Pays’ principle. Water Resour Manag. 2018, 31, 2809–2822. [CrossRef]

11. Hewitt, J.A.; Hanemann, W.M. A discrete/continuous choice approach to residential water demand under block rate pricing.
Land Econ. 1995, 71, 173–192. [CrossRef]

12. Al-Saidi, M. Urban Water Pricing in Yemen: A Comparison of Increasing Block Tariff to Other Pricing Schemes. Water Int. 2015,
42, 308–323. [CrossRef]

13. Lu, L.; Deller, D.; Hviid, M. Pure and behavioural signals to encourage household water conservations: Implications for UK.
Water Resour. Manag. 2019, 33, 475–491. [CrossRef]

http://doi.org/10.3390/su14063494
http://doi.org/10.1016/j.ecolecon.2008.02.021
http://doi.org/10.3390/su14074100
http://doi.org/10.3390/su14084478
http://doi.org/10.3390/su14095397
http://doi.org/10.3390/w10091173
http://doi.org/10.3390/w12113176
http://pacinst.org/wp-content/uploads/2013/06/pacinst-newnormal-and-water-rate-basics.pdf
http://doi.org/10.1007/s11269-017-1663-0
http://doi.org/10.2307/3146499
http://doi.org/10.1080/02508060.2016.1269283
http://doi.org/10.1007/s11269-018-2133-z


Sustainability 2022, 14, 14495 15 of 16

14. Sahin, O.; Bertone, E.; Beal, C.; Stewart, A.R. Managing water demand through dynamic pricing: A holistic system modelling
approach. In Proceedings of the 12th Conference on Sustainable Development of Energy, Water and Environment Systems,
Dubrovnik, Croatia, 18 October 2017.

15. Hoque, F.S.; Wichelns, D. State of art review; Designing urban water tariffs to recover costs and promote wise use. Int. J. Water
Resour. Dev. 2013, 29, 472–491. [CrossRef]

16. Sjodin, J.; Zaeske, A.; Joyce, J. Pricing Instruments for Sustainable Water Management; Working Paper Nr. 28; SIWI: Stockholm,
Sweden, 2016.

17. Frone, S. Issues on the role of efficient water pricing for sustainable water management, Romanian journal of economics. Inst.
Natl. Econ. 2012, 34, 84–111.

18. Marinelli, E.; Radini, S.; Akyol, Ç.; Sgroi, M.; Eusebi, A.L.; Bischetti, G.B.; Mancini, A.; Fatone, F. Water-Energy-Food-Climate
Nexus in an Integrated Peri-Urban Wastewater Treatment and Reuse System: From Theory to Practice. Sustainability 2021,
13, 10952. [CrossRef]

19. Bithas, K.; Kollimenakis, A.; Maroulis, G.; Stylianidou, Z. The water framework directive in Greece. Estimating the environmental
and resource cost in the water districts of Western and Central Macedonia: Methods, results and proposals for water pricing.
Procedia Econ. Financ. 2014, 8, 73–82. [CrossRef]

20. Shah, M. Urban Water Systems in India: A Way Forward; Working Paper, No. 323; Indian Council for Research on International
Economic Relations (ICRIER): New Delhi, India, 2016.

21. Vincent, J.C.; Supate, R.A.; Desai, S.N. Efficient Wastewater Management for Sustainable Development: Challenges and Prospects
in Indian Scenario. Int. J. Health Serv. Res. 2017, 52, 276–289.

22. Padelkar, A.; Kaur, S.; Kumar, R. Reliability analysis and removal efficiency relationship of common effluent treatment plant of
industrial clusters. Int. J. Environ. Sci. Technol. 2019, 16, 1379–1394. [CrossRef]

23. Mohiyaden, A.H.; Sidek, M.L.; Ahmed Salih, H.G.; Birima, B.H.; MohdSabir, F.A.; NdNasir, N.M. Conventional methods and
emerging technologies for urban river water purification plant: A short review. ARPN J. Eng. Appl. Sci. 2016, 11, 2547–2556.

24. Al-Jabr, H.A.; Rached, B.-M. Optimum Selection of Renewable Energy Powered Desalination Systems. Proceedings 2018, 2, 612.
25. Hingorani, P. The Economics of Sewerage Water Recycling and Reuse in India; Indian Infrastructural Report 2011, Water Policy and

Performance for Sustainable Development, Indian Infrastructure Report; Oxford University Press: New Delhi, India, 2011; pp.
313–323.

26. Samuel, V.; Srinivas, T.G. Efficient treatment technologies ad cost research. Int. J. Eng. Adv. Technol. 2019, 9. [CrossRef]
27. Cox, W. World Urban Areas Population and Density: A 2012 Update. New Geography. 2012. Available online: http://www.

newgeography.com/content/002808-world-urban-areas-population-and-density-a-2012-update (accessed on 8 April 2019).
28. Tumbe, C. Urbanisation, Demographic Transition, and the Growth of Cities in India, 1870–2020; Working paper; International Growth

Centre: London, UK, 2016.
29. Howard, G. Domestic Water Quantity: Service Level and Health; WHO/SDE/WSH/03.02; World Health Organisation: Geneva,

Switzerland, 2003.
30. World Health Organization (WHO); International Programme on Chemical Safety. Guidelines for Drinking-Water Quality. Vol.2,

Health Criteria and Other Supporting Information, 2nd ed.; World Health Organization: Geneva, Switzerland, 1996. Available online:
https://apps.who.int/iris/handle/10665/38551 (accessed on 5 June 2020).

31. Sankar, U. Common Effluent Treatment Plants: An Institutional Arrangement for Pollution Control in Small Scale Tanneries in
India, World Bank Research Support. 2014. Available online: https://www.researchgate.net/publication/252196879 (accessed on
9 April 2022).

32. Tandel, M.A.; Shah, A.M. Performance Study of CETP (Common Effluent Treatment Plant)—A Case Study of Pandesara, Surat.
Int. J. Curr. Eng. Technol. 2018, 8, 32–35. [CrossRef]

33. Heberling, T.M.; Nietch, T.C.; Price, I.J.; Thurston, W.H.; Elovitz, M. Drinking Water Treatment Plant, Costs and Source Water Quality:
An Updated Case Study; US Environmental Protection Agency, Office of Research and Development: Cincinnati, OH, USA, 2017.

34. Bertone, E.; Rodney, A.; Stewart, I.; Zhang, H.; O’Halloran, K. Hybrid water treatment cost prediction model for raw water intake
optimization. Environ. Model. Softw. 2016, 75, 230–242. [CrossRef]

35. Shouman, R.E.; Sorour, M.H.; Abulnour, A.G. Economics of Renewable Energy for Water Desalination in Developing Countries.
Int. J. Econ. Manag. Sci. 2015, 5, 1. [CrossRef]

36. IRENA. Renewable Power Generation Costs in 2017; International Renewable Energy Agency: Abu Dhabi, United Arab Emirates, 2018.
37. Soares, B.R.; Memelli, S.M.; Roque, P.R.; Gonçalves, F.R. Comparative Analysis of the Energy Consumption of Different Wastewater

Treatment Plants. Int. J. Archit. Arts Appl. 2017, 3, 79–86. [CrossRef]
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