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Abstract: Managing water supply systems is essential for developing countries to face climate
variability in dryland settings. This is exacerbated by high energy costs for pumping, water losses
due to aging infrastructures, and increasing demand driven by population growth. Therefore,
optimizing the available resources using a water—energy nexus approach can increase the reliability of
the water distribution network by saving energy for distributing the same water. This study proposes
a methodology that optimizes the Water Distribution Network (WDN) and its management that
can be replicated elsewhere, as it is developed in a data-scarce area. Indeed, this approach shows
the gathering of WDN information and a model to save energy by optimizing pump schedules,
which guarantee water distribution at minimal operational costs. The approach integrates a genetic
algorithm to create pumping patterns and the EPANET hydraulic simulator to test their reliability.
The methodology is applied for a water utility in the dryland urban setting of Lodwar, Turkana
County, Kenya. The results indicate a potential reduction in energy costs by 50% to 57% without
compromising the supply reliability. The findings highlight the potential of WEN-based solutions in
enhancing the efficiency and sustainability of data-scarce water utilities in dryland ecosystems.

Keywords: water—energy nexus; optimization; pump scheduling; dryland urban setting; water
supply infrastructures

1. Introduction

Drylands are defined as hyper-arid, arid, semi-arid, and dry sub-humid parts of the
Earth. They can be found in all the continents and cover approximately 41 to 47 per-
cent of the Earth’s surface and host 39% of the global population [1-3]. According to
UNEP/GRID [4], Asia and Africa have the largest amount of dryland areas, while Central
America and Europe have the least dryland areas. A higher human population in drylands
is found in Asia and Africa. The dryland ecosystem supports both rural and urban settings,
with examples of large cities like Cairo, New Delhi, and Mexico being located in dryland
areas [5,0]. It is projected that about 40% of the urban population will be living in cities
located in dryland areas by 2050 [5]. According to Li et al. [6], communities in dryland
ecosystems are faced with numerous stressors threatening their livelihood resilience and
causing water scarcity, especially as a consequence of climate change, which is one of the
main drivers of stressors.

In all dryland areas, water scarcity is a constant feature. This is exacerbated by erratic
rainfall from season to season, leading to disasters of drought or floods and increased
temperatures attributed to climate variabilities that negatively affect groundwater reserves,
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which represent the main water supply source in the dryland ecosystem [7-9]. According
to Gain et al. [10], water security can be viewed in four dimensions: water availability,
accessibility, stability, and quality. Pradhan et al. [11] posit that the impact of climate change
on water security goes beyond these four dimensions and is closely linked to many other
dimensions of sustainable development goals and that increasing water scarcity in dryland
areas will make the attainment of these goals more difficult [11-13].

Water Distribution Networks (WDNSs) play a crucial role in ensuring water security
and providing consumers with sufficient water of appropriate quantity and quality. A
WDN comprises various elements (such as water sources, reservoirs, treatment plants,
pumps, pipes, tanks, and valves), and pumps are the largest energy consumers among the
components of a water supply system [14]. Due to high energy prices and the associated
GHG emissions, there is an increasing demand to minimize energy requirements and to
develop and implement sustainable water use strategies [15].

In this context, adopting a nexus-based approach to managing natural resources
appears crucial [16]. Indeed, water management in dryland areas is strictly connected with
food security targets and energy production constraints and is considered to be a grand
nexus approach [17]. The Water—-Energy Nexus (WEN) is a sub-nexus that focuses on the
interdependencies between water and energy. On the one hand, energy is used in water
production, such as in the water supply systems, while on the other hand, water is used in
the generation of energy, such as in hydropower generation [17,18]. As an example, the
groundwater depletion observed throughout the world [19] can lead to an escalation of
pumping energy costs and affect water yield [20].

Nexus issues in the dryland areas bring water supply management and operations
issues to the forefront and demand attention. Sustainable development goals are diffi-
cult to reach in developing countries, where 70% of dryland areas are located, and there
are several challenges in the management and operation of water services in urban set-
tings. According to Sadoff [12] and Stringer et al. [1], such challenges are the result of
population increases in dryland urban ecosystems, climate change, unmatched rates of
infrastructure expansion, depletion of groundwater sources, and pollution. It is against
this background that Wang et al. [21] observe that the concept of WEN is gaining traction
as a useful viewpoint in analyzing and managing the utilization of the two resources with
future research directions focusing on modeling and optimization techniques for the WEN.
Abegaz et al. [22] observe that there has been an increase in the literature on the assessment
of interdependency between energy and water to sustain global water and energy security,
whereas Carneiro et al. [23] appreciate the interplay between water and energy in a water
utility where water and energy efficiency were used in one of the matrices in their proposed
framework to assess the resilience of water distribution system.

Indeed, researchers and practitioners in the water sector are focusing on innovative
ways of managing water supply and the associated energy consumption to achieve sus-
tainable development in dryland regions [22,24]. In this context, the application of various
optimization techniques has been increasingly explored and reached a degree of maturity
in a wide spectrum of industries, including water resources systems [25,26]. WDN opti-
mization entails creating a dependable, efficient, and cost-effective distribution network
that meets the necessary water demands while maintaining adequate pressure heads [27].
The recent need for research on WDN operational optimization has been emphasized
by factors such as aging network infrastructures leading to more water losses, increased
demand due to urbanization, climate change-induced variables, and socio-economic factors
within supply areas [28,29]. Several optimization techniques have been developed and
applied to water supply systems with continuous refinement as technology advances.
They are broadly classified as deterministic optimization techniques or single objective
optimization, which include linear programming, nonlinear programming, dynamic pro-
gramming, and metaheuristic/stochastic or multi-objective optimization techniques, in
which genetic algorithm, simulated annealing, ant colony, and particle swarm are among
the used techniques [30]. These techniques are used in both the design and operational



Water 2024, 16, 3073

30f17

stages of water supply systems to optimize system component parameters such as pipe
diameters, optimal network design, node locations, and optimal pump scheduling [25].
Particularly interesting in the context of WDN optimization appears to be genetic algo-
rithms [31,32], a multi-objective optimization technique that has already been applied to
different aspects of optimization in water supply systems to obtain optimal design and
operational levels and has demonstrated its capacity to obtain better solutions than classical
methods [33-36]. According to Luna et al. [37], although the use of genetic algorithms in
water supply systems optimization suffers from a computational burden, it has proven to
be most suited to deal with problems of pump scheduling, which can be parameterized to
suit the genetic algorithm structure. Other studies have shown a cost reduction of around
30% when genetic algorithms are applied in pump scheduling optimization [38]. More
efficient optimization methods have been introduced, such as the nonlinear chaotic honey
badger algorithm (NCHBA). Jafari-Asl et al. [39] state that there is a general consensus
among the researchers that there is still no single universal optimizer that can efficiently
solve all complex problems related to water distribution systems, a fact earlier reinforced
by [40] in their review of different optimization techniques.

The main aim of this study was to develop a WEN-based modeling and optimization
technique to support the efficient management of water supply networks in dryland areas.
The developed approach is tested in a data-scarce area to provide the optimal strategy
for assuring water supply while minimizing energy costs. The study is organized as
follows: the next section describes the case study area and the data that are used, the third
section presents the applied methodology, and then the results, discussion, and conclusions
are given.

2. Data and Study Area Description

The selected study area is the town of Lodwar in Turkana County, Kenya (Figure 1).
The town is in the downstream part of the Turkwel River basin, which is characterized by a
warm and hot climate with a temperature range between 20 °C and 41 °C and a mean of
30.5 °C. It has an erratic and unreliable rainfall pattern with a mean annual precipitation of
200 mm. Rainfall often results in flash floods, while surface runoff and potential evaporation
rates are extremely high due to little vegetation cover in the river basin [41]. The Turkwel
River originates from the Uganda side of Mt. Elgon and flows through Lodwar town,
eventually draining into Lake Turkana [42]. The water supply source to the Lodwar
municipality relies entirely on groundwater abstracted from 11 boreholes with an average
depth of 50 m drilled within shallow aquifers along the Turkwel River [7,42,43] and three
boreholes within intermediate to deep aquifers of a depth greater than 50 m in Napuu.

Lodwar municipality’s population growth rate is estimated as 3.6% annually accord-
ing to Kenya’s population and housing census [44,45], which recorded its population at
58,290 and 82,970 in the years 2009 and 2019, respectively, with a population density of
243 inhabitants per km?. The town is the regional transport and communication hub of
Turkana County and a commercial center with major economic activities of small-scale
trading, nomadic pastoralists, basket weaving, tourism, and small-scale farming along the
Turkwel River [46].

Historically, Lodwar municipal water services have been provided by different agen-
cies such as the Catholic Diocese of Lodwar and other non-governmental organizations
that sponsored the drilling, equipping, and construction of water supply infrastructures
for different zones within the town. The work finished around the year 2007 without a
clear as-built network map [47]. Therefore, an update of the existing network map was
necessary to implement the analysis (as explained in Section 3.1). The main water user
category is domestic, with a small percentage of commercial and industrial activities. The
area is divided into eight supply zones supplied by 14 boreholes with an estimated total
daily demand of 2445 m?, which varies with the seasons [48] (Figure 1d). The total network
storage capacity is 1249 m? and the network node elevation within the area covered by the
network ranges from 487 m a.s.l. to 547 m a.s.l. Water is pumped from the boreholes to
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raised steel and masonry tanks located at higher elevations within the supply zones and
distributed to consumers via gravity. The pump setup is a hybrid of solar photovoltaic and
grid electricity, but the utility occasionally fails to pump water due to disconnected grid
electricity, which results in unsettled bills. Out of the eight supply zones, a detailed analysis
was carried out in just one of them, namely the Nakwamekwi supply zone (Figure 1a). The
procedure can be replicated in other supply zones or in other cities.
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Figure 1. Study area location. The water distribution network of the town of Lodwar (d) is managed
by the Lodwar Water and Sanitation Company (LOWASCO). The town of Lodwar is in Turkana
County (c) in the northwestern part of Kenya (b). The methodology to retrieve the water distribution
network data was applied to the entire town, while the optimization procedure was conducted in the
Nakwamekwi supply zone (a).

The Nakwamekwi supply zone has an approximate total network length of 24 km and
a daily demand of 583 m>. The area is served by two boreholes and two masonry storage
tanks with a total capacity of 322 m? at elevations of 520 m a.s.l. and 509 m a.s.1, respectively.
Pumps are operated in a hybrid system of solar photovoltaic and grid electricity, which are
operated for 20 to 24 h per day. The water user categories are shown in Table 1.

Water consumption follows a diurnal pattern, with the peak hours between 06:00 and
09:00. and between 18:00 and 21:00. Node elevations within the analyzed supply zone
range from 490 m a.s.l. to 514 m a.s.l. Table 1 shows the estimated average household
size per connection, which is based on the Kenya Housing Population Census 2019 and
a demand per capita (liters per day) recommended by the Kenya Ministry of Water and
Irrigation Water Supply Services Design Manual 2005 for dryland urban settings.
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Table 1. Nakwamekwi active water connections in 2021 (Source: WASREB, [49]).
. No. of Estlmated. Average . Per Capita in Daily Demand
Service Type . Population Per Total Population . o
Connections . Liters/Day in Liters
Connection
Residential 1309 5 6545 75 490,875
Water kiosk 12 50 households x5 3000 20 60,000
Standpipe 20 10 households x5 1000 20 20,000
School/Institution 5 300 1500 5 7500
Business/Commercial 10 500 5000
Total 1356 12,045 620 583,375

3. Methodology

The developed methodology is mainly composed of two phases. Firstly, a comprehen-
sive characterization of the network was realized through surveys and GIS data elaboration
(Section 3.1) to provide the required input for the model used for WDN simulation and
optimization (Section 3.2). The latter section is subdivided into three main blocks: the water
network optimization (Section 3.2.1) to determine the changes needed in the WDN to assure
its proper hydraulic functioning; the energy optimization (Section 3.2.2) to determine the
optimal pumping schedule to minimize energy consumption; and the water—energy nexus
(Section 3.2.3) where the outputs of the previous two sections were combined to obtain the
final WDN management strategy.

3.1. Water Network Distribution Mapping

Due to the inadequate data on the utility’s water supply infrastructure, a series of
surveys was organized to update the existing network map referring to 2014. Baseline
data for hydraulic analysis were gathered for one month through field measurements,
observations, and administration of questionnaires. The data collected are network node
elevation, pipe lengths, materials and diameters where applicable, tanks’ locations, ele-
vations, and dimensions, flow velocities, and flow rates in exposed pipes and borehole
drawdown. In some cases, where the nodes were unclear, an institutional memory of
a former employee of the utility was solicited, as indicated in Figure 2, during physical
mapping and subsequent measurements.

The information derived from the surveys was then combined with a scanned and
digitized topographic map of the 2014 water supply network in a GIS environment (i.e.,
QGIS) to update the map to reflect the status as of 2021. QGIS tools were used to validate
the spatial network data. Particularly, node elevation has been validated with a Digital
Elevation Model and pipe length has been measured using the software.

3.2. WDN Simulation and Optimization

Once the WDN has been obtained, its optimization has been achieved following
the methodology shown in the flowchart in Figure 3. The process is divided into three
main components.

In the water network optimization (blue part of Figure 3 and Section 3.2.1), the process
starts by creating a schematic diagram of water supply network elements in the EPANET
2.2 model [50] and characterizing each element using field data. The aim is to provide a
coherent representation of the present situation, including the main WDN flaws. Indeed, the
WDN had been changed during the recent year, adding new network elements without any
hydraulic verification and determining inadequate supply at various points of the network.

The energy optimization component (yellow part of Figure 3 and Section 3.2.2) has
the objective of finding pumping patterns with the lowest cost among a population of
randomly generated patterns derived from a genetic algorithm, considering some initial
pumping schedules as a constraint and the variability of the pumping cost during the day.
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The water—energy nexus component (green part of Figure 3 and Section 3.2.3) consists
of testing the selected pumping pattern in the EPANET model to verify that each node in
the WDN is served in each time step, without the pumps working 24 h a day.

=" OpenStreetMap
@ Boreholes

© Tanks
— Pipeline & P g g

Figure 2. Water distribution network mapping conducted through local surveys. The photos show
some elements (tanks, pipes, boreholes) that have been measured and localized since there was no
clear knowledge about the water distribution network.

3.2.1. Water Network Optimization

The water network optimization can be conducted using the EPANET 2.2 model. In
this study, only the Nakwamekwi water supply zone has been optimized, following the
described approach (Figure 4).

The EPANET model was constructed using the field data, which were obtained from
the WDN mapping (Section 3.1). In the surveys, all the essential network elements and
their properties were collected (Table 2).

Table 2. EPANET elements and required inputs for model development.

Element Name Properties Set

Junction (Node) id, elevation, base demand, demand pattern

Reservoir id, description, total head

Tank id, elevation, initial, minimum and maximum level, and diameter
Pipe id, start and end node, length, diameter, roughness

Pump id, pump curve, pattern

Valve id, start and end node, diameter, type, fixed status

Label Text, font
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Energy Start Water network
optimization optimization
Set up genetic - == mmmmm ==
algorithm in ¥
MATLAR Set up network model
i EPANET
Input/adjust GA
parameters, Load field data
—» .
population size,
mutation rate, Re_cord
maximum generation R del Adjust model adjusted
un mode geometry model
ry geometry
h
Generate initial
population No
Run genetic v
algorithm o8
Load model to Water-Energy
EPANET-MATLAB
toolkit Nexus
- . No Is costless
Get optimal pump . Update 0pt1mal_ than Yes Store
schedule ¥ pump schedule in minimum chedule
Anp file cost?
L
Run model
Yes
Discard pump Run
schedule successful

Figure 3. Flowchart of the methodology, which is divided into three parts: water network opti-
mization to improve the reliability of the actual distribution network; energy optimization to obtain
pumping schedules with low costs that are tested in the EPANET model; and water-energy nexus.
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Figure 4. Schematic diagram of the water supply network for the Nakwamekwi zone in the
EPANET model.

In particular, the pipe roughness of 110 for old steel pipes and 150 for new PVC pipes
was used to factor in friction losses, while at the nodes suspected to experience leakage,
proportionate values of emitter coefficients were set. Water losses due to pipe leakages
were simulated by setting up emitter coefficient properties of the pipes to reflect the current
state from the following equation:

Q = kp" (1)

where Q is the leakage flow rate, k is the emitter coefficient, P is the pressure in a given node,
and n is the pressure exponent. Following the general guidelines for setting coefficient
values in EPANET, k has been set following this rule: (i) from 0.001 to 0.01 for small cracks
or pinholes in the pipe, (ii) from 0.01 to 0.1 for moderate-sized holes or large cracks, and
(iii) from 0.1 to 1.0 for significant raptures or pipe breaks. For very large bursts within
sections of the network, the value of k varied between 1.0 and 10.0 to simulate the actual
situation on the ground. The actual water demand in each node was evaluated using the
Voronoi polygon of distribution nodes and by calculating the population to be served in
each area based on the population density in each polygon. The population data in the area
were provided by LOWASCO [45,47]. Since the population and the demand do not have a
season in which some months require more water than others, only a representative day
was modeled in EPANET. Nonetheless, water demand fluctuates during the day, and this
has been considered with the demand pattern.

Since the WDN in the town of Lodwar currently has problems in the distribution
of water, the model run in EPANET was not successful due to some negative pressures.
Therefore, the WDN has been optimized with an iterative process, in which some elements
have been changed until a successful run is obtained, which is an indication of a reliable
network. Therefore, the results of this iterative process (blue part of the flowchart in
Figure 3) are new WDN geometry.
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3.2.2. Energy Optimization

The optimization of a water distribution network can be achieved by reducing the
energy costs associated with a given water volume or by increasing the water availability in
the network with the same energy. For instance, the WDN can be optimized by increasing
water availability through reducing leakages within the supply network by employing
leakage management strategies [51]. In this study, the optimization was done by just
looking at the energy cost of pumping in a hybrid system.

To optimize energy consumption, pumping schedules with the fewest number of
pumping hours possible must be found. Daily pumping patterns can be thought of as a
vector of 24 elements (one for each hour), with 1 and 0, respectively, for pumps being on or
off. A genetic algorithm (GA) was set up in MATLAB R2024ato create random pumping
patterns from an initial population, which was used as a constraint. Indeed, a completely
random generation would create patterns that are not reliable with very few hours of
pumping, causing network disconnection, i.e., negative pressure in some nodes. However,
it is not necessary to explore the entire search space of 22, i.e., 16,777,216, daily pumping
patterns, as the few optimal solutions must have at least a minimum number of pumping
hours in the day. For this reason, the GA was used instead of a complete random generation
to create pumping patterns from an initial population with a given mutation rate. Therefore,
the parameters of the GA are initial population, mutation rate, and maximum iteration.

The pumping system is a hybrid of solar photovoltaic and grid electricity. According
to the utility’s estimates, the cost of running pumps on solar energy is a quarter of the cost
of running pumps on grid energy, and in the existing setup, solar energy is available for
9 h a day for all seasons of the year. The energy cost function f(x) to determine the cost
incurred in running pumps per day is formulated as:

Fx) =Y Y (Ey x T.) )

where Np is the number of pumps operating within a supply zone, St represents the number
of time steps or the simulation period taken as 24 h for an extended period simulation in
this study, and Ej; is the energy consumption of pump i during time interval ¢ (kWh). This
depends on the pump operation status of on/off and varies with the type and specifications
of the pump installed in the borehole. T is the vector of energy tariff per time step through
the simulation period as USD/kWh.

The cost function was evaluated for each generated pattern, and the one with the
minimum cost for each run was loaded and tested with an EPANET file “.inp” in an
EPANET-MATLAB Toolkit environment developed by Eliades et al. [52] to determine the
feasibility of the solutions (see next section).

3.2.3. Water-Energy Nexus

Some of the pumping schedules obtained as described in the previous section may
not be reliable, as they may cause negative pressure in the water distribution network. For
this reason, the reliability of the generated pumping schedule was conducted using the
EPANET-MATLAB toolkit [52], where the optimal pump schedule generated from the
genetic algorithm is updated as input.

In case the model run is unsuccessful because of negative pressure in some elements of
the network, the model parameters of the genetic algorithm are adjusted, and the procedure
described in the previous section is conducted again. If the run in the EPANET-MATLAB
toolkit is successful, the pumping schedule is stored. Nevertheless, a successful run is
not strictly associated with a fully functioning distribution network, as some schedules
can generate positive pressure but still very low pressure among some elements of the
WDN. Indeed, according to LOWASCO [53], the common mode of water provision in areas
further from the town center is through water kiosks and standpipes requiring a minimum
nodal pressure of 2 m [54]. For this reason, the interdependency between water and energy
components was tested through optimal schedules of pumps, which resulted in a reliable
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water supply at a residual node pressure of more than 2 m in all the nodes during the
simulation period for the supply zone.

4. Results and Discussion
4.1. Water Distribution Network Mapping Results

Water distribution network mapping with local surveys has produced an updated
network map (Figure 5). This result would enable efficient management due to a clear
understanding of the network and establishing hotspots associated with leakages and
bursts contributing to the current high non-revenue water of 45% [49]. The realized WDN
map captures the updated status of the LOWASCO water supply network as of the year
2021 (Figure 5). Three new boreholes, a steel storage tank of 300 m3 in capacity, and an
HDPE rising pipe of 6-inch diameter were added to the Nawoitorong supply zone. In the
Nakwamekwi supply zone, one borehole was added to the network, while a borehole and
its rising main pipes were removed from the network after having been washed away by
floods in the year 2019 [48].
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Figure 5. LOWASCO water supply network map of 2021.

The network shown in Figure 5 is for the whole Lodwar municipality. The optimization
results of the Nakwamekwi supply zone are shown in the following sections.

4.2. Water Distribution Network Optimization Results

Nakwamekwi’s current network status is shown in Figure 6, which illustrates network
node elevations in green and pipe diameters in blue in the EPANET interface. Figure 6
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represents the real status of the network, which experiences high negative pressure because
of the low elevation of the tank capacity of 72 m? at an elevation of 509 m a.s.l. and
distribution pipe diameters of 50 mm within the network. The optimized network is
proposed to have the masonry tank of 72 m? replaced with a steel tank raised to a height of
520 m a.s.l. and replacement of distribution pipes of 50 mm diameter to 60 mm diameter
within the supply network, as marked in magenta in Figure 6.

i EPANET 2.2 - Nakwamekwi network - Base_Scenario1.net
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Figure 6. Nakwamekwi water supply network. The diameters of the pipes are shown in blue
(100 mm) and magenta (50 mm), while the elevation of the nodes in meters above sea level follows
the legend in the bottom-right corners. The modifications done on the water distribution network are
the following: the 50 mm diameter pipes (magenta) have been increased to 60 mm, while the 72 m3
(green) tank was raised by 11 m.

4.3. Water—Energy Nexus Results

Since solar energy is cheaper than grid electricity, an initial pumping schedule, from
which the genetic algorithm generates random patterns, is shown in Figure 7, which
maximizes peak solar hours by ensuring the pumps are on between 08:00 and 16:00. This
finding is supported by the conclusion of Urkmez et al. [55], which showed that in an
optimized hybrid pumping system, 66.95% of PV energy is required in order to reduce the
cost incurred by grid pumping with the use of stochastic optimization.

Table 3 presents the results of randomly generated pump schedules by the genetic
algorithm, illustrating the status of the pump in each hour (on “1” or off “0”).

This table presents whether the proposed schedule results in a successful model run
in EPANET and the accompanying cost in USD per day for each pattern. Therefore, it
shows the reliability of the network based on reaching a minimum pressure in the EPANET
simulations. Tao et al. [56] made a similar attempt by coupling genetic algorithms and
EPANET simulations to target a balance between economy and reliability. The results
indicate that an optimal and cost-effective schedule of USD 82.5 would lead to savings
of between 50% and 57% from the current schedule of USD 165 and USD 189.75 when
pumps run for between 20 h to 24 h per day. This view of cost saving in water supply
systems through GA and hydraulic simulation to pump schedules is also supported by
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Atkinson et al. [57], who applied GAs and commercial hydraulic simulation, reaching a
reduction of the annual operational cost of almost 20% through better utilization of the

off-peak electricity tariff periods for pumping.

4| Genetic Algorithm

File Edit View Insert Tools Desktop Window Help

Ddde @ 0B k(E

Optimized pump schedule for on (blue) off (gray) status

Pump

Hour

S TR SOV RGP

aRidith

Figure 7. Example of pumping schedule that maximizes energy during solar hours.

Table 3. Sample scenarios of pump schedules randomly generated by a genetic algorithm and tested

in EPANET.

Actual Cost

No GA Generated Pump Schedule in 24 h Period of Hybrid Pumping Successful Run? in USD
1234567 89 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1 0oo0oo0o0111011100111011000O0O0 Yes 71.5

2 1000110011 10011111100000 Yes 82.5

3 1T 000110011 10011111011000 Yes 93.5

4 1T 0001100111111 1111011000 Yes 99

5 $1 1001101111111 11111000010 Yes 101.75

6 1T 0001101111111 11111011010 Yes 112.75

7 o0o01011011111111111101111 Yes 134.75

8 011111101111 1111111111101 Yes 165

9 111111111111 111111111111 Yes 189.75

v o000O0OO0OO0OT171111111100O0O0O0O0O0OQO0 No 24.75

2 1010100111111 111110101100 No 101.75

3 100011001101011111011000 No 93.5
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Different pumping schedules with the same cost can have different results (successful
or not), as can be seen by comparing the highlighted schedules in the previous table
(Schedules 3 and 5, successful, with Schedules 12 and 13, unsuccessful). Indeed, pumping
schedules that follow the water demand pattern have a higher chance of being successful.
According to Figure 8, the peak water demand hours are between 4:00 h to 8:00 h and
16:00 h and 20:00 h.
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Figure 8. Water consumption pattern for the Nakwamekwi supply zone. The peak of water demand
is from 4:00 h to 8:00 h and 16:00 h and 20:00 h.

There are a total of 62 water withdrawal nodes considered within the supply zone. A
plot of successful cost schedules against minimum pressure and average pressure within
the 62 nodes is presented in Figure 9. Figure 9 illustrates the minimum pressure obtained in
a single node during the most critical hours associated with the peak of the water demand
on the left, while it shows an average pressure considering all the nodes in the same time
steps. The pump scheduling scenarios represented in Figure 9 are the first nine scenarios,
also shown in Table 3. Since the scenarios are ordered in the table with respect to the daily
cost, the first dot on the left is scenario 1 and the last on the right is scenario 9. The first
scenario has one of the lowest costs of USD 71.5 /day and results in a minimum node
pressure of 1.85 m during the peak demand hours. Nevertheless, the scenario is not reliable,
as it is under the threshold of minimum pressure set by [53,54], i.e., the red dashed line in
Figure 9 that crosses 2 m. In all the scenarios the average pressure is above 11 m. Scenario
9 in Table 3 (the last point on the right of Figure 9) relates to the current daily prices for
the network, as it represents 24 h pumping in a day. This price is determined by the fact
that solar and grid energy cost are respectively, USD 0.25 /KWh and USD 1 /KWh. Since
the total installed power is 11 KWh and solar energy is available for 9 h in a day, the total
price is USD 189.75 /day. Nevertheless, the minimum pressure in this scenario is 0.7 m
above the minimum threshold that is needed, resulting in a higher expense than necessary.
Indeed, using the pumping schedule of scenario 2, with a cost of USD 82.5 /day, the WDN
is reliable, reducing cost by 57%. The cost could be reduced even more by considering
the optimization of the water distribution network by reducing leakages [52]. Moreover,
this study optimized the network by considering the actual availability and demand of
water in the city of Lodwar. Therefore, future development will consider improving the
methodology by considering leakage management, climate change, and population growth
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for a more in-depth analysis that can also guarantee the future reliability of the water
distribution network.

2.7
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Figure 9. Network nodal pressure against daily pumping cost scenarios. The minimum pressure
obtained in a single node during the peak of the water demand is shown on the left with the
LOWASCO threshold of 2 m, i.e., the minimum pressure requirement in the network. The average
pressure considering all the nodes in the same time steps is shown on the right.

5. Conclusions

This work presented a methodology to optimize a water distribution network that
allows the distribution of water at the minimum cost of energy. Specifically, the procedure
is based on a genetic algorithm that creates pumping schedules coupled with a hydraulic
simulator EPANET to test the reliable ones. This study illustrates the possibility of enhanc-
ing water supply infrastructure in dryland urban settings by integrating the principles of
the water—energy nexus, as the results have shown how the water distribution network can
supply water by saving 50% of the energy with respect to the current situation. Moreover,
this study demonstrates the potential of using a water—energy nexus approach to optimize
the water supply infrastructure in a data-scarce dryland urban setting. Indeed, this work
used almost no information except for that which has been retrieved from local surveys and
uses an open and freely available hydraulic model. Therefore, this study could represent a
model for other studies that want to replicate the approach in areas with a lack of informa-
tion. The best configuration of the model, i.e., the selected pumping schedules, also allows
a reduction in the average pressure on the network, which implies a decrease in water
losses due to leakages as well. The water-energy nexus is a promising approach that can
be easily followed with data scarcity constraints. This research highlights the possibility of
developing optimization frameworks to enhance the sustainability of water infrastructure
in dryland urban settings from a holistic nexus-based framework.

Optimizing energy and water in dryland areas is fundamental to increasing the
resilience of communities and adapting them to the new challenges of the future when the
population will increase in a changing climate.
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