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Abstract: This study examined the current state of water demand and associated energy input for
water supply against a projected increase in water demand in sub-Saharan Africa. Three plausible sce-
narios, namely, Current State Extends (CSE), Current State Improves (CSI) and Current State Deteriorates
(CSD) were developed and applied using nine quantifiable indicators for water demand projections
and the associated impact on energy input for water supply for five Water Service Providers (WSPs)
in Kenya to demonstrate the feasibility of the approach based on real data in sub-Saharan Africa.
Currently, the daily per capita water-use in the service area of four of the five WSPs was below
minimum daily requirement of 50 L/p/d. Further, non-revenue water losses were up to three times
higher than the regulated benchmark (range 26-63%). Calculations showed a leakage reduction
potential of up to 70% and energy savings of up to 12 MWh/a. The projected water demand is
expected to increase by at least twelve times the current demand to achieve universal coverage and an
average daily per capita consumption of 120 L/p/d for the urban population by 2030. Consequently,
the energy input could increase almost twelve-folds with the CSI scenario or up to fifty-folds with
the CSE scenario for WSPs where desalination or additional groundwater abstraction is proposed.
The approach used can be applied for other WSPs which are experiencing a similar evolution of their
water supply and demand drivers in sub-Saharan Africa. WSPs in the sub-region should explore
aggressive strategies to jointly address persistent water losses and associated energy input. This
would reduce the current water supply-demand gap and minimize the energy input that will be
associated with exploring additional water sources that are typically energy intensive.

Keywords: drinking water supply; energy input; future water demand; water demand-supply gap;
water service providers (WSPs)

1. Introduction

Energy is a major input and cost factor for water supply. It effects the operational costs
recovery of water supply and the ability of Water Services Providers (WSPs) to extend and
deliver quality water services [1]. The largest energy consuming devices are the pumping
systems which take up to 90% of the total energy input for water abstraction, conveyance,
treatment, and distribution [2]. Energy requirement for water supply is influenced mainly
by the operational efficiency of water supply infrastructure, type of raw water input,
climate, topographical features, and water consumption patterns [3].

In recent years, there is an increased focus on water and energy efficiency measures
for WSPs due to high and unstable energy prices, an ever-increasing water demand and
the need to explore alternative water sources that are relatively less energy intensive.
Consequently, undertaking energy efficiency measures provides opportunities for WSPs
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to manage operational costs and enhance operational sustainability through a systematic
reduction in energy costs without compromising on the quality of service delivered [4].
However, as noted in [5], the motivation to implement energy efficiency measures by most
WHSPs is largely due to requirements by the sector regulators or legislation to avoid penalties
as opposed to an intrinsic motivation for improving revenue generation for the expansion
of service. In addition, most WSPs concentrate on efforts to reduce daily volume of water
losses alone. However, such efforts are not sufficient to support impactful operational
efficiency and sustainability of services since water loss reduction interventions including
pressure management, leaks detection and repair also affect energy demand [6-8].

The provision of water services is largely influenced by demographic and socio-
economic drivers on the demand side, and climatic variables, technological development,
and pollution of water sources on the supply side. Whereas demand side drivers are
usually within the operational and management boundaries of WSPs, supply side drivers
especially availability of water supply typically go beyond those boundaries [9]. Long-term
projections of water service provision by WSPs show increase in water demand in areas
projected to experience sustained population growth and the influence of climate change
on water sources [10,11]. Consequently, a shift in the state of these drivers continues to
widen the water supply-demand gap and the need to explore alternative water sources
that are often energy intensive [10]. High rates of urbanization which is largely arising
from expansion of metropolitan areas and population growth within the service areas of
WSPs requires increased production of water and associated increase in energy demand to
convey water from different sources to consumers. In addition, growth in Gross Domestic
Product resulting in increased per capita income increases the per capita water demand
as consumers can afford to pay for water services. On the other hand, the role of climate
change on water supply especially in Africa has been addressed in [11,12]. Most projections
point to increased precipitation and wetter days in the Eastern, Central and Western Africa
regions compared to the Northern and Southern Africa where reduced precipitation and
extended drier period months are expected by 2050 [12]. Hence, there will be increased
need to explore energy-intensive water sources including deep-aquifer groundwater sup-
plies or extensive desalination schemes in the latter regions [13]. Additionally, increased
infrastructural capacity challenges to cope with water shortages especially in urbanizing
areas in sub-Saharan Africa are expected [14].

Furthermore, the total population in Africa is expected to reach 2 billion people, with
about 55% of this population expected to live in urban and urbanizing areas by 2050 [14].
Additionally, the expansion of unplanned urban sprawls complicates establishment and
expansion of safely managed water supply infrastructure. Hence, most of the population
rely on water vendors where the quality is sometimes compromised [15]. Although
progress has been reported in access to basic water services, with an average of 56% of
urban population with access to improved water supply in 2018, large populations in rural
and urban poor areas are still without access to improved water services in many countries
sub-Saharan Africa [16]. Additionally, the lack of water supply infrastructure and the poor
state of existing water supply infrastructure in some places makes the ambition to achieve
target 6.1 of the 2015 Sustainable Development Goal 6 on universal water coverage by 2030
unattainable. Although there are some WSPs which are performing relatively well with
non-revenue water losses below the stipulated national benchmark, many WSPs in the
sub-region are performing poorly with very high non-revenue water losses [17]. Therefore,
joint long-term strategies to address the growing water demand, persistent water losses
and associated energy needs for water supply are needed.

However, implementing joint water and energy management measures to increase
efficiency is a major challenge for many WSPs, especially in low-income countries in sub-
Saharan Africa. Such challenges include (i) budgetary constraints for service expansion,
(ii) rapidly evolving water demand and supply drivers, (iii) persistently huge water losses
and associated energy input, (iv) large proportions of the population still without access to
water services, (v) increased energy demand and a lack of appropriate metrics to assess and
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benchmark energy use performance and (vi) aging infrastructure leading to high system
inefficiencies. These challenges have persisted despite numerous interventions to address
poor performance of WSPs and inability to deliver water services effectively [17]. Conse-
quently, there is a clear need to make a turn-around from the business-as-usual approach
to address the persistent water losses and inefficiencies in the associated energy input for
water supply [18]. This shift can be explored through envisioning plausible future scenarios
of water availability and supply-demand ratio and exploring long-term feasible options
available. This approach is particularly useful when dominant trends are part of the prob-
lem (e.g., increased water scarcity, persistent water losses and inefficiencies in associated
energy input). In addition, the approach can be applied when the problem is complex
and requires a major overhaul and the time horizon is long enough for consideration of
alternative possibilities and developing strategic action plans [19].

The aim of this study is to assess the energy requirements for water supply against a
rapid change in water demand. Three plausible scenarios are developed and applied to
estimate future water demand and the associated energy input required. The approach was
applied for five WSPs in Kenya to demonstrate the potential application of the approach
for WSPs in sub-Saharan Africa with similar evolution of their water supply and demand
drivers. In addition, some potential solution options WSPs could implement are explored
to address the anticipated water demand-supply gap and the associated energy input that
would be required. The following research questions are put into context: What is the
current state of water demand and supply and associated energy input for water supply?
How will the expected increase in water demand influence energy input for water supply
to meet water demand in future? What are the feasible solution options for WSPs to
address current and expected increase in water demand and the associated energy input
for water supply?

2. Rationale for the Study

Long-term planning for water demand and supply requires an understanding of the
major water demand and supply drivers through projections and predictions of evolution of
these drivers. The future state of these drivers is highly uncertain and complex water supply
challenges will likely continue in the future. Accordingly, several studies have provided
projections of future water demand and supply at short and medium-term [20] and long-
term horizons [11] and at global, regional, national, and local scales [21]. Nevertheless,
uncertainty in the evolution of water demand and supply drivers remains a major threat to
water supply. Consequently, WSPs need to explore possible alternatives and consider the
implications of exploring and pursuing plausible scenarios and water management options
associated with those scenarios. Deriving plausible narratives from likely scenarios in the
future is a powerful tool to understand uncertainties and inform policy and planning in
water sector management [22]. Long-term planning and management strategies of future
water supply and demand are guided by the following fundamental questions: How much
water would be supplied to meet projected water demand in the future? How will water
demand and supply drivers evolve to influence water supply and energy requirements
for water supply? Which additional water sources would be abstracted to meet projected
water demand? How will energy input for water supply change based on the likely water
sources that would be abstracted?

To address these questions, different approaches including forecasting, backcasting
and scenario building are applied [19]. Forecasting entails predicting the future based
on assumptions and extrapolation of current and historical trends over a specific period
(hours, days, weeks or years) while backcasting is a normative approach which entails
exploration of desired and attainable futures and pathways to achieve set goals by looking
at the current situation from a future perspective in a retrospective way and directing
strategies towards achieving the desired futures. On the other hand, scenario building
entails formulation of hypothetical narratives of possible futures which are employed in
strategic decision planning to explore alternatives to deal with future uncertainties. A
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scenario is a consistent view of what the future might look like without forecasting it. It
entails building images about the desired future or the future wished to be avoided relative
to the past and present situation, and articulation of how the present-future gap may be
bridged [19]. Scenario building seeks to understand the pathways and approaches of the
potential futures that can be avoided or could be missed to promote preparedness for the
future. According to [22], scenario building approach in addressing water sector challenges
entails the following steps:

(1)  Definition of the problem and driving forces from which uncertainties arise,

(2) Drafting the narratives (storylines) and assumptions,

(3) Quantification of the future development and intensification of the driving forces
(4) Quantification of water-related variables

Broad narratives of socio-economic changes under different future pathways have
been quantified and described at a global scale as shared socio-economic pathways pre-
sented in [21]. However, alignment of the proposed scenarios with globally developed and
modelled pathways enhances consistency of the scenarios. It also allows for assessment of
different studies across different disciplines and are an important tool for research with
limitations to generate own comprehensive scenarios of future changes in socio-economic
parameters, for which projections do not vary significantly with different models [22,23].
In this context, comprehensive narratives of three future development scenarios namely
the sustainability road, the middle of the road and the regional rivalry until 2050 and some
projections extended until 2100 have been provided in [21].

This study builds upon the background work and approach of scenarios development
used by the Water Security Research Group at the Internal Institute for Applied Systems
Analysis (IIASA) [21]. The approach was adapted to generate specific narratives for three
plausible futures relevant for water supply and demand management with implications on
energy demand for water supply in sub-Saharan Africa until 2030.

3. Materials and Methods
3.1. Scenarios Development

Table 1 summarizes narratives of water demand and supply drivers, associated parame-
ters, and their likely evolution across three plausible scenarios, namely, Current State Extends
(CSE), Current State Improves (CSI), and Current State Deteriorates (CSD). These narratives are
the basis for data acquisition and scenario calculations used for the current study. Population
growth and urbanization are major water demand driver which influence service coverage and
the daily per capita water demand. Furthermore, economic growth influences the per capita
water demand and hence per capita energy demand for water supply. In addition, leverage on
technology influences system operations through optimization and scheduling of pumps and
motors and enhances the efficiency of the water supply system.

3.1.1. Scenarios Description

The Current State Extends (CSE) scenario would mean continued high population
growth and expansion of urban and metropolitan areas and large population especially in
urban poor and rural areas without access to safely managed water supply; WSPs would
still struggle to meet the projected water demand with huge uncertainty in fulfilling future
increase in water demand; In addition, the adoption of highly efficient water treatment and
supply technology develops gradually, and the huge water losses currently would continue
unchecked or moderately addressed, requiring WSPs to explore other water sources, which
would be energy intensive; The water losses and associated energy input would remain
above the regulated benchmark for most WSPs; Huge energy bills and frequent power
outages would affect service delivery and operational sustainability.

The Current State Improves (CSI) scenario would lead towards sustainability in water
supply systems. It assumes that even though increased water demand is expected from a
huge population growth and high rates of urbanization, WSPs can meet the water demand
and achieve universal coverage of water supply services. Further, planned urban develop-
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Table 1. Summary of the k
Current State Deteriorates) th

ment would translate to increased water demand but a large part of the population would
afford to pay for water services due to increase in income levels. Increased cooperation
between WSPs would enhance peer learning on best practices and benchmarking would
be fully adopted to enhance water and energy efficiency. Water losses would be below
the regulated benchmark and energy inefficiencies associated with water losses would be
at or below stipulated benchmark levels. In addition, WSPs would seek to transition to
decentralized renewable energy sources which would reduce over-reliance on the national
energy grid and reduce service interruption. High energy efficiency and low energy costs
due accelerated leverage on technology including for pump scheduling and system-wide
optimization would mean WSPs operate efficiently.

ey narratives for three plausible scenarios (Current State Extends, Current State Improves and
at were developed and applied for the current study.

Parameter Current State Current State Current State Parameter

Extends (CSE) Improves (CSI) Deteriorates (CSD) Quantified

Water demand drivers:

1. Economic growth: Moderate Accelerated Slow

2. Population growth: High High High Vv

3. Urbanization: High High but planned High Vv

4. Population served: Large population Universal/near Large population v
without access universal coverage without access

5. Per capita water consumption: Moderate to high High Low Vv

6. Per capita energy demand for water supply: Moderate to high Low High

7. Water supply/demand management programs: Moderate High Low

8. Service connection density (connections per km): High Low High

Water supply drivers:

9. Impact of climate change (droughts and floods): Moderately high Moderate High

10. Water production: High High High Vv

11. Water loss: High Low High Vv

12. Leakage reduction potential: High Low High Vv

13. Water-Energy efficiency: Moderate High Low Vv

14. Adoption of decentralized or hybrid renewable energy sources: Gradual Fast Slow

15. Energy demand for water supply: High Low High V4

16. Leverage on technolog}.l for treatment, optimization of pumps, Gradual Advanced Slow

asset management and online monitoring of leaks & water use:

17. Energy use benchmarking: Absent Fully adopted Absent

/ (denotes the parameter was quantified in the present study).

The Current State Deteriorates (CSD) scenario would mean a huge segment of popula-
tion are still without water services in most regions; There would be little or no motivation
to address water losses and system inefficiencies, hence, little progress in efficiency en-
hancement and in implementation of water and energy-saving technologies; some WSPs
would continue to perform well while others lag behind due to high competition and
non-cooperation; water losses remain high and transition to clean energy for water supply
would progress at a slow pace; benchmarking and peer learning of best practices in energy
efficiency would be lacking. Lack of water demand management strategies would result in
accelerated non-revenue water losses and reduced ability for WSPs to meet operational
costs and generate revenue. In addition, continued reliance on the grid would mean huge
electricity bills and frequent power cuts leading to service interruption. The possibility
of this scenario playing out is credible as an increase in non-revenue water by up to 23%
points and a reduction in the per capita water production by half in the last decade in
some WSPs in Kenya was observed. An illustration of deterioration regarding non-revenue
water, reduction in per capita water consumption and water coverage for selected WSPs in
Kenya over the last decade is provided as Supplementary Material. The data was compiled
from the annual performance reports of the Water Services Regulatory Board of Kenya
(WASREB) and additionally from the WSPs.

3.1.2. Quantification of Scenario Parameters

Table 2 provides a selection of water supply and demand parameters and the reference
values that applied in this study for calculations. The criteria for the selection and definition of
quantified parameters list as outlined in [24] and the quantified values were adopted from the
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key performance indicator benchmark values set by WASREB [25]. Additionally, since energy
assessment is not considered a key performance indicator for the assessment of WSPs in Kenya,
reference values were adopted from literature. The quantified parameters were then applied in
selected WSPs in Kenya to assess the current state of water supply drivers and energy input as
presented in Section 4.1 in the results section and for the estimation of future water demand
and the energy requirement for water supply under the three plausible scenarios.

Several assumptions were developed to generate the coefficients used for the quantifi-
able parameters applied for the three plausible scenarios (Table 2). Although the assump-
tions were developed from analysis of the Kenyan water supply and demand situation, the
assumptions and approach used can be applied for other WSPs in sub-Saharan Africa. The
assumptions are as follows:

e  Population growth and urbanization continues to grow at similar rates for all three
scenarios until 2050.

e Universal water supply by 2030 with a per capita water demand of 120 L/p/d is
assumed for the CSI scenario. For the CSE scenario, the average value of the current
per capita water demand for each WSP is considered, whereas the basic daily per
capita water demand of 20 L/p/d as prescribed by the World Health Organizations
hierarchy of water requirements was used for the CSD scenario.

e The WASREB benchmark for non-revenue water loss (20%) is assumed as the most
feasible option in the foreseeable feature and applied for the CSI scenario while the
current values reported for each WSP were assumed for the CSE scenario. A non-
revenue water loss of 20% for the CSI scenario is still very high compared to reported
values in developed countries, which averages at 10% in Australia and Japan or less
than 10% in the Netherlands (5%), Denmark (7%), [26]. However, achieving 20% level
can be considered a significant improvement of the current state given that the current
non- revenue water loss levels in Kenya average at 43%, having reduced by only
four-percentage point in the last decade.

e The average non-revenue water loss reported in 2018/2019 is assumed for the CSE
scenario. On the other hand, the highest non-revenue water loss reported among the
five WSPs was assumed for the CSD scenario. An increase in non-revenue water loss
to 63% from 25% (WSP1) for the CSD scenario may seem unlikely but the likelihood
of this scenario playing out is plausible. An illustration showing such a deterioration
over a ten-year period is provided as Supplementary Materials for two WSPs in Kenya
which are not considered in the current study. (see Supplementary Materials)

e Universal coverage of piped water supply by registered WSPs is assumed for the
projections and applied for the CSI scenario. Whereas the reported coverage for each
WGP is assumed to continue in the CSE scenario. 50% coverage in piped water supply
in the respective service area of the WSPs is assumed for CSD scenario.

Table 2. Selected quantifiable parameters applied for the three plausible scenarios.
Scenarios
Parameter Unit Current State Current State Current State Reference
Extends (CSE) Improves (CSI) Deteriorates (CSD)
Population growth No. of people 2c¢ A 2c¢ A 2c A [27]
Urban population % of total population 60-90 60-90 60-90 [28]
Access to water services % pop. coverage 60 100 50 [25]
Unit water supply for domestic use L/p/d 16-69 * 120 20-50 ** [25]
Water los§ as a fraction of system % 26-63 2 20 3P [25]
input volume
Leakage reduction potential % 20-50 <20 >70 [29]
Water-Energy efficiency % 50 100 <50 [30]
Standardized pump efficiency kWh/m? 100 m 0.40-0.54 0.27-0.40 0.54-5.0 [6]
% Pump efficiency % 50 70-100 <50 [6]

A Medium variant population projection which projects the 2030 population in the service areas will be double the current population
* Range for current per capita water demand among selected WSPs ** Basic and minimum per capita water demand as required in the World
Health Organization hierarchy of water requirements [31]  Range for current water losses for each WSP under consideration ® Highest
non-revenue water loss reported among the selected WSPs * Varies with the water supply system layout and the water-energy efficiency
and only current state estimates are provided.
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3.2. Water Demand and Water Demand-Supply Gap Analysis

Municipal water demand is categorized into residential and non-residential water
demand. This study focuses on residential water demand. The water demand was es-
timated as the total annual volume of water needed to meet the daily per capita water
demand as provided in [3]. This was estimated by multiplying the total population served
by the average daily per capita water use and converting the estimates to m?/year. These
estimates assume no significant seasonal variation in the daily per capita water use.

On the other hand, a water supply-demand gap is defined as the difference between
the quantities of water available and supplied and the unmet demand which exists if
the available supply is lower than the demand. Gap analysis helps to assess the current
situation and what is required to achieve the target milestones [32]. Gap analysis entails
identification of a desirable target level, analysis of the current situation and assessment of
the difference between the current and the desired level.

To provide an overview of the current situation regarding water demand, water
supply and the unmet demand, a baseline situation analysis was undertaken on the water
demand, the major water sources composition, total energy budget, pump and total energy
efficiency assessment and the projected population growth, urbanization was analyzed.
Three-year data was obtained from selected WSPs reports and examination of the last ten-
year performance reports by the water services regulator. This provided a starting point of
the diagnostic picture of the current energy demand, the energy consuming processes and
extent of water and energy losses and the water demand gap.

3.3. Water Loss Reduction

Water losses within the water supply networks are largely attributed to background
leaks and pipe bursts. The volume of water lost through detectable leaks is highly depen-
dent on the response time to detect and repair the leaks. Thus, the volume of water saved
through leaks could be estimated as shown in Equation (1) following a similar approach
in [33]. It is crucial in the water balance to show the state of the network and the annual
volumes lost based on the leaks detected and repaired per year. This approach assumes
that about 95% of leaks within the supply network are detected and corrected:

Volume lost per detectable leak = Total volume lost through leaks (m?) )
Total number of leaks detected

Furthermore, once the volume lost through detectable leaks is established, it is possible
to estimate the leakage reduction potential based on the current leakage levels. This was
estimated following a similar approach in [29]:

Leakage Reduction Potential = Volume lost through Current Leakage —
Minimum Leakage level

2

3.4. Estimation of Energy Input and Assumptions for the Three Scenarios

Several metrics exist for the estimation of energy input for water supply [24,30].
Specific energy input is a widely used metric for energy checks and energy performance
assessment. However, this metric is not applicable for comparison of energy use for water
supply systems in varying topographic locations. To estimate the energy intensity for
water supply, the lower limit of energy intensity values obtained from peer-reviewed
literature for different water sources was applied for the CSI scenario, whereas the upper
limit of the same was applied for the CSD scenario. For the CSE scenario, data on energy
input for water supply and the type of raw water supplied was obtained from selected
WSPs. The unit energy intensities for the supply of the different water types were used
for the estimation of energy requirements for each WSP based on estimates provided
in [3,34,35]. For the supply of surface water, the energy intensity was 0.02 kWh/m? for
the CSI and 0.64 kWh/m? for the CSD while for groundwater supply, 0.40 kWh/m3 and
0.94 kWh/m? were applied under CSI and CSD scenarios, respectively. For desalination
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using reverse osmosis, 0.79 kWh/m? was adopted for CSI and 3.5 kWh/m? for CSD
scenarios, respectively.

The theoretical minimum energy consumption for lifting one cubic meter of ground-
water to a height of one meter in a frictionless, water-loss free system at high-efficiency (up
to 100% efficiency) is estimated at 0.0027 kWh [34]. Furthermore, the energy requirement
for surface water supply is highly dependent on the distance from source to consumers,
water losses and pump efficiency. This has been reported to range from 0.02-0.41 kWh/m?
in Kenya [35] and up to 4.07 kWh/m? for inter-basin water transfer over about 745 km in
Spain [34]. On the other hand, the minimum specific energy requirement for conventional
desalination processes varies greatly with salt concentration, water recovery potential and
the treatment process used [36]. Reverse osmosis is the most common desalination process
with specific energy requirement for sea water estimated at 3-7 kWh/m? for a production
capacity of 24,000 m3/day, while for electrodialysis it is estimate at 2.6-5.1 kWh/m3, for
multi-stage flash thermal distillation is estimated at 23-68 kWh/m3 and 6.5-11 kWh/m?
for multiple-effect distillation for a production capacity of 5000-15,000 m?/day [37,38].
Reverse osmosis was chosen for this study as it is the most common desalination process
with relatively lower energy intensity compared to thermal processes [34,38].

In addition, the per capita energy input for water supply was estimated as stated in [3]
by multiplying the energy intensity for water supply by the expected per capita water
consumption (PCWC) for the three scenarios.

3.5. Data Collection

Five representative Water Service Providers (WSPs) in Kenya were selected for the
current study. For anonymity, the WSPs have been labelled WSP1, 2, 3, 4, & 5. Field visits
were made to each WSP and structured questionnaires were used to obtain the reported
data from representatives of the technical team at the WSPs.

Table 3 summarizes the systems characteristics based on the latest available data from
the WSPs. The transmission length averaged at 592 km in WSP5 and slightly over one
thousand in WSP3. The number of hours of water supply per day was lowest in WSP3
and WSP4, averaging at 6 and 5 h per day respectively against an acceptable benchmark of
16-20 h per day. Additionally, the average pump efficiency ranged from 60-70% and the
age of the pumps in operation ranged from 8-14 years. The maintenance schedules were
mostly scheduled on monthly basis.

Table 3. Water supply network characteristics of selected WSPs as at 2018/2019.

Average
WaterService T Length of the d No. of Totafl Il?lurl?ber H £ Source- Average Age Average
Providers ransmission an 0. 0 ot Leaks ours o Distribution of Pumps Efficiency of
Distribution Connections Detected and Water Supply . A
(WSPs) h Elevation (years) Pumps (%)
Network (km) Repaired/year Difference (m)
WSP 1 650 58,316 2419 21 60 10-13 70
WSP 2 615 61,034 400 19 35 8 65
WSP 3 1066 593,424 2730 6 50 12 65
WSP 4 673 86,326 1045 5 30 14 60
WSP 5 592 24,820 1368 12 40 10 60

Data source: (Selected WSPs in Kenya).

The first question posed in the selection of the WSPs as suggested in [6], was: is energy
efficiency an issue for the WSPs and if so, is it likely to be an issue of major concern as water
demand grows? This was an important reflection since some WSPs are largely gravity-fed,
with relatively low energy costs compared to their total operational costs. Hence, energy
input for water supply is currently not of major operational concern. A minimum three-year
data was obtained through field visits, questionnaires, and interviews with selected WSPs
in Kenya. Data was obtained on water supply, water demand, energy use for water supply
and proposed water supply plans for the WSPs as outlined in [25]. Further, the 2030 Kenya
National Water Management Plan (NWMP2030), drafted to provide estimates of available
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water resources and propose water resources available to close the water demand-supply
gap in Kenya, was analyzed for projections on water demand and supply and proposed raw
water sources for the year 2030 [39]. Additionally, the strategic plans of the selected WSPs
were examined to derive scenario narratives and quantify the selected parameters

Due to the projected accelerated urbanization and expansion of metropolitan areas,
four of the five WSPs selected were in the Very Large (with over 35,000 connections within
the service area) and one Large (with 10,000-34,999 connections) category of WSPs, based
on the size categorization used by WASREB. The five WSPs abstracted both surface and
groundwater in varying proportions. The population in the service areas is largely urban,
with all of them experiencing expanding metropolitan areas some of which lack water
supply infrastructure. The WSPs operate several boreholes with groundwater wells about
150-200m below ground. WSP2, WSP3 and WSP4 largely rely on bulk water transfer
pumped at estimated distances of 30-50 km from the source to the treatment plants and or
to the consumers.

4. Results
4.1. Estimates of Water Demand and Supply Driver Parameters

To provide an overview of the current state of the water supply and demand drivers
for selected WSPs and a basis to show evolution of the drivers for the three plausible
scenarios, this section presents an analysis of quantified parameter as outlined in Table 2.
The parameters quantified include population in the service areas of WSPs, current wa-
ter demand and the water demand-supply gap, water losses and the estimated leakage
reduction potential as well as the energy input for current water supply.

4.1.1. Total and Urban Population in the Service Areas of WSPs

Table 4 shows the total population and the urban population within the service area of
the five WSPs for 2020 and the projected years (2030 and 2050) using the medium-variant
population growth as the base for all scenarios. The population in the service areas of the
five WSPs is expected to double between 2020 and 2030, reaching almost three times the
2020 estimates by 2050. However, most of the expanding urban areas do not have water
supply infrastructure in place and most of the population rely on decentralized water
supply sources through tankers and small-scale vendors. The urban population is expected
to accelerate in all WSPs, except for WSP5 where about 66% of the population within its
service area are projected to live in urban areas compared to WSP3, for example, where
over 90% of the population in the service area will be urban.

Table 4. Total and urban population (x1000) within the service area of the five WSPs for 2020 and
the projected years (2030 and 2050) as provided in [27].

2020 2030 2050
Water Services Provider (WSPs)  Urban Total Urban Total Urban Total
WSP 1 200 237 430 513 630 749
WSP 2 383 528 550 1156 1130 1687
WSP 3 4640 4735 6502 7031 8054 8881
WSP 4 800 1090 1889 2644 3086 3858
WSP 5 174 528 282 852 771 1150

4.1.2. Water Production and Consumption

The daily per capita water production (PCWP) and per capita water consumption
(PCWC) provides estimates of the average daily volume of water supplied and utilized per
person in liters per person per day (L/p/d) within the jurisdiction of the WSPs. Figure 1
presents a seven-year trend of daily per capita water production and per capita water
consumption for five WSPs in 2012-2019. During this period (2012-2019), WSP1 reported
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Figure 1. Seven-year trends of daily Per Capita Water Production (PCWP) and per Capita Water Consumption (PCWC) for
WSP1, 2, 3,4 & 5. (Source: Water Sector performance. Reports available at [24]).

Additionally, WSP1 had an increase in per capita water production from 136 L/p/d
to 179 L/p/d between this period. In comparison, WSP4 had a decline in per capita water
production from 79 L/p/d to 57 L/p/d and a reduction in per capita water consumption
from 79 L/p/d to 21 L/p/d. At WSP5, per capita water production decreased from
188 L/p/d to 70 L/p/d while per capita water consumption declined from 25 L/p/d to
16 L/p/d within the same period. However, an increase in per capita water production
and consumption was observed between 2014 and 2017, and a steep decline in the years
2017 through 2019.

In the 2018/2019 financial year, water coverage in the service areas of WSP1 and WSP2
was 97% and 93% respectively. The coverage for WSP3, WSP4 and WSP5 was comparatively
lower, i.e., 79%, 46% and 62%, respectively. However, although WSP2 reported drinking
water coverage above the acceptable benchmark set by the national water regulator (>80%),
the daily per capita water consumption was below the minimum requirement of 50 L/p/d.
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WSP4 and WSP5 also reported water coverage below the stipulated benchmark and the
daily per capita water consumption was almost half the recommended daily consumption.

4.1.3. Water Demand-Supply Gap Analysis

Table 5 compares the per capita water demand to the volume supplied (i.e., volume
produced less the non-revenue water) and the deficit (gap) thereof to achieve the domestic
water demand at the current water loss levels for all WSPs. WSP1 had the smallest water-
demand-supply gap of 3% and as noted above, the highest per capita water consumption
among all the WSPs considered. WSP2 and WSP3 have a 12% and 30% gap respectively
between the water supplied and the water demand. The largest gap was observed for
WSP4 and WSP5 with 50% and 35% of the current water supply needed. Intriguingly,
WSP4 and WSP5 had the highest rates of non-revenue water losses (Table 6 This implies
that although the per capita water production was relatively higher at WSP4 and WSP5,
57 L/p/d and 68 L/p/d, respectively in 2019, a large proportion of the water produced
was lost as non-revenue water.

Table 5. Comparison of annual water demand and volume of water supplied and percentage water
demand-supply deficit.

Water Services Water Demand Water Supply . o
Provider (WSPs) (Mm3/a) (Mm?3/a) Deficit (%)
WSP1 6.0 5.8 3
WSP2 6.4 5.6 12
WSP3 76.0 57.5 24
WSP4 8.4 42 50
WSP5 3.1 2.0 35

Table 6. Non-revenue water, leakage and leakage reduction potential for the WSPs in 2019. Data for WSP3 is not shown.

Water NRW Vol. Lost/ Current Minimum Leakage
Services NRW (%) (L/conn/day) Detectable Leakage Leakage Reduction
Provider (WSPs) y Leak (m3/a) Level (m3/a) Level (m3/a) Potential (m3/a)
WSP1 26 264 788 6450 966 5484
WSP2 32 309 8607 5598 1698 3900
WSP4 50 565 4013 6321 1988 4333
WSP5 63 1213 2454 5680 550 5130

4.1.4. Water Losses and Leakage Reduction Potential for the Year 2019

Non-revenue water (NRW) loss at the five WSPs was above the regulated benchmark
for WSPs in Kenya. Non-revenue water at WSP 3 was 40%. However, further analysis in
this section was not possible as the data on leakage that was provided was inconsistent.

WSP5 had the highest non-revenue water loss (63% of the water supplied) com-
pared to the other WSPs. This was more than 3 times the regulated benchmark of 20%.
WSP4 reported an NRW loss of 50% while NRW loss at WSP1 and WSP2 were 26% and
32%, respectively. WSP5 had the highest water loss per connection per day which was
1213 L/connection/day compared to 264 L/connection/day for WSP1.

On the other hand, the water losses associated with leaks was estimated for each de-
tectable leak. The estimated volume of water loss was highest for WSP2 at over 8000 m3/a
compared to 788 m3/a for WSP1. Furthermore, WSP1 had the highest leakage reduction
potential of up to 85% while the leakage reduction potential for WSP2 was 70%. WSP4 and
WSP5 had a leakage reduction potential of 69% and 90%, respectively. This leak reduction
translates to a water savings of 4333 m3/a and 5130 m3/a for WSP4 and WSP5, respectively
i.e., water that could be saved from each of the leaks detected.
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Both WSP4 and WSP5 had the lowest water coverage of 62% and 46%, respectively,
and a per capita water consumption of 16 L/p/d and 21 L/p/d, respectively. If these high
number of leaks were minimized, water savings from leaks could provide a year’s supply
of the minimum per capita water requirement of 50 1 per person for over 86,000 persons
and over 100,000 persons in the service areas of WSP4 and WSP5, respectively. The volume
of water that could be reclaimed from leakage reduction could reduce the water coverage
deficits within service areas of the WSPs. For instance, the annual per capita water demand
to meet the minimum daily per capita water requirement for the population within the
service area of WSP2 was 9.6 M m3/a. However, only 58% of the water demand was met,
yet 32% of the water supplied was lost as non-revenue water.

4.1.5. Energy Input for Water Supply—2019

Table 7 presents the energy input for water supply at the selected WSPs in 2019. The
specific energy input for water supply was highest at WSP2 (1.60 kWh/m?®) which largely
rely on groundwater as its main raw water source. On the hand, the specific energy use for
water supply was lowest at WSP5 (0.20 kWh/m?) which mostly supplied surface water. The
WSPs abstracting surface water used conventional drinking water treatment methods (mixing,
flocculation, sedimentation, filtration, and chlorine disinfection), with energy required mostly
for chemical dosage and backwashing. The energy intensity for water treatment was very low
for all five WSPs (Mean: 0.02 + 0.03 kWh/m?3; Range: 0-0.04 kWh/m?).

Table 7. Specific energy input for water production, the standard efficiency of pumps and the energy input associated with
water loss for the five WSPs in 2019.

Water Services

Specific Energy  Specific Energy =~ Standard Average  Per Capita Energy Specific Energy Energy Savings

Provider Input Per Vol Input Per Vol. Efficiency of the Consumption/Vol.  Input Associated  Associated with

(WSPs) Supplied Billed Pump Supplied with Water Loss Leak Reduction
(kWh/m?) (kWh/m?) (kWh/m3100m) (KWh/p/a) (kWh/m?) (kWh/a)

WSP1 0.39 0.45 0.42 21.5 9.6 2139
WSP2 1.60 1.76 0.52 52.8 54 6240
WSP3 0.34 0.45 0.64 24 18.7 No credible data
WSP4 0.32 0.61 0.69 37.6 16.2 1387
WSP5 0.40 0.57 0.56 19.9 5.9 1026

The standard average efficiency of the pumps was above the regulated benchmark of
0.27-0.40 kWh/m3 100 m. The specific energy input associated with water supply was also
high at WSP3 and WSP4 (the largest among the selected WSPs). As a result of their size,
WSP3 and WSP4 transfer water over long distances from source to consumers, thereby
requiring higher energy input for pumping. Although WSP5 had the highest water losses
recorded, the energy input associated with water loss was lowest as the water supply
source was largely surface water with minimal energy requirements.

Per capita energy input for water supply was highest at WSP2 (37.6 kWh/p/a) largely
due to the high energy consumption for groundwater supply and WSP 4 with bulk transfer
of water over long distances from source to consumption. Per capita energy consumption
was lowest at WSP 5 owed to the large proportion of surface water supply with minimal
energy requirement and reliance on gravity for water conveyance.

WSP2 had the highest energy input associated with water loss estimated at 54 kWh /m?.
However, implementation of leakage reduction could provide energy savings of up to
6 MWh/a forWSP2 and up to 2 MWh/a for WSP1 from the energy associated with water
losses through leaks.

4.2. Future Water Supply and Demand and Energy Input for the Scenarios
4.2.1. Water Demand Estimates under the Scenarios

Table 8 shows the water demand in 2019 for the five WSPs and estimates for 2030
under the three scenarios. The values presented for each WSP under the scenarios are
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estimated following the approach described earlier. The water demand estimates for all
scenarios considers the projected population for 2030. A continuation of the current state
(Current State Extends) would mean water demand at WSPs 1,2,4 and 5, for example, will be
double the current water demand largely attributed to increase in projected population. At
WSP3, the projected water demand is expected to be almost twice as much as the current
water demand under the same scenario. Estimates of the water demand under the CSI
shows that the water demand could increase over four times the current state in WSP4 to
meet the water demand for the total population in service area at 120 L/p/d. The highest
increase in water demand is observed for WSP4 and WSP 5 which as earlier stated currently
covers 46% and 62% at 21 L/p/d and 16 L/p/d respectively.

Table 8. Water demand for 2019 (current state) and 2030 under the three scenarios.

Current State Current State Extends Current State %Z’:::Zf;;ie
(2019) (CSE-2030) Improves (CSI-2030) (CSD-2030)
Wat.e r Services Water Demand (Mm?3/a) * Demand ** (Mm?3/a) Demand *** (Mm?3/a) Demand *** (Mm?3/a)
Provider (WSPs)
WSP1 5.8 12.5 28.1 1.9
WSP2 5.8 12.7 63.3 42
WSP3 57.6 85.8 384.9 25.7
WSP4 4.2 10.1 144.8 9.7
WSP5 1.9 3.1 46.6 3.1

* Assumes the proportion of current population served continues for each WSP as presented in 4.1.2 and at the current daily per capita
water demand as shown in Table 2, ** Assumes total population in the service areas is served, and the per capita water demand is 120 L/p/d
** Assumes only 50% of the population is served with basic daily per capita water demand of 20 L/p/d as outlined in WHO hierarchy of

water requirement [30]

4.2.2. Water Sources to Meet Projected Water Demand

Figure 2 compares the proportions of different raw water types and volumes currently
produced by each WSP and projections to meet the projected water demand under the
Current State Improves (CSI) scenario. The current water production and projected estimates
were used in this case as data on water sources and proportions abstracted was available.

Proportions of raw water required

20%

Proportions of raw water abstracted

100% 100%
oo o0 l
80%
80%
70%
70% 60%
60% 50%
50% 40
b
30%
40%
20%
0% - I
0%

WSP1 WSPZ WSP3 WSP4 WSPS
10% Desalination 0
W Intra/inter basin transfer 0 13.4 76 25 0
0% WSP1 WSP2 WSP3 WSP4 WSP5 B Groundwater 13 10.8 37 15 7.6
m Surface water Bulk transfer 0 0.7 125.6 Surface water 13.5 31 03 26.8
m Ground 0.6 9.7 31 9.9 0.4 M Existing supplyin 2019 15.5 11 188 15.4 8.6
Surface water 14.9 0.6 314 0 8.2

Water supply projections (Mm3/a) to meet water demand under CSI
Current state water supply sources and volume produced (Mm3/a) scenario

Figure 2. Comparison of current state water production and the projected supply needed to meet projected demand in 2030
under the Current State Improves (CSI) scenario (Projections assume service coverage to total population within service area
to meet a per capita water demand of 120 L/p/d at 20% non-revenue water loss).
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A 100% increase in groundwater abstraction is expected at WSP1 to achieve 13 Mm?/a
production needed to meet the projected demand. This increase will provide 47% of the
total supply required while the existing water supply is expected to contribute 53%. On the
other hand, desalination is expected to supply 93 Mm?3/a at WSP4, contributing almost 60%
of the total volumes required and an additional 10% increase in groundwater abstraction is
expected by 2030. In addition, these projections show that existing supply only accounts
for 10% of the water supply required at WSP4 to achieve the target supply and almost
90% will be contributed from new sources. An increase in bulk water transfer is expected
to continue at WSP3 while for WSP2, an increase in precipitation in the catchment area
(projection in NWMP2030) coupled with an increase in surface water abstraction and bulk
transfer. The existing capacity for water supply will contribute to slightly over 20% at
WSP2 and 50% at WSP3. WSP3 is expected to increase the proportions of bulk-transfer
which will contribute over 80% of the supply.

4.3. Estimates of Enerqy Requirement to Meet Projected Water Demand
4.3.1. Energy Intensity for Water Supply

Figure 3 provides estimates of total energy input for water supply in 2019 and the
projected energy input for projected water demand in 2030 under the three scenarios
(Current State Extends, Current State Improves and Current State Deteriorates).

An increase in energy input is expected at WSP1 due to increase in groundwater
abstraction compared to the current groundwater production. Across the three scenarios,
energy input under Current State Improves is expected to be slightly higher than the present
energy demand. However, energy input could double with the Current State Extension
scenario. On the other hand, energy intensity for water production could increase four-fold
at WSP1 under the Current State Deteriorates.

In the case of WSP5 the energy intensity for water production will increase almost ten
times due to the expected increase in groundwater abstraction under Current State Extends.
With Current State Improves scenario, the energy intensity is estimated to increase by about
five times compared to the current energy input. However, reduction of the current huge
water losses (over half of the total production is currently lost due to NRW losses), could
reduce the need for the planned investments in huge groundwater abstraction which is
projected to increase from less than 1 Mm?/a to 7 Mm?3/a by 2030. Addressing current
NRW losses at WSP5 could reduce the need for additional groundwater abstraction and
subsequently reduce the need for increased energy input for water supply in future.

WSP4 is expected to have the largest energy budget due to the plans by the service
provider to abstract and desalinate saline raw water sources in addition to the extension of
groundwater production and intra/inter-basin water transfer. As observed earlier, the existing
water supply in the service area of WSP4 represents less than 5% of the total supply required
for universal water supply by 2030. Hence, alternative water supply options will be needed to
bridge the water supply-demand gap, which could partly be addressed through measures to
reduce of water losses. NRW loss reduction of over 4000 m3/ a could be achieved potentially.
The energy intensity to meet the projected water demand would increase almost fifty times the
current energy intensity with the Current State Extends scenario. Under Current State Improves,
the energy intensity would increase twelve times the current energy input with the use of
desalination techniques that are less energy intensive like reverse osmosis.

4.3.2. Per Capita Energy Use for Water Supply.

Table 9 presents estimates of per capita energy use for water supply in five WSPs. The
per capita energy use for water supply is expected to increase as water demand and energy
intensity for water supply increases. No change is expected in the per capita energy use
for water supply between the current state and the CSE scenario. However, per capita
energy input is expected to increase by three folds at WSP 4 with the CSI scenario due to
an increase in energy intensity for water supply attributed to groundwater abstraction and
sea water desalination. Furthermore, per capita energy use for water supply is expected to
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increase in groundwater abstraction. Although non-revenue water losses are expected to
deteriorate and remain high with the CSD scenario, per capita energy use for water supply
is expected to decrease in comparison to the current state. This is largely due to the very
low per capita water consumption that is expected for this scenario among the WSPs.
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Figure 3. Estimates of energy intensity for water production with the three scenarios (Current State Extends (CSE), Current
State Improves (CSI) and Current State Deteriorates (CSD) for 2030 compared to current energy intensity (2019). Note the
difference in magnitude for energy intensity between WSP1 (a), WSP2 (b) & WSP5 (e) and WSP 3 (c) & WSP4 (d).

Table 9. Current state Per capita energy use for water supply and across the CSE, CSI and CSD scenarios.

Water Services Provider (WSPs)  Current State (kW/p/a) CSE (kWh/p/a) CSI (kWh/p/a) CSD (kWh/p/a)
WSP 1 21.5 21.5 30.66 9
WSP 2 52.8 52.8 39.42 12
WSP 3 24 24 39.42 6
WSP 4 37.6 37.6 105.12 7

WSP 5

19.9 19.9 52.56 4
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5. Discussion

The water demand-supply gap is likely to widen as population and urbanization accel-
erates. Although considerable progress was achieved in the proportion of the population
with access to improved water services in sub-Saharan Africa, coverage and expansion
of service remains low in poorer neighborhoods in expanding urban and rural areas [14].
Many countries in the sub-Saharan have undertaken developed plans and/or measures to
improve water service provision to achieve universal access by 2030. For example, Kenya
has plans to expand water service provision to achieve universal access to drinking water
by 2030. This is an ambitious plan that requires investment in the production capacity, the
water supply infrastructure, and accelerated leverage in technology in the water sector [10].
Yet, whereas the current water supply infrastructure remains inadequate, key drivers of
water demand such as population, irrigation water needs, expanding middle-class and
urbanization of metropolitan areas are expected to increase water demand significantly
in the coming years [10]. As observed in the service areas of some of the WSPs in the
current study, some WSPs meet less than 50% of the water demand and most supply
about half of the minimum daily drinking water requirement of 50 L/p/d. This situation
cuts across many WSPs in sub-Saharan Africa [40]. Therefore, in light of the global and
regional efforts to accelerate universal water service coverage in sufficient amounts to
meet the daily per capita water needs within this decade, there is a need for WSPs to plan
well for the projected increase in water demand to address the anticipated increase in
the water supply-demand gap and the energy input associated with water supply amidst
unpredictable energy prices. In their study on the future of African cities, [41], argue that
to reduce the water demand-supply gap in Africa, water-sector players need a wholistic
approach to water supply management through integrated water resources management.
This would also include among other approaches, matching the water quality to its needs,
stormwater harvesting, scaling of wastewater re-use and stage development of alternative
water sources. Such approaches present different energy needs for water supply and hence,
dynamic water demand and energy management programs should be implemented to
address the energy requirements.

As water demand and the drivers of demand change, so does the need to explore
new water sources to meet that demand [42]. Some of those additional water sources
are typically energy intensive. For instance, proposals for desalination by WSP4 under
the CSI scenario in the current study could increase energy input by about twelve to
fiftty times the current energy input for water supply depending on which scenario plays
out. Currently, WSP4 relies on the national electricity grid for its energy requirement
for groundwater abstraction and distribution. Hence, the proposed shift to desalination
will significantly increase the energy requirement of WSP4. Investment in large-scale
desalination would require careful consideration of the influence of the increased energy
demand on WSP’s operational costs. For instance, the energy demand for desalination
varies with the water treatment process, with membrane filtration processes including
reverse osmosis and nano-filtration gaining increased application as they are less energy
intensive compared to thermal processes [36]. Energy intensity for reverse osmosis is
estimated to range between 3.5-5.0 kWh/m? whereas multi-stage flash thermal distillation
which uses heat to vaporize freshwater from sea water consumes up to 80 kWh/ m3 [43].
However, with improved technologies and efficiencies and hybridization of desalination
energy sources, lower energy intensities can be achieved for desalination, e.g., about
0.79 kWh/m? for reverse osmosis of sea water at 55-70 pressure bars and 2669 kWh/ m3
for multi-stage flash thermal distillation [34]. Furthermore, the energy costs associated with
using conventional grid electricity for raw water abstraction, treatment and distribution
compared to decentralized renewable energy options owned and operated by WSPs is
important as some WSPs pivot from conventional water treatment processes to energy
intensive options such as desalination and additional groundwater abstraction. The most
common sources of renewable energy are solar-powered plants, geo-thermal, wind and
wave energy [43,44]. However, establishing cost-effective and high-efficiency energy
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systems are quite difficult to achieve, largely due to cost constrains and environmental
concerns [45]. Therefore, hybrid energy solutions have been highlighted in several studies.
For instance, [45,46] summarize the energy demand for sea water desalination and water
production cost of hybrid desalination process including a combination of reverse osmosis
with solar stills, solar ponds, geothermal and wind energy. The choice and design of such
alternatives is site-specific and highly dependent on the economic and technical capabilities
as well as the local climatic conditions such as solar insolation, wind intensity and ambient
temperature. Furthermore, [45,46] provides an evaluation of energy recovery in existing
water supply networks through optimal scheduling of pumps, resulting in up to 36%
energy use reduction.

The total energy input in a water supply system is either associated with water con-
sumption that is authorized and accounted for or associated with water losses and/or
dissipated at consumption nodes within the water supply system [7]. High and unsustain-
able water losses for some WSPs and the cost of associated energy required to abstract and
distribute that water is a huge impediment for achieving planned universal access objec-
tives. The high non-revenue water losses among WSPs could be attributed largely to lack
of incentives and/or disincentives to tackle the water loss challenge. As long as the cost of
water production remains relatively lower than the cost of repairs of the infrastructure to re-
duce water losses, most WSPs will opt for increased production to meet rising demand [40].
This, in addition to aging infrastructure, illegal connections and high densities of leakages
could partly explain the little progress achieved so far with reducing non-revenue water
losses in many developing countries in Africa. The CSI scenario assumes reduction of
current water losses to 20% by 2030. Such a target especially among WSPs with up to 60%
no-revenue water losses require strategic and wholistic water loss management plans and
investment. As observed in the current study, there is huge potential for addressing such
water losses. For instance, a leakage reduction potential of up to 85% was possible for WSP
1 and about 70% for WSP 2 and 3. This would save the WSPs an equivalent amount of
energy needed for water supply. Consequently, achieving such leakage reduction would
delay the need to explore additional water sources that are energy intensive at least for a
short-term horizon [5].

Leakage control in water supply systems can be addressed following two broad
strategies: pressure management and improvement of pipe resistance [47]. A positive
correlation exists between water pressure reduction and leakage reduction, with one-unit
reduction in distribution water pressure in meters at the inlets of hydraulically separated
zones resulting in about 1% reduction in leakage. This invariably have consequences
on energy input for water supply. Furthermore, leakages contribute to joint water and
energy inefficiencies through increase in water losses in addition to the energy required to
deliver the required water pressure at the point of consumption. Pressure management
entail location of areas of high pressure and implementation of pressure reduction valves
to control pressure at different times of the day depending on water demand [2,33]. On
the other hand, pipe wall friction imposes frictional energy dissipation due to age or
deteriorating quality which leads to energy inefficiencies which can vary across pipe
types and across the water distribution system [47]. Consequently, frequent variations
in peak and off-peak daily water demand and intermittent water supply often creates
pressure variations which then results in high frequencies of leaks and bursts in the pipe
networks [33]. Leakage reduction in water supply requires comprehensive water loss
reduction plans, considering the environmental and financial consequences of water loss
targets and an understanding of the limit of such water loss reduction programs, beyond
which, it is not economically feasible for further reduction [29]. Implementation and
follow-up measures to enhance energy efficiency in water supply is a big challenge. For
WSPs in low- and middle- income countries with budgetary constraints, it is sometimes
considered ‘cheaper’ to abstract raw water from new water sources than to focus on
reducing losses within the system [17]. In addition, the motivation to commit to energy
efficiency programs is largely driven by the requirements of water regulators which often
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attracts penalties and disincentives for non-compliance as opposed to making any financial
gains or energy saving associated with such programs [5]. The success of energy efficiency
intervention measures is site-specific and depends on the operating environment of the
WSPs. Since pumps are the largest energy consuming devices for WSPs, they also present
the largest opportunities for energy efficiency improvements [2]. Interventions may include:
(i) operation of pumps closest to the best operation points (ii) correct sizing of the pumps
and motors (iii) Increasing pipe diameter to match the flow (iv) pressure management and
leakage reduction (v) use of variable speed drives (VSDs) and (vi) off-peak pumping and
storage facilities optimization [30].

The benefits of pursuing joint water and energy efficiency for water services providers
are outlined in [6,8] for Portugal, Romania [48] and Italy [49]. Such efforts lead to saving
not only water and the associated energy input but also reductions in the energy costs and
energy demand associated with water losses. Strategies to explore a joint energy and water
management approach to conserve both water and energy have been summarized in six
levels of cost and complexity in implementation [30]. According to the authors, reduction
of leakage through speedy detection and repair and increasing the efficiency of energy
consuming devices top the list while decentralization of supply and water demand man-
agement are ranked fifth and sixth, respectively. Exploration of renewable energy sources
and water re-use and recycling rank third and fourth, respectively. In addition, several
studies have outlined the benefits of water and energy savings through pump optimization
and scheduling [2], benchmarking [1] and leaks and pressure management [30,47]. These
benefits are optimized through consideration of the whole system energy consumption,
controlling peak demand energy use through investment in water storage and improve-
ment in reliance to the grid energy supply through generation of own energy or investment
in renewable energy source. As presented [30], the correct pump sizing to match the water
supplied and delivered could save up to 15-25% of the annual energy consumption while
investment in storage facilities to maximize pumping at off-peak rates could save between
10-20% of the energy consumption. In addition, as WSPs plan for expansion of the water
supply infrastructure to meet the projected demand, knowledge of cost and high-efficiency
technology in the market is crucial in the selection of the best technologies that suit the
water supply needs of WSPs.

Fulfilling long-term water demand projections and associated energy needed to meet
the projected demand requires planning and investment in energy supply systems that are
both cost-effective and highly efficient, especially where desalination is proposed as an
additional source of water supply. Given the uncertainty in the evolution of water demand
and supply drivers, WSPs need to explore strategies for joint water-energy efficiency and
innovative integrated water-energy solutions to fulfil long-term water demand through
strategic planning. Joint water and energy management efforts implemented through
strategic and careful water demand-supply management measures and operational inter-
ventions increase the efficient use of both resources and provides opportunities for revenue
generation and expansion of water services. This would also benefit realization of the CSI
assumptions. In this regard, WSPs can integrate robust water and energy efficiency goals
including energy recovery, venturing into renewable energy options and enhanced energy
efficiency within their overall decisions on utility management [8]. As noted in [5,49],
focusing on efficiency enhancement though regular monitoring of the energy balance ranks
better as constant interaction with the major energy consuming processes and stages allows
for a better understanding of their operation which delivers additional benefits of saving
water and improved reliability. As a long-term strategy WSPs should develop and evaluate
comprehensive energy management plans. According to [50,51], an energy management
strategy entails a four-tiered process that involves routine and basic energy checks, energy
consumption analysis, energy audits and implementation of energy management system
as a prerequisite for successful operational sustainability of WSPs, Figure 4). Such a system
allows for the auditing and benchmarking of energy use through the management principle
of the Plan-Do-Check-Act cycle outlined in the International Standards of Operation (ISO).
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It should be guided by clearly outlined goals and targets towards system-wide energy
use improvement. Furthermore, such a program should effectively respond to changes in
the water supply and demand drivers which influence energy demand for water supply,
guided by a robust data collection system and monitoring [4].

(Aim: Rough evaluation of energy use and efficiency of
energy consuming devices and processes to identify
changes and trends in energy input and energy
efficiency and recognize changes in pump efficiency
over time

*Complexity: easy to calculate Key performance
indicators e.g. overall pump efficiency (%), specific
energy consumption per vol pumped (kWh/m?**m),
total head and specific energy consumption (kWh)

*Data required: pump energy consumption, volume
pumped/produced, energy costs, flow, pressure,

*Frequency: daily, weekly, monthly, quarterly or
annually

s Actors: energy team of the WSP

*Aim: Defined as a set of tasks, processes to establish
an energy policy for continuous improvementand
optimization through the Plan-Do-Check-Act cycle

¢ Data: evaluation of performance indicators to
identify areas of intervention and opportunities for
energy savings

*Actors: planning by the top management of Water
Services Provider implemented by the technical
team

Energy
Analysis
(EA)

¢ Aim: Evaluation of energy consuming devices I
and processes including preparation of an
annual energy balance from the baseline data
obtained through energy checks

*Complexity: Detailed,

*Data required: individual pump efficiency,
system and pump curves, pump life cycle
assessment

* Actors: Energy team, and experts

J
<

*Aim: Independent inspection and analysis of

energy use, efficiency and areas of intervention

as a basis for strategic and tactical decision

making

*Complexity: detailed checks on performance,
durability and efficiency of pumps

*Data required: total energy consumption,
detailed analysis of energy consumers,
maintenance schedules,

.

¢ Actors: independent auditors buildingon the
results of energy checks and energy audits /

Figure 4. Energy management strategy processes for water supply adapted from [51].

6. Conclusions

An approach to assess the influence of changes in water supply and demand drivers
on future energy requirement for water supply against future water demand under three
plausible scenarios is presented. Due to expected rapid population growth and urban-
ization in sub-Saharan Africa, future water demand is expected to increase to achieve
universal access to drinking water by 2030. In the Kenyan situation, water coverage in
three of the five WSPs selected is below the regulated benchmark of above 80% of the
population in the service area and water use is below the minimum recommended daily
per capita water use of 50 L/p/d in the service areas of the three WSPs included in the
study. Yet, non-revenue water losses are 2-3 times above the benchmark stipulated by
the national regulator although a leakage reduction potential of up to 70% and associated
annual energy savings of up to 6000 kWh/a was possible.

The projected water demand will necessitate additional raw water abstraction based
on analysis of Kenya’s 2030 National Water Management Plan (NWMP2030) and the
individual strategic plans of each WSP that were examined. For some WSPs, additional
groundwater abstraction or desalination of saline water have been proposed, expected to
contribute up to 50% of the expected growth in water demand. However, these raw water
sources would significantly increase the energy input for water supply even with Current
State Improves scenario. Consequently, efforts to integrate hybrid decentralized sources of
energy should be considered in WSPs tactical and strategic planning.

Reducing current water losses to achieve the regulated benchmark presents opportuni-
ties to minimize energy input for water supply. Therefore, it is necessary to jointly address
current non-revenue water losses and the associated energy input given that most WSPs
showed a high leakage reduction potential. Furthermore, water supply network conditions
including the nature, age and type of piping systems which influence water losses and
ultimately associated energy input can be considered in future studies. In addition, such
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interventions could reduce the current water demand-supply gap and increase the daily
per capita water use above the minimum requirement that is recommended. This would
ensure that WSPs are better prepared to respond to the expected increase in water demand
and potentially reduce the need for additional water sources that are energy intensive.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14082169/s1, Figure S1: Trends of NRW, Water Coverage and per capita water production
and consumption for all registered WSPs in Kenya. Figure S2: Nine-year trend of selected parameters
among selected WSPs. Compiled from WSP performance Reports available at www.wasreb.go.
ke (accessed on 12 February 2021). Figure S3: Trends of selected parameters in two additional
WSPs illustrating deteriorating water losses, water coverage and per capita water production and
consumption. Compiled from WSP performance Reports available at www.wasreb.go.ke (accessed
on 12 February 2021).
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