Heliyon 10 (2024) e36518

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Review article

GIS-based multi-criteria decision analysis model for utility water
demand: The case of Lodwar Municipality, Turkana County, Kenya

Bonface Wanguba ®“", David N. Siriba”, Benson O. Okumu "

@ Department of Earth and Climate Sciences, University of Nairobi, Kenya
Y Department of Geospatial and Space Technology, University of Nairobi, Kenya
¢ Institute for Climate Change and Adaptation, University of Nairobi, Kenya

ARTICLE INFO ABSTRACT
Keywords: Water scarcity is a global issue resulting from rapid urbanization, increasing population growth,
AHP industrial development and expansion of human activities over time and space. Water shortage

Lodwar town

GIS

Multi-criteria decision analysis
Water demand

affects every continent and is listed as one of the largest global risks hence the need for proper
management of water resources. Municipalities and cities worldwide are struggling to maintain a
steady supply of water to meet the increasing water demand. The study used Geographic Infor-
mation System (GIS) techniques and Multi-Criteria Decision Analysis (MCDA) to develop a de-
cision support model that can be applied to improve the utility water demand management for
the Lodwar Municipality in Turkana Kenya. The data comprised remotely sensed data, population
density, spatial plans, utility infrastructure maps and metered water connections data. The AHP
pairwise comparison matrix was applied to assign weights for the 8 criteria influencing water
demand in the area. The population density, proximity to water network facilities and land use
criteria were equivalent to 30 %, 25 %, and 23 % respectively whereas 22 % of other criteria were
dependent on each other. The analysis of satellite images showed the expansion of built-up areas
and emerging human activities in regions towards the South and Western of Lodwar Town. The
resulting model outcome identified the potential demand priority sites within the region of which
some are underserved. The model efficiency was assessed through the application of statistical
indicators as well as graphical and map presentations. Consequently, the addition of more input
variables affecting demand is likely to improve the results over changing aspects within the zones.
Municipality water utility managers and decision-makers can therefore employ the model in-
formation to highlight suitable areas for network expansion as well as infrastructure management
planning within the municipality. This method offers an alternative hybrid technique for mapping
potential utility water demand in rural municipalities with inadequate data.

1. Introduction

Global water demand is increasing due to changing consumption patterns, rapid population growth, and economic development
[1]. Besides, global water use has increased by a factor of six for the past 100 years [2]. The water demand is projected to exceed supply
by more than 40 % by 2030, especially in developing countries of sub-Saharan Africa where it may go up by 50 % [3]. Accelerating
urbanization has intensified water management challenges for many large cities worldwide with Asia and Africa experiencing rapid
urbanization rates of 1.5 % and 1.1 % per year, respectively [4]. Water scarcity is affecting every continent and is listed as one of the

* Corresponding author. Department of Earth and Climate Sciences, University of Nairobi, Kenya.
E-mail address: bonface@uonbi.ac.ke (B. Wanguba).

https://doi.org/10.1016/j.heliyon.2024.e36518

Received 11 November 2023; Received in revised form 16 August 2024; Accepted 16 August 2024

Available online 22 August 2024

2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:bonface@uonbi.ac.ke
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e36518
https://doi.org/10.1016/j.heliyon.2024.e36518
https://doi.org/10.1016/j.heliyon.2024.e36518
http://creativecommons.org/licenses/by-nc/4.0/

B. Wanguba et al. Heliyon 10 (2024) e36518

largest risks globally in terms of potential impact in the next decade by the World Economic Forum 2019 [5]. In Africa, water scarcity
affects one in three persons, the WHO/UNICEF JMP report [6], further notes that 411 million people in Africa still lack sufficient access
to basic drinking water services, 779 million have inadequate access to basic sanitation services while 839 million lack access to basic
hygiene. Water insecurity and drought risks caused by climate change have led to projected water scarcity for close to 230 million
Africans. Similarly, an estimated 460 million people living in high-water demand areas will exceed the available water supply by 2025.
This situation is already impacting food and energy security as the continent’s population continues to grow steadily. Water access
remains a matter of concern and efficiency in water use is now a crucial issue [7]. As African countries continue to rapidly urbanize, the
effects of climate change have also led to shifting rain patterns impacting freshwater supplies. In late 2022, an estimated 226 million
people in Eastern and Southern Africa had inadequate access to basic water services, and another 381 million people lacked access to
basic sanitation services [8]. The Sub-Saharan water shortage has intensified amid climate change and related drought risks leading to
decreased water levels in reservoir sources as well as other storages and supplies of fresh water. Consequently, the water security due to
scarcity has been exacerbated by the rising drought situation [9,10] (see Fig. 4).

Kenya has been facing water management challenges for decades. The water shortage is experienced in rural areas and more
pronounced in the Arid and Semi-Arid Lands which have less developed water infrastructure [11]. The water resources within the
country are unevenly distributed where catchments account for over 75 % of the national surface water resources [12]. Kenya has been
as classified as a water scare country with a water per capita of 647 m® of freshwater per year [13], 41 % of its over 50 million people
rely on unimproved water sources such as shallow wells, ponds, and rivers while 71 % use unimproved sanitation solutions [14]. The
water demand in the agricultural and industrial sectors is rising as well as the increased domestic water use which is a combined result
of rapid population growth. The urban population are faced with inadequate access to clean water. Rapid urbanization has negatively
impacted access to a sufficient supply of water due to high water demand in urban areas [15]. The development of most upcoming
towns serving different areas in Kenya relies on water. These towns in counties have accumulated huge deficits in the provision of basic
services, a situation that has been escalated by their related unplanned growth and informal developments [16]. The Kenya Towns
Sustainable Water Supply and Sanitation Program projects started in Kenya have improved the quality of life for beneficiaries in
several towns. These projects guaranteed access to clean, safe, and reliable water supply in 28 small towns in Kenya [7].

Lodwar is such a small town in Northern Kenya facing a rising water demand. The main water service provider for Lodwar town is
Lodwar Water and Sanitation Company (LOWASCO), which relies on solar/electric-powered boreholes situated along the Turkwel
River. Although the aquifer system which is tapped by the LOWASCO boreholes has sufficient water to supply the town [17,18] a larger
urban population faces problems such as the inadequate and unreliable supply of water due to low pressure, frequent pipe bursts, and
excessive leakages due to a dilapidated supply network [19]. The large-scale irrigation schemes to be implemented along the Turkwel
River and increasing water demand as a result of the growing urban population, and commercial and emerging oil activities within the
region are presenting an anticipated demand for huge supplies of water in Lodwar town and the nearby regions [20]. Water resources
management in urban areas has changed in recent times and there is a need to develop sustainable and efficient urban water systems to
adapt to these changes [21]. The managing of water demand in these urban areas is thus becoming a challenge with increasing water
consumption levels. Establishing the spatial dimensions of water demand is essential in the planning and development of water dis-
tribution systems at water utility companies.

Multidisciplinary modelling approaches involving hydrology, economy, ecology, and socio-politics have been applied widely as tools
for selecting proper measures to solve water-related problems [22]. These methods use geographic information systems mapping and
simulation models to provide decision-makers and water managers with interactive analysis tools. Geoinformation methods and
Multi-criteria Decision Analysis (MCDA) are computational approaches that integrate multiple criteria and order of preference to select the
best option [23]. It applies to diverse fields to obtain an optimum solution to a problem wherever several parameters are considered with the
least user experience. The GIS-MCDA considers geospatial data models, and spatial dimensions of the valuation conditions as well as results
in alternatives in the whole criteria evaluation [23,24]. Over 500 studies have published MCDA methodologies for infrastructure man-
agement from the mid-1990s to the present [25,26]. A preview and classification analysis by Ref. [27] and subsequent studies by Refs.
[28-33] applied different MCDA methods such as AHP, PROMETHEE and ELECTRE respectively to demonstrate the applicability in solving
water demand management, some did not address the problem in its entirety. In the analysis of water demand for the Mytilene town of
Lesvos Island in Greece [34], applied GIS-based multicriteria to estimate the present and near future water demands of the town. The AHP
method used to cross-relate the factors and weights derivation classified about 33 % of the area in high and very high priority zones of the
potential urban water demands. Similarly, in the selection of new water supply infrastructure in the city of Santa Marta Columbia [35],
integrated a hierarchy of non-economic benefits and the future expected costs into a global index alongside geoinformation methods. The
multicriteria analysis treated economic criteria separately from non-economic criteria which had been previously proposed to address the
same problem. The theory enabled various stakeholders to systematically evaluate alternatives to the multifaceted water supply problem.
The analysis of the literature indicates the Analytical Hierarchy Process (AHP), a pair-wise comparison method is one of the widely used
MCDA in studies due to its simple nature of application [36]. The method considers all factors where decision-making is very complex and
requires the involvement of actors from different fields with extensive experience. The proliferation of artificial intelligence machine
learning and predictive analytics application strategies have been employed in integrated water resources management in many regions.
According to Ref. [37], the basic applications are categorized into three main groups, prediction, clustering, and reinforcement learning.
These extensive applications are projected to accelerate the formation of sustainable water resource management plans over the next
decade. The machine learning algorithms are categorized into three key groups: supervised, unsupervised, and reinforced learning [38].
The algorithms are applied to determine hidden patterns and or data groupings devoid of human intervention and in some cases (supervised
and reinforced learning), inputs and outputs are mapped whereby the agent is informed of the best strategy to undertake for task
completion. In a study by Ref. [39], data-driven models were applied to evaluate groundwater quality parameters prediction in the
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Fig. 1. Location of Lodwar Town

Table 1
Data and sources.
Data Sources
Demographic Kenya National Bureau of Statistics (KNBS)

Land use and Land cover (LULC) and Slope data from Landsat 8 & STRM

Annual Water Consumption Records (2017-2019), Metered
connections

LOWASCO Infrastructure map 2014 (CAD format)

Municipal boundaries, roads, and drainage shapefiles

Urban spatial plans/Municipality Physical plans
Topographic map for Lodwar Area, Kenya. Sheet: Lodwar. No: 25, Scale

1:100,000.
Other non-spatial/attribute data

USGS Earth Explorer/Glovis website http://glovis.usgs.gov; http://earthexplorer.usgs.
gov.

Lodwar Water and Sanitation Company (LOWASCO) Data office.

Oxfam Turkana Programme and Director of Water Services, Turkana County.

ILRI shapefiles, Google Earth, Ministry of Lands and Physical Planning County
Government of Turkana,

Town Manager/Ministry of Lands and Physical Planning departments, Turkana County
Government

Survey of Kenya

Fieldwork, Observation, Key Informant Interviews.

Alnekheeb basin, Iraq to obtain a sustainable water source. The study investigated the effect of input parameters on the performance of the
proposed models. Several water quality parameters were used for the development modelling. The evaluation results noted that adding
more input variables to the can occasionally increase the effectiveness of the proposed models in regards to prediction accuracy. Besides,
some models provided a capable performance in forecasting the groundwater parameters compared to other models. In Kenya, while
modelling the supply and forecasting the water demand for the Nairobi West area and Athi River town using GIS [40,41], both employed a
GIS-based regression model to estimate the future water demand of the two towns. A comparison of the studies concluded that spatial effects
have greater importance in influencing water demand among other variables. A review of water demand studies in Kenya indicates that
most of the models applied and variations are a result of different factors influencing the demand for water in the respective urban areas and
on a short-term basis. Further analysis of the literature reveals much focus on Kenya’s major towns and cities with limited studies on
upcoming small towns in ASAL regions.

In this context where the GIS-MCDA methodology studies in ASAL regions of Kenya are limited, the research focused on Lodwar mu-
nicipality, a fragile town in Northern Kenya [42] to investigate the utility water demand. Whereas water utility managers are attempting to
understand the general patterns associated with water use in the supply region, the suppliers are not able to curtail the rising demand by
mapping potential expansion areas in advance. The study therefore is attempting to apply the methodology in this area where little
application has been done as a result of limited reliable data. The paper proposes a method that can be applied which utilizes GIS-based
multicriteria and empirical data in the analysis of spatial water demand as well as delineating potential demand priority areas within


http://glovis.usgs.gov/
http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov/

Table 2
Annual water consumption records (source: LOWASCO data office & KNBS).
Zone Name 2017 2018 2019 2020
Zone Active Consumption Estimated Active Consumption Estimated Active Consumption KNBS Active Consumption Projected
Connections ) Population Connection 3 Population Connections w3 Population Connections w3 Population
Census
1 D.C area 295 135,420 1652 311 155,745 1829 311 125,485 2006 253 136,755 2183
2 Town A 429 102,505 2401 439 124,750 2658 439 114,780 2915 421 123,670 3172
3 Town B 287 131,460 1934 287 152,664 2141 287 163,225 2348 268 157,680 2555
4 California 534 181,450 8465 602 289,450 9344 602 285,980 9994 560 301,230 10,644
5 Nakwamekwi 984 54,750 15,186 1232 68,520 16,764 1232 54,750 17,929 1356 232,450 19,094
6 Nawoitorong 1144 120,140 15,435 1144 227,420 17,039 1332 213,664 18,224 1175 243,565 19,409
7 Napetet 874 251,980 6619 981 249,656 7307 981 258,440 7815 933 245,600 8323
8 Kanamkemer 2836 388,825 20,917 3130 840,427 23,090 3230 659,043 24,695 3301 789,700 26,300
Total 7383 1,366,530 72,609 8126 2,108,632 80,172 8414 1,875,367 85,926 8267 2,230,650 91,680
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utility zones for future expansion. The data on water demand and social economic surveys gathered through the REACH Programme [42]
field activities from 2015 in the Lodwar Municipality were key in selecting the town as the choice of study over others.

The main objective was to develop a GIS-based multicriteria model to identify potential demand priority areas. Other objectives
included: mapping the spatial water demand within the utility zones in the municipality; and mapping the main water demand factors
in the area. The application of this model in a real case within the area can improve the water utility to develop a proper network
expansion plan to cater for the increasing demand management challenges thus ensuring an even distributed supply of water services.
The next section describes the materials and methods followed by a discussion of the results.

2. Materials and methods
2.1. Study area

Lodwar Town, located in the Turkana Central Sub-County of Turkana County (3.2072° N, 35.6970° E, has a population of about
82,970 people and a population density of 14 people per square kilometre, with an average household size of 6 persons [43]. Its
geology includes Holocene alluvial deposits, pebble sheets along the Turkwel River as well as basalt and phonolites [20]. The average
elevation of the town is about 477m above sea level and the area receives about 217 mm of mean annual rainfall [44] The Town is part
of the recently upgraded Lodwar Municipality which covers 706 km2. Political and socio-economic changes in recent times have led to
rapid growth, making it a major commercial centre in the North-Western region [45]. The study area is illustrated in Fig. 1 and focuses
on a suitable area of interest in the Lodwar Municipality, including past town boundaries, the LOWASCO water infrastructure network
map and designated areas for network expansion.

2.2. Data and software

The study used data (outlined in Tables 1 and 2) from the relevant sources and fieldwork done in 2020 and 2021, including the
collection of both spatial and non-spatial data for the study area. The field visits were conducted by visiting several organizations and
government agencies in both Turkana and Nairobi Counties, Kenya. GIS software Arc GIS 10.8 and ENVI 5.3 were used for pre-processing
and land cover analysis of the Landsat 8 satellite imagery, while Arc GIS 10.8 was used for other GIS data processing and analyses.

2.3. Methodology

The adoption of a specific MCDA method over others is dependent on the features of the decision problem as well as the preferences
of the decision-makers. In this study, the main procedure of GIS-MCDA [23,24] was adopted. Multi-criteria Decision Analysis for water
demand zoning involves unlimited criteria to identify objectives, allowing water utility managers to influence decision-making on
generating priority sites. The AHP is the most applied MCDA method in decision-making since it is the simplest and the most flexible in
contrast to other MCDA methodologies [29].

The factors affecting water distribution and access include proximity to water pipelines, storage tanks, road networks, and business
centers. Other factors include slope, land use/land cover as well as population density. The reliability of these factors is dependent on the
absence/inconvenience of one factor within the infrastructure network. The raw data obtained from the water company was based on the
annual zonal consumption in M for the selected years. The number of people living in a given spatial area and the water volume consumed
can be used to obtain the annual demand. The annual water volume available per person is calculated in M /year [46]. Using the population
data from KNBS for each zone was used to determine the individual user consumption per year. The annual per capita demand values were
computed through the division of the annual consumption over the population for each respective zone in consecutive years. The resultant
values are detailed in Table 4. The annual minimum Basic Water Requirement (BWR) of 18.25 M? used in the comparison was computed
based on daily recommended basic water requirements for human needs of 50 L [47]. Subsequently, the annual per capita demand values
for each zone over the years were used in comparison to identify which zones are sufficiently supplied with water.

The study employed AHP [28,36,48] to compute the relative weights of factors within MCDA guidelines, assigning priority vectors.
The AHP captures uncertainty in the judgments through the principal eigenvalue as well as the Consistency Index (CI). A measure of
consistency (CI) is calculated using equation (2.1).

Amax — 1 ; .
ClI= o1 Equation 2:1
Where: Anax = the largest eigenvalue of the pairwise comparison matrix evaluation.

n is the number of classes and or criteria used in the analysis.

A Consistency Ratio (CR) is then calculated (according to equation (2.2)) to assess the reliability of the findings compared to
random judgments [49]. Where the CR is above 0.1, the judgments are considered to be unreliable creating the need to revise the
subjective judgment.

_a
" RI

The value of RI (Ratio Index) is for different ‘n’ values that are obtained in the analysis.

CR Equation 2:2
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Table 3
AHP comparison matrix framework and principal Eigen vector.
Criteria X1) X2) X3) Xy Xs) Xe) X7) Xg) Eigen Vector
1 Population Density(X;) 1 2 1.8571 2.8333 3.125 2.7779 5.375 3.2222 26.50 %
2 LU/LC Classes (X2) 0.5 1 2.7779 2.7143 3.7143 3.5 5.1429 2.5 23.70 %
3 Slope (X3) 0.5 0.3333 1 0.8333 1.5 1 3.5 0.6667 9.70 %
4 Distance from Water Pipeline (X4) 0.3333 0.375 1.2 1 0.6 0.6667 3 1 8.50 %
5 Distance from Storage Facilities (Xs) 0.3333 0.25 0.8333 1.6667 1 1.4 3.4 0.8333 9.60 %
6 Distance from Boreholes (X¢) 0.3333 0.2857 1 1.5714 0.7143 1 1.6667 1.2 8.70 %
7 Distance from Road Network (X7) 0.2 0.2 0.2857 0.3333 0.2857 0.6 1 0.6667 4%
8 Distance from Business Centre (Xg) 0.3333 0.4444 1.5714 1 1.2 0.8333 1.5714 1 9.30 %
Table 4
Computed zones annual per capita demand.
Zone Annual per capita (M> Average
2017 2018 2019 2020
1 D.C Area 81.973 85.153 62.555 62.645 73.082
2 Town A 42.693 46.934 39.376 38.988 41.998
3 Town B 67.973 71.305 69.517 61.714 67.627
4 California 21.435 30.977 28.615 28.3 27.331
5 Nakwamekwi 3.605 4.087 3.054 12.174 5.73
6 Nawoitorong 7.784 13.347 11.724 12.549 11.351
7 Napetet 38.069 34.167 33.07 29.509 33.704
8 Kanamkemer 18.589 36.398 26.687 30.027 27.925

An AHP comparison matrix was created as shown in Table 3 to enable the separation of various and complex criteria into com-
ponents that are hierarchically related to one another, utilising RI values for various “n” values.

2.4. GIS data processing and analysis

Water demand maps were generated by linking consumption data obtained from the metered connections to the zone’s shapefile
through a Spatial join tool in Arc GIS 10.8. The resultant layer of the combination was displayed as a bar chart for the years selected.
The bar chart was applied to show the differences in annual per capita demand values.

The identified 8 criteria/factors influencing water demand in the area which were used in generating criteria maps. The slope data
used was generated from the Shuttle Radar Topography Mission (STRM) Digital Elevation Model (DEM) 30m for Kenya. Using ArcGIS
10.8, the DEM was projected to WGS UTM Zone 36N and using the Spatial Analyst (Masking Tool), clipped the DEM to the study area
boundaries. The slope percentage rise was then computed through the Spatial Analyst Surface Tools (Slope Tool). The 8 slope per-
centage categories of the area were generated. The percentage rise was further reclassified to 5 categories using the Reclassify Tool in
the Spatial Analyst Tool before integration into the final model.

The Landsat imagery with a spatial resolution of 30m is suitable for studying land cover changes in urban areas and was preferred in
this study. The Land use/land cover maps were generated using pre-processed Landsat 8 images for the years 2016 and 2021 in ArcGIS
10.8 software. The Landsat images were projected to WGS UTM Zone 36N and using the Raster Processing (Clip Tool) of the Data
Management Tools clipped the area boundaries. Composite bands for each image were created. An interactive supervised image
classification and interpretation were performed on each of the two images. The results generated 6 land use/land cover classes for
both the 2016 and 2021 images. The 2021 image was then used in the subsequent processes after reclassification into 5 classes.

The population data obtained from KNBS for the area was a shapefile of enumeration units for the 2019 census. The population
density was categorized into seven classes to represent the distribution of the enumeration units in the area (Fig. 7). The vector
shapefile was then converted into raster format and population classes were reclassified into four categories before use in the weighted
overlay model.

For the remaining factors (Pipeline, Storage facilities, Boreholes Road network, and Business centers), the Arc GIS 10.8 Euclidean
Distance Tool (a geoprocessing tool that calculates the distance to the closest source for each cell or points of reference) was applied.
Criteria maps similar to (Fig. 8) indicating the closest distances from the factors influencing demand were generated with a maximum
of 8 distance categories. The distances were further reclassified to 5 before integrating into the Weighted Overlay Model for analysis.

All 8 criteria maps generated were converted to raster format under data Conversion tools in ArcGIS 10.8 before the overlay
analysis was performed. The process unifies the units and the scores lose their dimension along with their measurement unit [23,24].
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Each raster factor was reclassified to five classes with different rankings assigned to each of the four categories based on the influence
as in Table 8. The Weighted Overlay Tool for raster data analysis in ArcGIS 10.8 was applied to combine all 8 factors with each assigned
class weight via AHP as indicated in the matrix in Table 6 to generate potential demand areas. The GIS-based methodology in Fig. 2
used a Weighted Overlay to generate a thematic map to show priority areas [50] (see Fig. 3).

3. Results and discussion
3.1. Water per capita demand

The water consumption data records for 2017, 2018, 2019, and 2020 for the respective LOWASCO zones were analyzed and the
annual per capita demand was computed.

The analysis of consumption data for LOWASCO zones from 2017 to 2020 (Figs. 3 and 4) shows that the DC area zone had the
highest average annual per capita demand of 73.082 M, while the Nakwamekwi and Nawoitorong have the lowest. Other zones like
Kanamkemer, California, and Napetet, have a medium to high range average per capita demand despite an increasing number of
metered connections. The Town A and Town B zones have medium to high range average annual per capita demand. The zones are
located within the township (Town A, Town B, and DC Area) and are associated with high population density, service industries,
wholesale shops, hotel facilities, county and national government agencies, social amenities, public institutions, and commercial
investments. The concentration of these activities leads to increased water consumption and a slight increase in metered connections.

Nakwamekwi zone has fewer business investments, service industries and few county government offices compared to other areas.
Its location in the peri-urban areas attracts medium business activities but has low consumption (mostly for domestic purposes).
Frequent water-pipe leakages, dilapidated water infrastructure networks, fewer storage facilities, and frequent borehole breakdowns
contribute to inadequate and unreliable water supply, resulting in the lowest annual per capita demand.

The Basic Water Requirement (BWR) index developed by Ref. [47], measures the ability to meet basic human water needs. A
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Fig. 5. Annual Per-capita demand against Basic Water Requirements (BMR).

comparison against the Basic Water Requirements (BWR) indicates most zones have a moderate to high demand, while Nakwamekwi
and Nawoitorong have annual water supply below the required minimum Basic Water Requirement (BWR) of about 18.25 M. This low
demand is attributed to the inability of the utility company to equitably supply water in the respective zones.

3.2. Factor maps

Factor maps were created based on the identified factors affecting water supply, including land use land cover, slope, population
density, distance from boreholes, water pipeline, water storage facilities, road network and business centers as summarized in Table 6
and illustrated in Figs. 6, 7, 8 and 9).

3.3. Standardization of criteria

Each of the factors map layers was further reclassified into 5 classes with each class level assigned weights based on its suitability.
The standardized 8 layers are presented in Fig. 10.

3.4. Weighted overlay analysis

The Weighted Overlay was used to combine the standardized layers for final analysis, generating a map with potential demand
areas. The influence on demand, as well as layer interval (AHP) ranking, is detailed in Table 7. The influence and interval ranking for
each class layer were based on the seven suitability ranks listed in Table 6.

Kenya is facing a water crisis with minimal renewable freshwater per capita predicted to decrease to 235 M>/yr per capita by 2025
[51]. The present and future water demand sustainability of an urban area is reliant on water management models which can estimate
demands for proper planning development and management of available water resources. The final model was revised with ground
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data random GPS points of actual demand and supply status in different zones in comparison to the model leading to some adjustments
of population density from 26 to 30 %. The modification resulted in a potential water demand priority map classified into four areas
presented in Fig. 11.
The three factors namely; population density, proximity to water network facilities and land use had the highest overall weights
respectively (30 %,25 %, and 23 %) whereas the rest of the factors dependable on each other had a combined influence of 22 %.
The utility areas with “High” potential demand are driven by population density and proximity to reliable water storage facilities
and distribution networks. This has led to increased built-up areas in the south and Western region primarily involving emerging
business establishments and new settlements. The town’s upgraded status as a municipality in 2018 attracted investments in the
northwestern region [45]. A combination of these factors thus makes the central areas have a potentially high demand.
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The moderate areas are currently experiencing the expansion of land use/human activities resulting from increasing population
growth trends. Whereas relocation to these areas is rapid, taking advantage of the already established business services, there is a strain
on the available water resources to cope with the population bulge and new human/economic activity setups. The potential demand
priority sites within the area are thus underserved. This observation was evident in the metered consumption data analyzed which
mapped out areas with per capita demand below basic water requirements. Subsequently, a 2020 study by Ref. [52] concluded that
effective management of the existing water utility infrastructure especially the water sources can equitably support many zones.
However, in areas with high demand as a result of losses within the network and operation inefficiencies, most customers are not fully
served. Besides, it was noted that existing water sources can support network expansion when effective loss control and with the model
result the expansion areas are mapped out to facilitate the extension process.

The unsuitable areas exist away from the established water network and with inadequate factors to influence demand. The areas are
constrained by physical barriers and, poor road network thus limiting the expansion of the water network. However, current utility
zones do not fully cover high-priority areas, and frequent water shortages affect the demand leading to few business activities and
human settlements. Private water trucking has been used to compensate for the low supply.

Regions where development is needed are often those where information/data to inform long-term policy decisions is inadequate
[53]. The expansion of land use and or human activities over space and time as evident in the satellite imagery analysis has impacted
the water demand straining the current distribution system. The model parameters therefore present a simulated environment where
the identification of growth patterns in terms of population density, human settlements as well and the demands of the different zones
in the municipality can be visualized and predicted on time. The resultant demand model efficiency can be assessed through the
application of statistical indicators as well as graphical presentations and maps. Consequently, further analysis of the model indicates
that the addition of more input variables and or factors affecting demand is likely to improve the results thus identifying potential
demand areas in the midst of changing demand factors within the zones.
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Fig. 10. (continued).

Table 5
Land cover/land use area changes.
LU/LC Category Area (km2)
2016 2021 Change

1 Forest/Agriculture Lands 11.3344 16.0249 4.6905
2 Shrubs 0.993 19.2392 18.2462
3 Sparse Grasslands 155.074 100.568 —54.506
4 Built up Areas 4.4058 6.6525 2.2467
5 Sparse Vegetation 71.7962 98.7637 26.9675
6 Water Bodies 1.3831 3.778 2.3949

4. Conclusion and future outlook

Municipality utility water demand is influenced by interconnected factors, including population density, water pipeline network,
boreholes and storage facilities. Water access within the municipality is directly linked to factors such as the proximity to water
network infrastructure, road network and business investments. Low water demand is prevalent in areas with poor access to existing
reliable water infrastructure forcing residents to use unreliable means to access water services. Population density influences 30 % of
the decision-making on the water supply expansion, while land use accounts for 23 %.

Land use is also influenced by population density whereby densely populated areas have increased human activities which impacts
the water demand. The proximity to water network facilities accounts for 25 % whereas 13 % is covered by the proximity to existing
road networks and established business centers. The state of water network water facilities differs in the zones based on quality. The
constant water supply is dependent on the quality of the network infrastructure. Geophysical factors such as slope morphology have a
9 % influence on water demand. Although utility water demand mapping allows for the identification of priority investment sites,
interventions need to be aligned with the critical demand factors implying the need for a closer look at the individual water demand
units within the municipality. Nonetheless, other areas may be included for establishing new zones or expanding the utility zones with
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Table 6
Summary description of factor maps.
Factor Criteria
slope Slope affects the access and distribution of water resources, with steeper slopes (25 %-48 %) having low population and business

establishments, while gentle rolling (1 %-13.46 %) slopes have more households and established business centers and human
operations which necessitate the need for water. Most of the water storage facilities such as tanks are constructed on elevated
grounds.

Population Density The population is concentrated in the central part of the township which requires increased water consumption for service
industries, households, and business operations. The higher population density necessitates additional infrastructure and
resources to meet demand. Improved water infrastructure services are needed to cater to the growing population. Other areas
away from the township have less population density and reduced human activities. The population density decreases as one
moves away from the township area, while peri-urban have low population densities and fewer human activities that require
significant water consumption.

Distance from Boreholes The distance from boreholes significantly affects water supply in towns, particularly in areas where boreholes and or groundwater
are the primary sources of water. The distance impacts pumping costs, storage facilities and pipeline network thus influencing
water prices. The water demand depends on proximity to boreholes and factors like quantity, reliability of storage facilities and
pipeline network also influence the relationship. As the distance increases, the relationship diminishes.

Distance from the Water The pipeline in Lodwar Municipality connects storage facilities and boreholes to supply water to different utility zones.
Pipeline Households and businesses situated further away from the main distribution pipeline experience high costs for delivery and
connection, affecting demand and user connection
Distance from Water Storage Storage facilities on the LOWASCO network are important for water supply and demand. The proximity of these facilities to
Facilities consumers improves access to reliable water supply and reduces connection costs. The accessibility of water reduces as the

distance from storage facilities increases.

Distance from the Road network ~ The distance from the road network impacts access to water if the water distribution system runs parallel to the road network.
Road network patterns affect pipe networks leading to unreliable access to water and increased costs due to water connections.
The convenience of water connection diminishes with distance from the road network.

Land use/Landcover Change Different land uses (Table 5) have varying levels of water demand based on their activities and water usage patterns. The
relationship between land use/land cover in the area to water demand is complex and or multifaceted. Satellite images from 2016
to 2021 show a 51 % increase in built-up areas mainly in the southern Kanamkemer Ward and Township areas. This growth is
attributed to huge investments in the real estate sector as well as the town’s historical status as the county headquarters.

Distance from Business Centers Established business centers in the area have access to water attracting alternative businesses and residents. New establishments/
households benefit from proximity to water connections from existing business centers and access diminishes with distance.

Table 7
Scale of AHP ranking method.
Scale Definition
1 Extremely Low
2 Very Low
3 Low
4 Moderate
5 High
6 Very High
7 Extremely High

moderate demand as identified by the model results. The overall demand patterns are also affected by the operational status of the
water sources(boreholes) which are constantly threatened by natural forces such as severe floods.

The suitability of this methodology incorporates the views of water utility managers which makes it applicable in rural munici-
palities with inadequate/reliable data on water uses. The stakeholders can systematically evaluate alternatives to the multifaceted
water demand problem by making significant contributions to the final GIS model developed. The study results epitomized the po-
tential of GIS-based multi-criteria analysis in mapping priority areas for network expansion. However, the reliability of valuation
results depends on several factors ranging from dataset qualities as well as the possible errors in the GIS processes applied. Meanwhile,
the weights applied to factors are also significant to the modelling results obtained in the end.

The study was limited by inadequate demographic data, future studies should focus on smaller geographic units like the individual
utility zones, to improve water supply inequalities. Detailed mapping of water demand factors at smaller scales such as in the indi-
vidual utility zones is required for clear identification of investment areas as well as overall water infrastructure planning. Other water
uses within the network such as water kiosks and water trucking which partly influence the water demand in the municipality regions
should be captured in a reliable database for easy integration into the spatial models. It is recommended that enough data should be
collected in the development of the tool for water demand management in line with the objectives. Besides, the AHP, other MCDA
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Table 8
Weight matrix for demand parameters.

Demand Factor % Influence Class Interval Scale Value

1 Population Density 26.50 % <2184
2185-5757
5758-10158
10159-18598
>18599

2 LU/LC Classes 23.70 % Agric. & shrublands
Sparse Grasslands
Built-up areas
Sparse vegetation and bare land
Waterbodies

3 Slope 9.70 % <2.46 %
2.47 %-5.12 %
5.13 %-10.62 %
10.63 %-19.72 %
>19.73 %

4 Distance from Water Pipeline 8.50 % <2 km
2-4 km
4-6 km
6-8 km
>8 km

5 Distance from Storage Facilities 9.60 % <2km
2-4 km
4-6 km
6-8 km
>8 km

6 Distance from Boreholes 8.70 % <2 km
2-4 km
4-6 km
6-8 km
>8 km

7 Distance from Road Network 4% <2 km
2-4 km
4-6 km
6-8 km
>8 km

8 Distance from Business Centers 9.30 % <2 km
2-4 km
4-6 km
6-8 km
>8 km

WA UOAONFNA,UUTOOAF WA WDSAUUDANNWUUANFNWOAOANFEOAONANNOO G BAW

techniques (PROMETHEE, ELECTRE) can be applied with the addition and or modification of criteria based on the goals of the re-
searchers. Additionally, the other studies within the MCDA Framework should incorporate supplementary data such as socio-
demographic factors in the municipality which may include employment classes in the respective zones, education and income
levels as well as cultural aspects concerning water conservation that affect water use. This may help the utility managers to properly
plan infrastructure expansion that promotes social equity and the water needs of marginalized communities such as the internally
displaced people in the municipality zones of Kanamkemer and Nakwamekwi.
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