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Abstract

The installation of solapowered groundwater pumping systems in rural South Africa can
mitigate the impacts of climate change by improving water secuanty agricultural
productivity, which contributes to sustainable adaptive water management sofotioegions

in drought conditionsThe aim of the researatasto assess the performance of sg@awered
groundwater pumping systems at nine rural pilot siteGrmater Giyani Municipality: five
smaltholder farms and four villages supplied with drinking water. The objectvees: (i) to
determine the water volumes abstracted and supplied from-psmlaared groundwater
pumping systems and evaludle pump discharge rateéi) to analyze the longevity of the
power supply systemmaking use ofolarpanels (iii) to evaluate theuality of groundvater
distributed by solapowered groundwatesystems and (iv) to assess the socgronomic
benefits of the solgpowered groundwater pumping systems. The method ettaiantifying

the following performance indicator§) weather conditions (acquiring daillyeather datand
rainfall); (ii) water abstraction (monitorindgily abstractegroundwatewolumesgroundwater
levelsand pumping efficiency)iii) solar power supply (measuringltagefrom thecontrol
box weekly); (iv) source wateruality (weekly andquarterly; and (v) sociceconomic
indicators (number of people supplied with water in villages; farm biophysical and economic
water productivity).The resultslemonstratedo major groundwater drawdown, the discharge
rates ranged between.8557 2.54 L/s, theaverage dailyolume abstracted ranged between 6
- 55 nv; the power supply was 128368 V andthere wereno major changes in groundwater
guality over time with occasional naturally occurring elevated nitrate and electrical
conductivity recorded acrosdl pilot sites. More than 5000 peopleceivedaccess to water
and the spring season was the most profitable across farmT$ieehigheseconomic water
productivity was recorded at Ahi Tirheni Mgekwgarm in 2023.The study recommends
provision of water supplusing solaspowered groundwater pumpsrural areas of Limpopo

with the potential of extrapolating the intervention to other sites.

Keywords: Drinking water supplyGreater Giyani Municipality smaltholder agriculture;
solar panetlurability; solarpowered groundwater systemvater productivity.
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CHAPTER 1: INTRODUCTION

1.1Background

Water and energy are the cornerstone of the modern wotétmsfood production, supply

chan, the network of global resources and economic growth (Hassahidn 2016). The

globe is currently facing challenges such as climate change, rapid population growth and
depletion of resources which consequently increases the demand for shelter, food production
and natural resourceBé¢nbaheet al, 2021). There have been more actions directed towards
achieving Sustainable Development Goals 1 (No poverty), 2 (Zero hyd€lean water &
sanitation), 7 (Affordable & cleaenergy) and 13 (climate action) on a global s¢Atera &

Mishra, 2019) The currentenergy supd is inadequate in compensating for the growing
demand which is due to the rising cost of fossil fuels, concerns about the environmental
pollution (eg. greenhouse effect and global warnjirmgnd lastly thdimited supply of non
renewable energy sourcesthe future (Gopinattet al, 2014). These inconsistencies have
prompted the need for alternative energy sources with renewable sources gaining economic
acceptance and implementation worldwide givisnavailability, minimum environmental
impact and sustainability (Bibi2019). Over the last two decades, governments have changed
their interest towards renewable sources such as biofuels, hydropower, Siensgy,
geothermal, wind and solar energy (Abdelkaretral, 2018), while increasing the efforts to
decrease energy consumption by promoting better utilization of currently available resources
(Rezket al, 2019).

Water resources play a vital role in the development of a cquihisy entity impacts the
standard of living based on the quantity and quality of available water sources €Aayu

2018). Approximately 1.1 billiompeople do not have access to reliable water sowittea
trajectory of this number increasing towards three billion by the year 2050 (dtakeg2019).

The World Health Organization (WHO) Direct@eneral emphasized that access to safe water

and sanitation is a basic requirement for human health and each country should ensure that the
population has access (Nasséfal, 2019).Water quality fit for intended purpose seldom
available in areasvhere neededwhich further highlights the urgency of ppmg water

directly from the source to areas in demand. When the main water sources for the rural
population are wells, ponds and rivers, it may cause health issues because it is not necessarily
properly treated to ensure it is of a good qualitgrqbilwi et al, 221). A good water pump

greatly contributes to the succgasmpingrate of a systemconventional water pumps are
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powered by diesel oil or electricityhe limitation of using these commercial pumps lies in the
negative impacts on the environment and may prove problematic for projects in a faraway
region not directly connected to the national grid (Rafindadi & Ozturk, 2017). In remote areas
with no grid canections, renewable energy sources (RES) have proved beneficial for pumping
and desalination plants (Reat al, 2019). RES redusethe dependency on diesel and

electricity for driving pumping systems.

Majority of countries worldwide have implemented electric and dieselbastd pumping
systems to irrigate their larggeale farms (Hilarydoss, 2021). In developing countries,
agricultural production is hugely affected by unavailability of water in sunamérdepens

on rainandirrigation of crops. Irrigation is an important part of agriculture which maintains
food and crop production based on &werevolvingrole ofenergy provisiorfRoblin, 2016).
Farmers in regions within India and Afritaountriesverehistorically using lowtech surface
irrigationresulting in low crop productivityputmore advanced technologies ajrdundwater

use havegained popularity for agricultural activities (Sarkar & Ghaa®17). To achieve a

good yield, farmers need to control energy and water requirements depending on the type of
crop, soil moisture, time of day, period of the year, temperature and health of these crops
(Peréraet al, 2009). Farmers tend to control the amount of water their crops receive, and it is
important that the crops receive adequate irrigatioachieve sustainablgeld (Al-Ali et al.,

2019). The amount of pumped water isodarpowered irrigatiorsystem depends on theops

and areas to be igated,solar radiation and size of the paneisich determine the capital

costs Reservoirs and JoJo tanks can be used as storage facilities, it is important to note that
these also require maintenanthe operational costs of a selaased irrigation systearefar

less than conventional pumping systems (Chandel, &d&kandel, 201p

Solar photovoltaic water pumping systems can play a part in managing the irrigatioeend

the drinking water demand. The design of such systems regumrdspth environmental
knowledge such as climate, geology, hydrogeological characteristics, and water quality
(Sodiki, 2014). For the output of the system to satisfy the water demand for the community and
agriculture, the design of the system requires rateulata with appropriate measurements
such as location and distance between the borehole, tank, field; the geology; and water
requirements of each sitBolarpowered groundwatgrumping systems havinitations that

may decrease the productivity of tegstem such as poor maintenance (lack of cleaning

solar panels, which reduces their efficienayounterfeit componentsall trees that create
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shack over the panelsavailability of groundwater resources (Gopalal, 2013). Additional
limitations include the fact that solar energy is not availabkl times of the daynor can it
accommodate variations in water demands, unless the edé@nergygenerated from the
solarpowered systenms stored in batteriesr abstractedvater stored irreservoirs(Abu-
Aligah, 2011).

In South Africa, small scale farmers and members of the public have started acquiring land
through the land redistributiggmogrammehowever they are faced with a variety of challenges
which ultimately hinder their productivity. The challenges include lack of satisfactory
guantities of water sources, acquiring a water use license, high electrigtyabdl lack of
knowledge with regards to farming operatio@sallenges in providing the population with
potable water are mainly blamed on the leadershgoeérnment officials, however there are
factorsthat contributesuch as pipe leakages and illegal connecti@®iswas & Tortajada

2022). Emphasis over the last decade has been on the need for all stakeholders to participate
fully in the identification and resolution of water management problems (Mafunetaaie

2023). Although there are sustainable water supply systems available, mosicatesihrmers

and communities alike do not have access to technical experts, exposecértological
innovationsand funds to invest in such systeniikese further underlineéhe need for more
attention towards assistirggnallholder farmers anldcal communities experiencidgck of

water and sanitatioservices

In the MopaniDistrict municipality (Limpopo Province) more than%0f the households
practice subsistence farming from the early stages of life. Economic activities in Greater Giyani
consist of smalkcale agriculture (maize, tomatoes and potatoes), retail, tourism, transport and
services (Shikwabaret al, 2021). These activities are halted by geographic location because
of large distances to markets, lack of skilled workers, climatic conditions, and disease
outbreaks (e.g malaria). The rural livelihoods, livestarkp yields andyroundvater leves

were negatively impacted by the most recent drought in 2015/16.

As a result of the absence of the sufficient reticulation infrastructure ruralareaspopo,

the Greater Giyani Local municipality consideredvater scarce. Giyani was selected for this
study particularlypecause opressure from the communities for the municipality to take note
of thepopulation growthdeclining standard of living, declininguantityand quality of water
resources and frequeotcurrences of droughts due to climate chare municipality was

encouragedo come up with innovative strategies to alleviate these problems. The current
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infrastructure in the region is not sufficient to supply the entire municipal area with water
(Nembilwi et al., 2021).

Given the lack of water and sanitation servicerural areas of Greater Giyani Municipality

the insecure grid electricity supplgs well aghe increased frequency of droughts impacting
smalkholder agricultural production, it was proposed that urgent adaptation interventions be
implemented in the form of decentralizedlarpowered groundwatgrumping schemesn
previous research, a feasibility study was conducted to establish the suitability for the
implementation oBolarpowered groundwatggumpingsystens at pilot sitesselectedrom

more than 45 initial potential sites (Jovanoeical, 2023). The studyy Jovanovicet al,

(2023) investigated the socieconomic, environmental, and technical suitabitfysolar
powered groundwatgrumping systemfr domestic and agricultural water use. The selection
process resulted in nine pilot sites being considerdéde feasibility studywherethe Solar
powered IrrigatiorSystem (SPIS) toolboxas used for initial design aach respective site by
acquiring the necessary input informat(@iZ & FAO, 2021). The outcome of the feasibility
assessment was that a sddased system would be hugely beneficial to ensure water security,
agricultural produce, angrovision of drinking water tthe local communities. The technical
designs for the respective sites were different due to varying characteristics with regards to
water demand, environmental settargdwater requirements using tdesignmodule of SPIS.

Once the designs of each site were comg)etfee next step was the implementation and
constructionof the solarpowered ground systenn addition monitoring ofenvironmental
impacts and socteconomic indicatoradto be conducted to ensure the sustainability of the
project.The current study presents the implementation and performance assessso@ar of

powered groundwatgrumping systems at the nine pilot sites in Gre@igani Municipality.
1.2 Rationale of the research

The rationale for the study focused on the implementation of urgent intensstatiaddress

water scarcity in drought prone areas, particularly in Greater Giyani Municipality, Limpopo,
South Africa. Water shortages put pressure on agricultural and domestic water supplies. Access
to clean and safe drinking water is a basic human rigl8outh Africa Hemson, 2016

National and local governmentsveechallenges in achieving the consistent provision of safe
potable water suppfMasindi, 2024) The impacts of climate change have increased frequency
and intensityof extreme weather cortthns andintensifiedthe need for innovative solutions

to securing sustainable water sources. The bulk water supply infrastructure is not sufficient due
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to the villages being dispersed, which warrants adaptive solutions such as the use of shallow
groundwater for supplying water to agricultural, domestic and livestock water users. In recent
decades, Mombat al, (2009 and Masindi (202) noted that most of the active municipal
water treatments were not performing efficientishich is a health riskThis is important as

the adaptive innovation to be implemented needs to account for the treatment of water to ensure

suitability for drinking purpose@iswas & Tortajada, 2022)

Traditional energy sources like diesel and electricity are expensive and at times unreliable in
rural areas therefore the use of renewable energy sasraesgableenergy sourception in
abstradnhg groundwater. The integration of renewable energy technologies as possible
sustainable and cesftfective solutions for water abstraction is a key aspectisfstt udy 6 s
rationaleof securing adequate water to meet the demands for villages and smallholder farmers
asbeneficiaries of thenterventions

Agriculture is the main driver of the local economy in Greater Giyaninaséxperienced a
decline in production due to the frequent drought conditions. Despite the lack of available
water, the area does have arable land which can boost the local economy once a sustainable
solution can be implemented. In the comparisodifiérent groundwater pumping systems,
there is noconsistentmanner of addressing the sustainability aspé@tie three main
components of assessment consist of the environmental, ecramdi social aspectbut
several different parameteaand indicators play a role depending on the itecific conditions
(Jovanovicet al, 2023) There islack of literature on the durability of solapowered
groundwater pumping systems and limited pogtlementation studies for comparison in
terms of system performancgolarpowered groundwateystems are not widely adopted in
South Africg especially in remote areagthis study seeks tassess the system performance

at nine pilot sites, in viewf exploiing the potentialapplication of this technology atlarger

scale

The actions implemented ardhowledge generateid this studyassistedvillages and small
farmswith access to water resources, inferhthe smallholder farmers on water and crop
management methods, adithe municipality, government, and private sectors to ensure
improved decision making, policy planning aimdprioritizing local economic development,

innovation, and sustainability.
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1.3Research question

Are decentralizedsolarpowered groundwater pumping systemssustainable adaptation
intervention for provision of drinking and agricultural waterural areas dfhe Greater Giyani

Municipality, South Afric&
1.4Aim

The purpose of the research was to assess the performance gfosaaed groundwater
pumping systems at nine rural pilot sites in Greater Gijdumicipality: five smaltholder

farms and four villages supplied with drinking water.
1.50bjectives

The specific objectivesere

1. To determine the water volumes abstracted and supplied from-mEmiared
groundwater pumping systems and evaltla¢goump discharge rates

2. To analyze the longevity of the power supply systeaking use ofolar panels.

3. To evaluate the quality of the water distributed by sptavered groundwater systems.

4. To assess the socieconomic benefits aolarpowered groundwat@umping systems.
1.6 Structure of the thesis
This dissertation is divided intix chapters

Chapter One provides a background to the study topic and outlines the rationale of the research,
the research question, aims and objectives. Chapter Two reviews the literature on the impact
of climate change on théood-energyfood nexus, the development of sepewered
groundwater pumping systems and methods of assessing the performaotapdwered
groundwater pumping systems. Chapter Three describes the study area in terms of location,
type of interventions, topography, climate, geology, soils, hydrogeology, land use and land
cover, socioeconomic characteristics and the pilot work destirapterFour describes the
research design, data collection method, checkiistkgholder engagement, data analysis and
data quality control. Chaptéiive presents the individual site study findings, interpretations,
discussion of each pilot site asghthesis of performance assessm@hapter Six presents the

synthesis, conclusion amdcommendationsf thestudy.
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CHAPTER 2: LITERATURE REVIEW

2.1Introduction

Research in rural areas of Greater Giyani Municipality has been conducseddoalyears to
alleviate water scarcity problemslistorically, an initial project investigated improved
methods of irrigation and crop management on shwtler farms. By making use of a
transdisciplinary approach and-designing innovations with the community, this project
paved the way for intensification of agrittre on smakholder farms (Froebricét al, 2020).
Subsequent projects investigated shallow groundwater abstraction to supply water to emerging
farmers (Jovanovic et al., 2018; Wallatral,, 2018) as well as the hydrological dynamics of
nontperennial river systems (Maswangarseteal, 2022 and 2024). The research found that
sand river shallow groundwater could represent a useful reserve during pedooisgbit,and

it can be used sustainably, provided recharge occurred during occasional flood é2eintss(1

per year). Over the duration of #eeresearch projects, demonstration farms in Greater Giyani
Municipality were turned from subsistence production into sssmmercial small business
enterprises contributing to job creation and food security. More intensive agricultural
production requirednore inputs, in particular water. This was addressed through the provision
of groundwater boreholes on smhblder farmsHowever, a new challenge then emerged: the
increased cost of groundwater pumping and energy, either in the form of costly ejduttscit

or fuel for power generators. This triggered the idea of introducing cheap and clean solar energy

to close the loop of thi®od-energywaternexus.

2.2 Impact of climate change on the FoodEnergy-Water nexus

The FoodEnergyWater (FEW) nexusefers to the interconnected relationship between the
production of food, generation of energy and use of water resoaticasget al, 2019) A
good understanding of the nexus is essential in addressing global obstacles such as climate

change, population growth and scarcity of resources.

On the global scale, the FENéxusesefersto the demands of economic growth and the rising
populations that cause the increase in the consumption of food, energy and water. It is worth
noting that agriculture is responsible for more than 65% of the global freshwater withdrawals
and the productioof energy is often dependent on water resources for cooling processes (Li
et al 2021. Jakemaat al, (2016) found that climate change has further added stress to the
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agriculture sector, through the increased temperatures, water availability which irdluence
agricultural yields. Water scarce regions tend to struggle with balancing the urban, agricultural
and industrial water use demandlse energywater relationship becomes crucial for regions
that are largely dependent on waitgensive power generation stations and biofuiisialla
(2023)found that in recent decadexyuth Africa experienced challenges with regulating the

water needs of the agricultural sector,rggesector to reach its economic growth goals.

2.2.1 Food crisis

The food crisis has been a global challenge in recent decades, this is evident due to the inability
for many countries to secure adequate, affordable food of a good nutritious valukiviéey

of the crisis are population growth, geopolitical conflict, economic inequality, agricultural
challenges and climate chan@®egren, 2023)Rapid population growth creates more strain
on the fertile land and available water resoutodeed the growing population as the demand
on food production will be 60% by 205@hen itis anticipate the world population to reach

10 billion (Norrman, 2023)Yamanoshita (2019) suggested global crop yields dmrelduced

by more than 20% by 203fecause o€limate change. Wars disrupt global food production
and their distribution. Food prices rose, specifically in worldwide grain and wheat exports
globally in 2022 due to the conflict between Russia and Uk(&ifegren, 2023)Agricultural
practicesthat lead to the degradation of soil quality, edependence on fertilizers and

intensive practicesancause oveuse of water resources.

The repercussions of the food crisis caused increases in global food Ipewasse of
disruptions to food supply chains and reduced crop yields (Wegren,. 20&3pw-income
populations are more negatively impacted; millions of people globally are experiencing a large
proportion of malnutrition and hungéAlaimo et al, 2020), food shortages in developing
countriesand long-term health conditions for children. Food shortages over the last two
decades have led to political instability thus resultingicegdnikes which were met by protests.

Agriculture benefits the general population by reducing povertigancing food security and
job creation. There are different types of farming: 1) small subsistereged family farms
these farma usually grow one or two types of crops (awpize and spinach); 2pecialized
farming - the contributor of most of the income is dependenai@ngle crop or livestock
enterprise; 3Yiversified farming- these farmsare quite different from specializethrmsas

several enterprisesetaken up by one farnandno single enterprise contributes close to 50%
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of the total income; 4mixed farming entails livestock and crop production to sustain the farm,
which limitation is that the combinatiodoesnot contribute more than 50% of the farms
income The predominant type of farming is Greater Giyani Municipality is small subsistence
farms and diversified farming by emerging farmé@wsmmercial farming is mainliarge scale
diversifiedfarming, that can utilize and adopt new technologies and specialiratimprove

the yields and therefore can expect higher fgg¢tringeret al, 2020).

Irrigation is a fundamental farming practice to sustain high yields and increased demand for
food. Farmers worldwide use different irrigation methods either basexharaasedwater
efficiency and reduced environmental impacteconomic income generation (Mashetlal.,

2017). Irrigation methods differ depending on the crop requirements or the fapneéesence.

To maximize the crop water use efficiency, the correct irrigation method should be used to
minimize water losses. In flood irrigation, water is distributed across the field and allowed to
remain on the surface for long periods of time. Thikighly used for rice plantations as it
requires relatively flat land. In channel irrigation, slightly sloped channels are created which
allow water to be transported to the crops. Ifagourablefor crops such as sunflowers,
potatoes, and tomatoes whéne crops are grown on top of soil ridges between the channels
formed because these crops require moist soil conditions for extended periods of tiete (Rai
al., 2017). In sprinkler irrigation, the pumped water is distributed to the crops similarly to
rainfall; it is advantageous as it can be applied to most land types and dense crop cultivations.
This irrigation method requires that the pumped water does ntdicany soil particles as
these sediments could result in blockages of nozzlesgRal, 2017). Another type of
irrigation method is drip irrigationwherethe water is distributed to the crops via laterals using
pressurized pipes with drippers. The advantages of drip irrigation are that it can be utilized in
any climate, soil type and land, it is mdavourablefor crops that require continuous water
supply, for example vineyards and row crops (Btal, 2017). The system works in a manner
wherewater is applied to the rogtwhichreduces water losses. Like sprinkler irrigation, drip
irrigation requires the water to be without sediments to avoid blockages. Drip and sprinkler
irrigation require less physickbourin comparison to conventional irrigation methods. Some
farmers operating in remote areas still use the manual method of irrigating crops with buckets
due to financial constraints in terms of purchasing or renting flusdilpowered pumping
systemsThe introduction of relatively novel irrigation methods, such as drip irrigation, would

certainly benefifarmers especially in areashere water is a precious resource.
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Irrigation development costs, lack of policies and support from institutions, absence of
incentives for farmers to develop their irrigation systems and inadequate mahatiegult

in various financial challenges. The high castsat first accessibléo large scale farmers as

the smallholder farmeeseeasily discouraged by the high cost of infrastructure and availability

of spare partsWhen irrigationsystems are developed, the farmers may not be able to afford
the maintenance costs. In the abseasfoeustomized financial strategies and innovative plans
and products, smallholder farmers have limited the expansion of groundwater pumping systems
(Water, 2021). Irrigation is required on a continuous basis throughout the year depending on

climate and crp type.

Past studies have shown that climate change has caused a decrease in crop production, creating
difficulty in keeping up with the demands of the rapidly growing global population (Beekman

et al, 2003) with water harvesting techniques being implemented in various countries as
countermeasurefor low crop production due to inadequate water available. The United
Nations predicted that between the years 2005 and 2050 the global population would increase
by more than 3 billion and consequently the food demamould increase by more than 70
percent (Buettner, 2015). Half of that global populatgsowth was predicted to be from

Africa.

In rural regions of developing countries, to secure economic development, food security needs
to be promoted through small localized agricultural production. Increased climate variability,
variations in temperature and rainfall patterns pose a threatalb srale African farmers.
Smallholder farmers contribute 75% to agriculture and 50% of the livestock production in the
African agricultural sectorAyanladeet al, 2029. Despite having a large portion of arable

land in the continent, limitations such market access, ownership of land, eegploitation

of resources, and land degradatiomdiaalted the expansion of smallholder farmers and fight

against poverty and food insecurity.

There have been more agricultural droughts in South Africa in recent years, with the main
coping strategy employed by most farmers being the switch to crops that demand less water
(Annandaleet al, 2002). High rainfall variability has resulted in a greater use of seasonal
forecasts by farmers around the country in decisnaking and farm planning. Despite small
scale farmers being vulnerable to climate change impacts, it is important for smallholder
agriculture to follow an adaptation strategy to build their resilience because of the increasing
role this form of agriculturglays in local food security (Shikwambaea al, 2021). The
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National Development Plan (NDP) had intended to achieve an increase in irrigated areas by
49000 ha by the year 2030. The main obstacle has been the limited water resources (Cogato,
2019). In recent yearsgricultural drought has affected both commercial and smallholder
farmers in Limpopo, with farmers embarking on a variety of technical and agricultural actions
to build resilience and by planting crops that require less water during these drought periods
(Mpandeliet al, 2015).

South African smallholder farmers have lower incomes in comparison to commercial farms
due to lowmarket prices for produce harvdsigh input costs and smaller plot sizes. Additional
limitations are that some of these farmers are in areas that have insignificant agricultural
infrastructure, lack of expertise and technical knowledge and high illiteracy rates. Many
smallholder farmerare not knowledgeable about regulation procedures to be followed and at
times do not have the financial resources to tramspeir produce to good markets, such as in
the Mopani District, therefore making prominent agricultural markets inaccessible to

subsistence and smaitale farmers (Nembilwat al., 2021).

The lack of adequate reliable energy for irrigation is a major limiting factor in the profitability
and productivity of many farms. Climate change, agriculture and energy are inextricably linked
because historically rapid population growth has led to algmi@l intensification which
resulted in increased water and energy inputs to grow, process and transport/distribute the
agricultural products to intended targets (Maslkial, 2017). The productivity of agricultural
practices is heavily dependent dre tamount of energy available. Accessible and affordable

energy promoted the global application of irrigated agriculture.
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2.2.2 Energy crisis

The global energy crisis refers to the growing world's energy demand and the inability to supply
it, due tothe reduction and depletion of fossil fuels, inadequate infrastructure to supplement
the increasing energy use and geopolitical tensi@sgh, 2021).Overdependence on
traditional fossil fuels such as coal, oil, and natural gases still astounbre than 75% of the
world's energy useS{ngh 2021). Fossil fuels are finiteesourcestherefore,the reserve
depletes and thus the extraction of resources becomes increasingly costly and requires more
energy. Geopolitical tensions in key enegducing regions create fluctuations in fuel costs,
disrupt supply chains and energy shortages.

Energy is critical in finding resolutions to a variety of global challenges such as climate change,
poverty, and lack of food security (Adenle, 2020). The Sustainable Development Goal 7,
derived from the UN 2030 Agenda, aims to make certain that the glopalation has access

to affordable, reliable, sustainable, and modern energy by 2030 (Cattelaens & Fromme, 2014).
Proper planning and sensible consumption of fossil fuels and renewable energy sources dictates
the development of the economic growth obarmtry Salvadoriet al, 2023). The demand for

cleaner energy sources has been gaining momentum globally over the past decade with
governments utilizing more renewable energy sources and resulting in the decline of the

dependence on fossil fuelSdttelaens & Fromme, 2014

Resources such as oil, coal and natural gases still dominate the global energy structure (Liu
and Feng, 2023). Urbanization, population growth, industrialization and transportation are
some of the constantly evolving developments that contribute to the rising electrical energy
demand. Although Africa has an abundance of natural resources, the genefraliectricity

is inadequate to meet the energy demand in the confidanjra & Williams, 2020)

Most countries have measures to alleviate energy poverty, provide electricity that is affordable
to their respective population and ensure most of the populations have access to the national
grid as top priority to increase the economic growth (@lal, 2019). Electricity production

is projected to increase by more than 50% by 20&0environmental impact on land and water
resources is a point of concern. To ensure that the growing demand is met in a sustainable
manner, the impact needs to be redu¢éeé.negative environmental impacts more specifically
countries encountering water, food, and energy scarcity (van Huysstedn2023). The
challenge over the years is the allocation of energy sources to dominate the electricity

generation contribution in the energy mix. Identification of barriers to the adoption of large
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scale renewable energy power generation to provide viable solutions to the current energy crisis

and strategies to overcome theseblemshas been a global challenge (Ayal, 2019).

Scott (2013) stated that some countries that pump a large quantity of groundwater including
Mexico, United States, China, and India completely transformed the irrigation sector with a
major contributor being rural electrification. Given many natural ressurn Africa,
renewable energy is an emerging alternative to conventional fossithaelsffersaffordable

and practical resolutions without consequential economy, health and environmental issues
(Adenle, 2020). Some African countries have shown grespecs for the implementation of

a variety of RES such as wind and solar applications, with Central regions demonstrating the
lowest solar potentiaand Northern and Eastern regions of the continent demonstrating the

highest solar potential (Hermaenal, 2014).

The percentage of the population that has access to electricity serves as a measure of the
economy of a country, possibly determining that lack of access to electricity is often associated
with increase in poverty, lack of efficient modern communicatexk bf sustainable irrigation
systems and infrastructur8widan & Mostafa, 2008 Egypt has been facing an energy crisis

due to the ovedependence on fossil fuels, growing demand and fluctuating costs (Swidan &
Mostafa, 2018)Accesdo electricityis anecessityas many industries use it as the main power
source Ad (2020) found that pproximately 2 billiorpeoplein the world do not have access to

electricity with numbers set to increase towards 2030 due to population growth.

Il n South Africa, most of the countryods el ect
is a public electricity utility that is responsible for the exporting and importing of electricity to
many other countries. The country still has a large ptipanldhat does not have access to
electricity, a large majority of this population comes from poor households. These households
may not be connected to the national grid because of lack of a smart grid, high cost of electricity
infrastructure and cable th€Adenle, 2020).

There are three types of sources of electricity generation: grid electricity is electricity
distributed by infrastructure from Eskom power statjoregrid electricity is powered by
petrol, diesel, and renewable energy sources (van Huysste¢n2023). Coal accounts for
most of the share in the amount of land and water requirements to produce electricity in
comparison to other sources (van Huyssteteal, 2023). In recent years, South Africa has

been experiencing an increased frequency of-heiding and increased electricity tariffs.
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The uncertainty in the supply of electricity has prompted farmers and citizens alike to switch
to alternative energy sources. In 2019, South Africa had committed to successfully reach a new
electricity mix target in the IRP (Integrated Resource Plan) (80.20he conversion of
traditional fossil fuels to renewable energy is the most productive manner to ensure reduction

of the negative impacts of climate change and decarbonization (¥ara., 2021).

2.2.3 Water crisis

Climate change and water are highly linked because climate change has an immense impact on
water resources. Climate change has challenged the resilience of various countries across the
globe, with some of the expected impacts being increased global téunegraariations in

rainfall patterns, variability in available water resources, increase in frequency and magnitude
of floods and droughts. Comprehension of rainfall trends is of utmost importance in the
projection of the future productivity of agricuteaunder climate change conditions. Climate
change has resulted in rapid variability in rainfall trends, which is analyzed to determine
strategies to promote climate resilience for 4f@ith agriculture (Zougmoret al, 2018).
Scientists and agricultural professionals classify droughts as environmental hazards
(Orimoloyeet al, 2022), characterized by extended perioddemfreasingrecipitation in all

climatic zones. Climate changeutd potentially result in the reduction of available safe water

and availability of food production globallyThe extent ofthe effects of droughtss
experienced in the long term as it takes weeks or more of precipitation to restore the

environment and a single rainfall event providing only skerrn relief.

Global access to potable drinking water sources and sanitation requires improvement to ensure
the sustainable use of water resour&s2030, according to UNEP, more than 40% of the
global water supply will not be able to meet the total global demand (Boretti and Rosa, 2019).
Countries around the world will not have an equal contribution to the increased global water
demand due to thdifferences in water availability, water uses, and quantity requiree.

global water quality challenges are reportedofoth untreated surface water and treated water

of a poor quality, which means that the piped water end users have no surety of receiving water
that does not have any contaminants (Szabo & Minamyer, 2014). The quantity and quality of
water resources availEbinfluences the standard of life in countries around the world. The

waterenergyfood nexus is a system created to accommodate and synchronize transitions
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between different sectors to inform policy making and improve water use efficiency @liyu
al., 2018). Globally, water plays an integral part of the operation of different sectors such as

industrial, household, agricultural and recreational activities.

Water is an incomparable resource which has a direct influence on the functions of ecosystems
and human health while having a direct relationship to the improvement of the economic,
social, and environmental state of a country (Sebtl, 2014). An insufficient amount of

water of a good quality creates challenges to maintaining many activities. In mining sectors,
water is essential in ensuring good hygienic practices, drinking for workers, regulating the dust
accumulated, power generatiand processingf minerals (World Mining Frontiers, 2015). In

the agricultural sector water is utilized to irrigate crops; agriculture is one of the main uses of
water in developing countries in comparison to developed countries. Domestic water use

comprises water used households for cooking, washing, drinking and sanitation purposes.

Water scarcity is theonditionof not having an adequate supply of water to meet the minimum
requirements (Scott al, 2014), with approximately two billion people globally not having
access to good quality water and almost one billion people experiencing serious cases of water
scarcity for a period of the yeaora and Mishra2019). The rapid population growth and

effects of climate change will be contributors to the increased water demand in upcoming years.

Variations in water quality is another-pyoduct of climate change in the sense that increased
intensity and frequency of natural disasters may leave many areas prone to contamination.
Water use efficiency is defined as the amount of benefit per volume of water used. This
definition differs depeding on the sector. The sites that are in remote areas might not focus on
the water use efficiency due to the abundant available land as the farmers can extend their
cultivated area with the available groundwatecdttet al, 2014). Many regions have begun

to experience what is termed a water crisis due to water shortages exacerbated by the impact

of climate change and ovase of water resources.

Global access to potable drinking water sources and sanitation requires improvement to ensure
the sustainable use of water resources. The global water quality challenges are reported for
both untreated surface water and treated water of a poor qualitsh wigans that the piped

water end users have no surety of receiving water that does not have any contaminants (Szabo
& Minamyer, 2014).Szabo & Minamyer (2014) found that many regions do not have the

financial resources in implementing new advanced tre#tntechnologies. Global
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recommendations suggest an integrated water management to assess the risks and put in place
monitoring Programmesnd for countries to focus their investments on usinge&ffsttive
technologies and capacity building to improve operation and efficiency of water treatment
processeslhe quantity and quality of water resources available influences the standard of life

in countries around the world. The watrergyfood nexus is a system created to
accommodate and synchronize transitions between differetarse¢o inform policy making

and improve water use efficiency (Aliyat al, 2018). Globally, water plays an integral part of

the operation of different sectors such as industrial, household, agricultural and recreational

activities.

Climate change contributes greatly to lack of water availability in Affitee consequences
include an increase in temperature that has caused an incline in the spread of dis¢asa)s (
increased mortality and financial costs due to extreme weather conditions (Mafetalne
2023). In 2020, water scarcity resultednmore than 100 municipalities experiencing water
shortages\aleroet al,, 2023 and droughts caused severe food shortages for millions of people
in Africa. Access to adequate and potable water resources has lobatiengewithin the
African continent. Emeniket al (2017) reported that more than 63 million people in-sub
Saharan Africa do not have access to potable water. Mining in African countries leads to
contamination of water bodies as a result of acid mine drainage. Many studies have found that
many African countries are susceptible to high level vulnerability and have low adaptive
capacity which correlates to ovdependence on natural resources for their livelihood and
poverty (Nembilwiet al, 2021). The extent of vulnerability is subject to change over time
within an area because of alterations in policies, new innovative technologies, nature of

disasters and societa¢haviour

South Africa is a water scarce country with varying provision of water quantity and quality
between urban andiral areasHflemson, 2016 The water supply is predominantly provided

by municipalities with limited supply from boreholes to compensate for recent water shortages.
Rural areas obtain most of their water supply from rivers, dams, and limited supply from the
municipality. The coutmy is on trackwith the expected climate impacts which inclsitenger

dry spells,a decline in rainfall, variations in intensity and frequency of flood and drought
events. The country has been increasing efforts to addressetth¢éonaistribute good quality

water, to conserve water sources, protect environments in line with the constitutional right to
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water which is linked to the right to housing and fobleérfison, 2015 further highlighting

that the poorer communities are the most affected by the impacts of climate change.

Mafuwaneet al, (2023) found that approximately two thirds of the country are dependent on
groundwater for domestic use, with more than 22 towns being heavily reliant on groundwater
and others using groundwater as the main means of irrigation. In conjunction with bad
leadership governing the use of groundwater in the country, other factors hindering the
provision of potable water to South Africans include lack of expertise, lack of enforcement of
the legislation, lack of accurate informatiam the importace and availability of water
resources, lack of implementation and maintenaategroundwater schemes and full
participation of public and/or private stakeholders to ensure proper planning of water

adaptation strategies.

In South Africa, conventional methods whter treatment are used such as screening, pre
chlorination, chemical coagulation and flocculation. Factors that influence the quality of water
in South Africa could bef natural originsuch as climaticonditions geology of the region

and eutrophication. Human activities that influence water quality include mining activities,
extensive use of fertilisers thiaachinto the groundwater or runoff into water sources (Koop
and Van Leeuwen, 2017), poor maintenancendtistrial effluent and sentieated or raw

sewage contaminating water sources.

Physical, chemical and biological impurities have a direct influence on the water quality for its
intended use (Masindand Manjorg 2024), with some of these impurities needing to be
reduced or removed through the process of water treatment from a water source to ensure it is
suitable for use. Water treatmeplants (WTP)can be designed to treat water to meet
requirements for human consumption, agricultural, medical, pharmacological and other
industrial uses (Mohammed and Sakir, 2012). Both developed and developing countries have
experienced difficulties in supplying safetable water from their respective water purification
facilities (Badejoet al, 2015). For VTP to be effective and efficient, it is important to have
knowledge on the contaminants in the water to ensure that they are removedefMéng
2015). SouthAfrica experienced obstacles in ensuring that the water is treated sufficiently at
most of thetreatmentplants(Masindi & Manjoro, 2024, which placed consumers at risk of
developing wateborne diseases. Sasakataal, (2018) found that the factors that impacted

the efficiency of treatment plants are the quality of the raw water, design of the plant, level of

training of operators, chemical dosages used and management. The water treatment plant
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operator is accountable for the performance production of water, because the operator needs to
understand the entire operational process of the treatment plant. Mbrahg2009) stated

that low skilled plant operators negatively affected the operational performance of many
municipal water treatment plants in South Africa.

In most of the treatment plants in South Africa, the challenges have been associated with
obstacles with manpower, skills, monitoring and maintenance. Operators in some cases do not
have sufficient training which leads to their inability to operate wegatrhents and incurring
increased running costs (Masindi, 2021). This is more prevalent in remote or rural areas. Under
satisfactory maintenance and monitorifr@gramme may have resulted in poor water quality
which probes the need to assess the leviehofing and efficiency of the water treatment over

time.

Over the last decade, South Africa has been experiencing a higher frequency of droughts of a
high intensity, more especially in the Free State, Eastern Cape and the Western Capé (Botai
al., 2016). The annual rainfall in South Africa is below the 860 mm per year which is the global
average, with more than 60 percent of the country receiving below 500 mm per &otam (

et al, 2019. Before 2015, rural areas of Eastern Cape, KwaRladtal and Limpopo had more

than 75% of people who had experienced insefit quantity of water. Bushbuckridge Local
Municipality had instances where many villagers had to make use ofth@naells and water

from rivers that could be a health hazard. The drought in the Western Cape resulted in a decline
in tourism by 10%, anncrease in unemployment with 20 000 jobs lost and negatively
impacting the income streamSlantz 2019). The recent flood in Mpumalanga Province, in
2021, was severe and caused a rise of water pollution over a period of longer than a week
(Johnsoret al, 2024) which highlights the need for better flood management strategies such
as the building of more dams for storage.

Historically, Limpopo was hugely reliant on surface water resources with most of the
groundwater resources being explored within rural communities for domestic use because of
inadequate water supply systems (Mothethaal, 2013). Metropolitan areas within the
Limpopo Province do not experience severe water supply problems in comparison to
municipalities responsible for serving rural areas (Berkoetitd, 2009). Plenty of rural areas
experience instances where some communities have limited accessetofavagxtended

periods of times, weeks, or months at times, consequential to delays in water supply.
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Studies in Polokwane and Thulamela municipalities concluded that some areas under these
municipalities experienced delays in water supply because of insufficient water supply
infrastructure to sustain the increase in population and demand for water anviltesges.
Provincial predictions based on climate change include decline in water volume in river
channels, increase in temperature, increased variations in the intensity of rainfall, more

unpredictable frequencies and intensity of floods.

Momba & Brouckaert (2005) stated that aging or lack of water treatment facilities contributes
to the poor water quality. In South Africa, Limpopo has a dependency on small to medium
sized water treatment plants that are not well maintained. Water qumitgrges in Limpopo

are attributed to lack of maintenance of infrastructure which causes contamination of water
resources from untreated sewage (Koop & Van Leeuween, 2017), and lack of expertise to
efficiently run treatment plants. Although South Africsiwater quality guidelines to regulate
compliance, rural municipalities have failed to provide adequate reporting and struggled to
meet the standards. Some recommendations from studies by Igkesig2014) and Momba

and Brouckaer(20(b) were to increase the monitorilgogramms, improve the training of
operators and promote the implementation of innovativeeaseeffectivewater treatments in

Limpopo.

Limpopo Province is divided into five districts namely Capricorn, Sekhukhune, Waterberg,
Vhembe and Mopani and further divided into 22 municipalities. The Greater Giyani
Municipality is the area of interest of the studjthin the Mopani District Municipality
Communities in rural Giyani have farming and industries as a foremost means of livelihood,
therefore a decrease of water made available to these communities will result in decreased
productivity of their farms, loss of employment, lower standard whdi in such areas.
Nembilwi et al, (2021) found that droughts impact these communities the most due to their
reliance on rain fed agriculture and poor service delivery from the municipality. A continuous
decline in dam levels may result in increased pressure on groundwater water ragbinices

may lead to depletion in groundwater sources.

In 2012, cyclone Dando caused flooding in the area resulting in deaths and negatively impacted
the local agriculture and tourism sectors (Chikaaral, 2015). The 2012016 drought was

more sever@n the western bushveld in comparison to the eastern, which has been a notable
trend in the municipal area given the increase in magnitude of extreme events over the last

decade. The study by Nembilet al, (2021) stated that the wet region in the western lowveld
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of the municipality has been experiencing a greater decrease in overall precipitation in

comparison to the arid region (eastern lowveld).

Greater Giyani was declared a disaster area due to the severe drought in 2009/2010 resulting
in the government attempting to alleviate the effects of the drought (Nenabilatj 2021).

The infrastructure in Greater Giyani Municipality is not sufficient owing to the distances
between the villages which makes it difficult to supply all the villages with adequate water.
Additional drivers that promote water shortages are assoaatiedhe residentdehaviour
including illegal water connections, mismanagemof funds and infrastructure vandalism
(Municipality, 2016). The municipality is responsible for costs incurred by the diesel and
electricity poweredboreholes pumping water to the villages that are susceptible to water

shortages.

Flood events in the area negatively impact the current road networks, with many parts of the
provincial tarred roads requiring regular maintenance and pothole repairs during high rainfall
periods. Nembilwet al, (2021) made recommendations to the Greater Giyani Municipality to
reduce the vulnerabilitypy introducing new innovations, hazaithsed insurance, early
warning systems and better response to natural disasters.

The management of the FEMéxusegequires an integrated approachptadicymakingand
infrastructure investment with a key focus on sustainable practices and conservation of

resources to meet the needs of the growing population.
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2.3 The contribution of the FEW nexuserisis to the development of solapowered

groundwater pumping systems

The global crisis in relation to the FEWexuseds a multifaceted matter that is driven by
multiple factors such as the environment, politics and the economy. Addressing it requires an
approach that is well coordinated with a key focus on reducing margins of inequality,
promoting sustainable agriculture, promgtithhe sustainable management of water resources
and mitigations of the impacts of climate change. The possible solutions to the crisis include
global cooperation stakeholder engagement, capachwilding, sustainable agriculture,
technology and innovatiorBuch collaborative effortere neededo stabilize the food and
energy supply chain, put in place sustainable mitigation and adaptation measures to combat
climate change and ensure equal access to resources. The promotion of sustainable agricultural
practices may aid in the reduction of footecurity and efficient management of water
resources and soil health. Technological innovation in agriculture and water management have
been promoted as Istions to the FEWh e x u @igissD&centralized technologies for water
supply may address the urgent need to provide drinking water to rural areas that lack water and

sanitation and that are poorly connected to ggidctricity.

The energyirrigation nexus refers to the strong linkage between the irrigation and energy
sector,as the pumping of groundwater is greatly dependent on the supply of energy. A
sufficient supply of an energy source is essential for increased growth in the agricultural sector
and may improve standardf living (Mukherji & Shah, 2005). This nexus has an influence on
global poverty alleviation and crop productivitykewise, provision of drinking water to rural

areas requires pumping of groundwater, whscttrongly dependent on energy supplies.

2.3.1 Renewable energy

Long-term proposed solutions supply water to sparsely populated rural areas and smallholder
farms include the promotion to transition to renewable energy sources such as solar,
hydropower and windSingh 2021) The adoption of renewable enefggsed technologies
facechallenges with high initial cost and need for investment in the necessary infrastructure.
The rate of transition from fossil fuels tenewable energy has been sldweto the demand

supply imbalance.

The increased use of groundwater to compensate for the declining availability of surface water

prompted the use g@roundwatempumping systems dbey areeasy to install despite typical
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challenges of refuelling and equipment repairs (Chahartaghi & Nikzad, Z8&1¢xample,
Yemen had 7000 diesepoweredwater pumping systems (DWPS) in 2009 used for
abstracting groundwater for domestic and irrigation 8é@(maret al, 2016). Every country

is responsible for monitoring the continuous contribution of renewable energy to achieve SDGs
as this leads to both social and economic development (Obateén2021). The usage of
renewable energy sources/technologies can aid in reductioheirseverity of impacts
associated with climate while contributing to job opportunities, health, environment and
ensuring energy security (let al, 2017).

Wind energy harvestingonverts wind energito electricity with the use of a generator with

a multiblade rotor. This type of energy harvesting can vary depending on the region, season,
and the changes in wind speed over time (Detlel, 2021). The foremost challenge is the
incompatibility of wind energy with the conventional grid. Countries have attempted to
upgrade existing grids, which hinders the global growth of this energy source ¢Dalgi

2021). Additional global challenges in many cases include poorly designed tenders, delays in
acquiring permits, costs, negative impact on wildlife and unavailability of land suitable for the
power systems (Daleit al, 2021).

Ocean energy harvesting is a type of RES that has received plenty of attention given a large
part of the planet is covered with water. Many studies have concluded that global ocean energy
has a huge potential to combat the global energy demand €k 2021), consisting of
different modes such as waves, tidal salinity differences and marine currents. Many studies
have found that the use of ocean energy is still low, and this may be associated with-the high
risk element, time requirement and maintenatus of the wave energy converters (Adtrin

& Li, 2018; llyaset al, 2014). Additional challenges of these technologies include habitat loss,
water circular patterns, disruptions in the marine environment due to noise pollution and lack

of infrastructure for remote areas located away from coasts @adei2021).

Solar energy is an inclusive and sustainable RES that converts sunlight into electrical energy
with the use of solar photovoltaic systems. There has been growing intesektrpowered
systemsawhich is noticeable based on the global market and decrease in costs from 2019 which
prompted the industry to experience a rapid growth ([2alei, 2021). Some of the challenges
include thehighinitial startup capitainvestmentdelays in getting approval for suitable land

and lack of proper maintenance that may result in the system failing to generate the desired

amount of electricity. The adoption of solar technologies may assist in the mission to
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accomplishing the SDGs, because it solves and is not limited to the interlinked SDG 1, 2, 3, 4
and 6.

Aly et al, (2019) found that barriers for the adoption of selecting suitable renewable energy
technologies (RET) can be categorized into institutional, technical, market an@socamic
dimensions. Painuly (2001) proposed an analytical framework that begins wiblintry
choosing a renewable energy technology, identificationcafidction ofinformationon the
causes thalimit the adoptionof RET, analysis of limitations and lastthe provision of
recommendations to combat the possible limitatiofise analytical framework was usedan
study of rural electrifications utilizing RETs in Tanzania and Mozambique. Other strong
drivers were funding, technical difficulties in the installation, limited human capital, limited

interest from the private sector and low rural matRéy et al, 2019)

2.3.2 Development of solapowered groundwater pumping systems

The focus of scientists in recent decades has been shifted towards the rapidly emerging global
energy crisis, decline in agricultural production and the possibility of migrating to cleaner
energy sources, mainly solar energy. Splawered irrigation systes have been studied for
decades and application of these systems in agriculture is not new, although, it was after the
1990s that extensive improvements had been made to these systems, when they became more
favourableeven economically for farmers global(Closas & Rap, 2017). Rural energy
development is driven by isolation of connectivity to the national grid, aging generation plants
and lack of good quality roads and routes (Bouetdal, 2009).Conventional water pumps
thatare commonlyn useare powered by diesel oil and electricity, which creatémitation

in remote areaswhich are not connected to grichay be farfrom areas that sell fuels and
fluctuations in fuel price¢Meahet al, 2008) Therefore solapowered groundwater pumps
havebecome increasingly important in netectrified populated areag/hen developing a

new water delivery system, it is pivotal that water demand be assessed for the present and future
use. To achieve a dependable water supply that satisfies the demand, it is important to
understand the linkage between pump working howa)adble water storage facilities and
system energy demands. Traditional splaweredsystems only worked when the sun is out,

thus the addition of baelip power sources to the solphotowltaic (PV) systemswere
introduced Solarpowered hybrid pumping systems utilise two or more power squrces
examples of backip power sources include diesel, grid electricity, wind and swiargy

Dawoud(2019) found that the hybrid system allows the use of an alternative power source
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without decreasing the water output in the early hours of the morning, the night and during
overcast conditions. There are difficulties with creating hybrid solagi®y/water pumping
design systems that optimize both power soyrtesis mainly due to financial and technical
feasibility. Efficient hybrid systems often require complex control centres and infrastructure.

There is also a need to develop fsamventional water resources to ensure that the supply
meets the demand. Making use of desalination for mediiginvalue crops and potable water

is one of the norwonventional water resources. The Egyptian National MResources Plan

2017 to 2027 had desalination projects in focus with a plan to proradoption of the
desalination industry (Dawoud, 2019); the most important projects were found along the coast
and desert areas which are remote areas where freshwater alternatives are scarce. In addition,
demand management measures can be put in placeasucimovative irrigation systems,

improving water use efficiency while reducing water losses in supply networks.

For any technology to be adopted successfiillyeeds to be accepted by society (éaal,

2023). There have been studies conducted from theisgrdperspective on the acceptability

of solarpowered technologie@\bdalla et al, 2023. The increase in sol@nergyprojects
globally showed that solanergytechnologiegepresent reliable energy source to replace
traditional methods. The global acceptance of sal@rgytechnological advancements made

PV sources competitive in the global energy miadel served as a potential solution to the
current energy crisis. Solanergytechnologies strive to improve the environmental, social,
governance aspects of a country and atmachieving the United Nations sustainable
development goals (SDGs). The solar PV technologies link to several SDGs such as SDG 1
no poverty, SDG 2 zero hunger, SD® i clean water and sanitation, SDGd&cent work

and economic growth, SDG Bhdustry, innovation and infrastructure.

One of the requirements for the implementationsofarpowered groundwater pumping
systemsis that there needs to be a water source of reasonable quality. This is particularly
important in the water production for drinkipgirposeswhere strict water quality standards
need to be metT he obstacles associated with the efficiency of water treatment processes have
been identified as operational, management, financial and lack of training of the operators
(Menget al,, 2015); this does increase the pressareater treatment plants to provide potable
water for domestic usd.o reduce poor water quality production frareatment plantst is
important to determine the critical control points within the water treatment process to establish

where issues occur. The water treatment plants in South Africa also had challenges related to
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financial constraints, lack of monitoring and manpower. Momibal,, (2009) reported that

water treatment plants located in rural areas were not treating the water to an adequate quality
and that the additional challenges included lack of water quality monitoring, financing for
repairs for equipment, frequent shortageltfroicals. These challenges were reported across
treatment plants ithe Limpopo Province. The study recommended that these obstacles be
addressed through capacity building and traininthefoperators to ensure the efficiency of

the treatment plaa{Mombaet al, 2009.

Water treatment efficiency is assessgobally based on its compliance to the international
standardandWorld Health Organization (WHO) guidelinds.South Africa, he water quality
parameters need to comply with the SoAfitica National Standards (SAN341) anddrinking
waterquality guidelines which provide thacceptablehresholds.

2.3.2.1Components of the system

Solarpowered groundwater pumping systems have key components that each play a vital role
in functionality of the systentor this study, the key components arestblar panels, mounting
system, inverter, pump controller, water pump, pipes and fittings, storage tank and filtration
systemsin essence, light energy from the sun is converted into electrical energy using the solar
panels;once convertedhe electric motor abstracts water from the subsurface. This water is

either transported to the user thgbuhe distributiorsystem osstored in a reservoir.

The solar panels are the component toaiverts solar radiation into electricity which powers

the pump. Solar panels are crucial to a system's religlitigy efficiency of solar panels
influences the quantity of water pumped (Tagélal, 2022). The mounting structure is
important in ensuring optimal energy generation by making sure the panels are positioned to
capture the maximum solar radiation. Inverters and pump controllers are essential in regulating
energy flow as these components faaibt the conversion of direct current to altemgti
current which is used by pumps. The controller serves as a buffexkesure the water pump
works within the safe limits (Tayelt al, 2022) and it prevents damagecause oow power

or electrical surges. A water pump is the core of the system, as it is needed to abstract
groundwater. Good quality pipes and fittings are pivotal to guarantee reduction in water
leakages and making sure water can travel long distances dernwmittained pressure. To
secure water availability and ensure continuouspstyl when the solar radiation is not

adequatgit is important to have a storage facility.

40



2.3.2.2Feasibility of solar-powered groundwater pumpingsystems

A feasibility study is important in terms of selecting sites, minimizing the riskeasaring
that the solapowered groundwatgsumpingsystem is viable by assessing environmental,
technical socieeconomic factors. Lack of accurateonitoring datacan resultin failure if

groundwater quantity and qualidye not appropriatever the duration cd project.

Parajuliet al, (2021) reported thatNepal is experiencing shortages in water supply for the
population. A variety of water supply schemegre proposed,and renewable energy
technologies were identified as the possible solution. The method entailed a comparison study
between dieselbiodiese] and solar PV systenin a remote village in the Doti district.
Informationon the water demanequirementsestimagdenergy requirements to pump water

to matchthe water requiredhetechnicalandeconomic assessmemas conductedrhe slar
energypumping system was the most viable alternative, with a 75% score, and prdwed

the best solution based on the tecegonomic aspect (Parajet al, 2021).

Birhanu (2023) utilized mukcriteria decision making including hydrogeological
characteristics, climate, and so@oonomic datan southern Malirom 112 farm households

to determine suitable areas to implement Solar Based Irrigation Systems (SIBS). Thefresults
the feasibility studyshowed that 2% of the area in Bougouni district and%8n Koutiala

were suitable for implementation of SIBS. The affordability of the dudaed systems made
the implementation more viable to address the shortage ef f@athe Maliarpopulation and

agricultural practices in the country.

The feasibility study that led to the implementatiorsofarpowered groundwatggumping
systems in Greater Giyani Municipality utilized teaar-powered irrigatiorsystems (SPIS)
toolbox. Jovanovicet al, (2023)utilized a variety of modulewithin SPIS,namely:impact
assessment, water requirement, market assessrfemmh analysis, payback, finance
deployment and pump sizing tool. In addititim hydrogeological scope, climatic conditions
and stakeholder engagements were conducted across all gto{Jivanoviet al, 2023).

This studyrecommendethat the adoption of the solppwered groundwater pumping systems

will benefit the local economy, enhance health and sanitation within the selected sites.
Recommendations weraso that continuous involvement of all stakeholders is key in the
sustainability of the project, contingency plans in the event of contamination of water,

monitoring of water quantity and quality over time.
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2.3.2.3Application of solar-powered groundwater pumping systems

Previously countries were concerned due to financial, operational, and technologicébrisks

the adoption of solgpowered groundwater pumping systerfike financial risks include the

high initial costs associated with the sa@aergytechnologies and access to the technology or
replacementwerelimited because of lack of technical expertise and local manufacturers. The
importing of the technology resulted in increased prices, therefore, trade barriers between
countries needed to be adjusted to enthatesolaenergytechnology was more accessible and
affordable (Closas & Rap, 2017). Investment in solar pumps was initially unviable for medium
and smaliscale farmers with challenges in acquiring the necessary to purchase and install. In
addition, the financial sustainidity of the solar pump systemsaised concerns such as
groundwater depletion and incurrimgstsfor additional pumps and other parts that were
required tofulfil the demandor water (Purohi& Kanpal, 2005)For exampleMorocco had

a solarfield project in 2015 halted due to the fear of the groundwater resources depleting
(Closas & Rap, 2017)n addition, most of the equipment installed is subject to vandalism,
tampering and theft which increases the operational costs during the duration of the project.
The operational riskeerefocused on the system not being installed correctly or the system
not being operated as requiradhich would then result in the failure to improve the agricultural
productivity or water supply. Lastly the technologicaks focus on malfunctions of the
equipment which hinder the output of the system.

Applications of solapowered pumping systems include desalination plants which require
pumps for reverse osmosis; mining applications; grassland restoration, whereby these pumps
are used to provide water for foraging to nteetdemandf animals and directly increase the
livestock capacity and income (Mt al, 2011). A projecby SET GmbH company installed

solar pumps on two farms in Nicaragi®Roblin, 2016). The project currently has 30 operating
pumps and has been running for the past decade. Thef tise solar pumps allosd for
availability of water throughout the year, therefore, improvingfthee r mpositidrson the

local market (Roblin, 2016). The implementation of the sqdawered groundwater systems

have been utilized on a smaller scale in India, such as a few projects to address minor water
demand for domestic use and irrigation applicatitsegause conventional energy resources

were either expensive or not available in these areas.

In 2013, solar PV hydroponic farms were developed in Joogathe Institute of University

Cooperation (ICU) and ECO Consult attempting to maximize how farms utilize water in water
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scarce countries. This allowed Jordanian farmers to grow high value crops such as vegetables,
herbs and fruits while using less water than the traditional soil farming technique. In Kenya,
Nepal and Zambia, new solar PV irrigation pum@seinstalled to counter the lack of access

to energy for farms in remote areas (Mastetikl, 2017).

Quiality assurancef pumps and solar panels remains a problem due to increased access to poor
guality productsFactors that would make the adoption of splawered groundwater systems

more attractive are decreased waiting times for spare parts, cost for repairs and maintenance.
Poor performance of the system was blamed on low quality products in Ghana by key
stakeholders; there are instances where a below par design of the system may result in incorrect
pump sizes and power required, which in turn further inhibits the applicatsuch systems

in thatcountry Ofosu & Minh, 2021). In Zimbabwehe poor performase or frequent failure

of the systems were due to low quality products installed and fake panels @datga021).

2.4 Methods of estimating the performance of solapowered groundwater systems

The methods of estimating the performanceaérpowered groundwater pumping systems
vary from project to project worldwidén this sectionsomefactorsthat may influence the
performance of solgpowered pumping systemasid applications gberformance assessment

in the form of case studiesedescribed

24.1 Factors influencing performance of solaipowered groundwater pumpingsystens

Walker et al. (2021) found that methods of assessing the performance of the solar energy
system have changed over time and the methods differ in reports as studies focused on different
parameters to characterize the system performance.

Hadwan & Alkholidi (2018) analysed the annual chanigegroundwaterepth, daily solar
radiation, effect of incidence, shadowing, temperature, dust accumudatielegradation of

the solar panels. The study did not assess the performance of irrigation systems, motor pumps
and photovoltaic water pumping systéaVWP9 controllers. More than 55% of the PVWPS
systems examined in Yemen (Hadwan & Alkholidi, 2018) were found to experience reduction

in system performance due temperature, declining depth tondwater and dust
accumulation. Thee are factors thatvere underestimated or natonsideredto ensure a

sustainable solggoweredgroundwatepumpingsystem.
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Gouwsé& Lukhwareni (2012) focused on reviewing the factors that influence the efficiency
and performance of solar water pumping systems in South Africa. The study identified the key
factors to be environmental conditioiselar irradiation andheteorologicatlata) photovoltaic
panels(material, tilt angle and effiency) controllers(maximum power outputkhe energy
storage facilitieguse of water tanks and batteries was regbw terms of cost effectiveness)
inverters(type of controllers had an impact @ompatibility of componentsand types of
pumps(Gouws& Lukhwareni, 2012)The outcome to optimize efficiency of the systems was
suggested to be with the use of mamygstalline PV panels, adjustment of tilt angles to
maximise the amount of solar radiation received and use of water storage facilities as opposed

batteries to mimmise running cost and increase reliability.

The study by Yonis& Onsa (2022) focused on cleaning operations for photovoltaic
performance, the aim of thstudy was to assess the effectiveness of different cleaning
techniques on the PV performance in Africa and the Middle East. The key factors that were
investigated to influence the performance was the dust soiling, cleaning methods, tilt angle
optimization.The method of the study entailed a review of regional cleaning techniques, field
tests and modelling studies. The outcomes of the study found that PV performared¢usad

by 50% due to dust soiling, the cleaning frequency varied based on location, however, range
from weekly to monthly (Yonig Onsa, 2022). Recommendation for further development of
advanced coatings and automated cleaning systems was suggested.

2.4.2 Case studies

Alaofeet al, (2016) found that most of the population in Benin faced chronic malnutrition and
food insecurity, with the general population depending on rain fed agricuEdteeme
weather events resulted in reduction of agricultural produce and increased food insecurity.
Solar Market Gardens (SMG) wesstablishedand the efficiency of the solgowered water

pump and drip irrigation system were assessed with the aim of enhancing the agricultural
output. These outputs include okra, mangoes, onionsaries) and green leafy vegetables.
SMGs were installed in four women agricultural greup villages.There were four villages

with 2 denoted as treatment villages @hatcheepair comparison villagesiousehold dta

were retrieved from a wetlonstructed questionnaire and a sample size of 30 households from
each villagewas used for statistical analysis (Alao& al, 2016). Upon evaluation of the
system, households producing and consuming vegetables demonstrated an increase in

consumptionof vegetablesamong the SMG women in comparison to other households in
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Benin. The SMGs resulted in a greater variety of fruits and vegetables being produced. The
system ensured that households had increased income and became more resilient in more
economically difficult periods because of floods, droughts, increased foed pue to climate
variability (Gaihaet al, 2012). The SMGs resulted in the diversification of vegetables and

fruits in relation to production and consumption.

Fuelpowered boreholes were used as the main option to deliver water supply at refugee camps
in East and Horn of\frica (EHA) for decades, with the large consumption of fuel creating a
challenge for the sustainability of the project from a funding perspe@radenbuelet al,

2015) The study adrefugee camp investigated the performance of gmarered systems and
hybrid systems (fuel ansblarpowered) The selectiorof boreholes to use in the studias

based on performance data available, pump dgpaied systems being solar or hybrid. The
parameters included fluctuations in the performance of the-golaered boreholes based on
solar radiation, cost of water pumpirandwater productiorwith solar and hybrid systems.

The resulsfound that rainfall and solar radiation had little impact on the water provision, more
so on the hybrid systems. The hybrid system reduced the consumption of fuel from the
boreholes of the refugee camp. The hybrid system reduced the cost of fuel comsiloynti

600 USD/month (Kraenbuelet al, 2015). The study demonstrated the sela&rgysystem

could replace the fuglowered system for the provision of water in the camps.
Recommendations were that data on the performance of theeselgysystem are needed

and that monitoring plans must be incorporated in pumping systems and remote control of such

systems.

Hadwan & Alkholidi (2018) found that a properly designed splawvered groundwater
pumpingsystem is important to ensure a sustainable performénsesqually important the
components match to avoid decline in system performance. Temperature andagbiarce
influencethe performance of a solanergysystem Temperatures that are higher than the
optimal performance temperature will result in reduced efficiency. The orientation of the solar
panels is vital in energy generatildithe panels are noaing the right direction, the efficiency

of energy production will be low. Dust accumulation reduces the absorption ofssad&ance

by cell particles. Shading over the solar panels can influence the performance of the system
This can be caused by dust clouds, high buildings, trees or a component of the system itself
(Mohammediet al, 2014). Depending on the proportionstfading, thgopower output of the

solarenergysystemmay be reduced
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Walkeret al, (2021) focused on addressing the performance of 75 photovoltaic sySterse
systems had been ungeerformingbecause obperational and environmental conditions and
negatively impacted the return on investment for investors. The method entailed collecting
solar irradiance angmperatureisinga SystenmAdvisor Model (SAM) to predict the estimated
energy production. The other factors that were assg&sety included: poweravailability
(percentage of system operational time); perforrearatio (measuregower output vs
modelledproduction); energy ratio (analysis of availability and performance to determine the
overall performange degradation (measured the reductiopaweroutput over time). The
results found that the performance ratio was 79% and energy ratio was low with an average of
75%, and this was attributed to performance inefficiencies. The annual performance metrics
found decline in the performance and energy efficiency for the years 2018 andiu20tban
inverter malfunctioning. When the inverter wapairedthe system was restored to expected
performance levels. Key recommendations from the operators iddheeneed for regular
operation and maintenanpegrammeand reduced timeframe on implementation of repairs to
PV systemgWalkeret al, 2021)

Tayel et al, (2022) conductedan experimenton a solapowered pumping station in Bani
SalamabAl-QanaterGiza Governorate, Egypt. The method of assessing the performance of
the system consisted of -bainute interval measurements, from sunrise to sunset, being taken
for the set parameters between the period of September 2016 to June 2017. The parameters
measured included: solar radiation, panel temperature, solar generator autjpuit voltage

pump discharge and dynamic pressure. The redeitoonstratethe relationship betweethe
intensity of solar radiain andthe pump flow rateThe number of hours of sunshine had a
significant impact on the amount of water abstracted across the period of the day. Dust
accumulation negatively affected the dalyerage efficiency of the solar paneidter three

months of not cleaning the panelse solar panel efficienayas 14.3% when the panels were
clean and declined to 13.2% when the panels were dusty. In addition, when the panels were
clean the flow rate was 21r8%h and declined to 17.ih%h when thepanels were dusty.
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2.5 Synthesis of literature review and research gaps

The global FEWhexuse<risis demonsates the interlinked challenges of water management,
energy and sustainable agriculture (leiual, 2018). To address the challengesl support
irrigation and water supplyilarydoss(2021) found that the use of solar powered groundwater
pumping systems as the most promising solutidme increase in the application of solar
powered groundwater pumping systemesulted in technological advancements in the
efficiency of solar panels, energy storage options and pump dekigmsi(et al, 2020. It is
important to estimate the performance of solar powered ground water systems to ensure that
the systems consist of an optimal design and operaonse of the methods used to evaluate

and predict the system performance and optimize its operations include life cycle assessment,

energy analysis and machine algorithms (Kuetal, 2020;2019;Hilarydoss 2021).

The research gaps in the development of solar powered groundwater systems include more
research on how to optimize the system designsatettion & componentssolar panels and

piping systemswith poor quality components attributing to poor systparformancein
Zimbabwe(Durgaet al.,2021) Anotherresearch gap was pertainitgthe storage of energy

as studies were conducted and reported the limitation of solar was that it could only be
operational during sunshine hours of the .d&lgere is a lack ofmonitoring plansof solar
powered groundwater pumping systems/proj@iétahenbuelet al, 2015)in terms of water

supply and the quality of the watetudies report that maintenance aagair waitingtimes

halting the performance of solar systems. Lack of expertise and understanding of solar systems
were attributed to poor performancésolar powered groundwater syste(@osas & Rap,

2017)

This studywill address these research gaps by incorporating a workmanship and maintenance
checklist to ensure that tremlarpowered groundwatesystem is installed with the correct
components to achieve optimal performance. Shislydeveloped anonitoringprogramme

with the frequency of measurements indicated to understand the quality of the groundwater at
each site and track the changes over time to achievetdomgsustainabilityThis study will
address the lack of knowledge on operations and maintenarfeesefdystems by conducting
training workshops and emphasising the need for measuring the performance indicators during
the quarterly site visitThis current study wiltonsidera wide range of indicator parameters,
including the parameters mentioned abtwassess the performance of the system and inform

on howto optimize the performance at each site
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CHAPTER 3: DESCRIPTION OF STUDY AREA
3.1 Location

Nine pilot sites were established in the Limpopo province (Mopani District), within the Greater
Giyani Municipality (Figure3.1). The road networks in the area consist mainly of gravel roads
and a smaller portion being tarred provincial roads. Macena Agricultural Cooperative is the
only site located on theorth-east of Giyani past the Nsarbiam, while the other sitewere
locatedsouth ofGiyani (Figure3.1). All the other sitesveresituated in quaternary catchment
B81H with the exception being Macena Agricultural Cooperative Wes in quaternary
catchment BOOF.

Site characteristics and description of interventions are summarized in3lAblEhe water
requirements in Tablg1 were calculated from the original baseline estimated in the feasibility
study (Jovanovicet al, 2023). Table 3.1 also indicates the sources of water, borehole
coordinates and altitude. The purpose of the interventions at eactesitdefined based on

the needs expressed by the communities and stakeholder engagement workshops

Four sites were proposed bwmost the drinking watesupply in villages. The sites needed
intervention to meet the water requirements of communities due to the absence or lack of bulk
water supply infrastructure, distance between villages and water delivery points (e.g Mbhedle)
and the operational costsdieseltpoweredboreholes (e.g Matsotsosel@je site in Dzumeri

T Nhlambeto farm is the only site wherexedwater use was proposed: drinking water supply

to part of Dzumeri and agricultural water use to Nhlambeto farm.olter four sites were
proposedor agricultural development. They are located on generally-estiiblished farms

with emerging farmers organized in cooperatives and updenissionto occupy. The
problems occurring ranged from low pressure heads (e.g. Ngamba farm) to high electricity bills

(e.g.A hi Tirheni Mgekwa farm).
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Figure 3.1: Geographical location of the nine pilot sites in relation to South Africa and Giyani on a ESRI world

imagery base map
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Table3.1: Summary of pilot site locations and type of intervention

Water .
requirements Source of Coordinates Altitude Groundwater
Village Site water (m) depth Intervention and time of establishment
(m3d?) | (m2a?) Latitude Longitude (m)
Drinking water supply (November 2023)
Village population " Borehole o o Solar-powered groundwater pumping hybrid system.
Mbhedle =1230 308 11242 unnumbered -23.5467517 | 30.834089 419 28-29 Fifteen 10,000 L JoJo tanks. lon exchange treatment
plant with 5,250 L JoJo tank.
Borehole No. Drinking water supply (April 2023)
Village population H14-1815 -23.589623° | 30.778480° 416 24 Solar-powered groundwater pumping hybrid system
Mayephu - 1940 48.5* 17702.5 on borghole No. H14-1815. lon exchange tregtment
Borehole No. |, o000 | 50 77815¢ 216 i plant with 5,250 L JoJo tank and tap. The additional
H14-1816 borehole No. H14-1816 is also operating.
Drinking water supply (November 2023)
. Village population " Borehole No. . . Solar-powered groundwater pumping hybrid system.
Mzilela =1150 288 10512 MZ1004 -23.589362° | 30.811259 421 29 lon exchange treatment plant with 5,250 L JoJo tank
and tap.
Drinking water (August 2024)
Village population " Borehole No. o o Solar-powered groundwater pumping hybrid system.
Matsotsosela =2300 575 20987.5 MATS001 -23.607484° | 30.824026 atr 145 lon exchange treatment plant with 5,250 L JoJo tank
and tap. Livestock trough.
Drinking and agricultural water supply (August
Nhlambeto 2024)
Dzumeri Primary 58.9 | 218635 | NEWPOreNOle | 3 5630850 | 30.600016° | 430 20+ New 60 m borehole drilled. Solar-powered
Agricultural drilled groundwater pumping hybrid system installed on an
Cooperative aluminium housing. 10,000 L JoJo tank. Drip-irrigation
laterals.
Borehole No. Agricultural water supply (April 2023)
H14-1923 -23.591568° | 30.707299° 458 23-25 Solar-powered groundwater pumping hybrid system.
Hydroponics system (ARC) and aquonic wastewater
Matsambo treatment system (Prana) were also installed,
Dzumeri . 33.9 12373.5 powered by the solar panels. Wastewater from the
Ngamba Projects Borehole No. a . )
23.591784° | 30.707116° 459 15-17 quonic system is used to water a grassed area. A
2 180 m® steel storage tank. The additional borehole
No. 2 on the farm is also operating. Drip-irrigation
laterals.
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Water .
requirements Source of Coordinates Altitude Groundwater
Village Site d water (m) depth Intervention and time of establishment
(méd?Y) [ (mia?) Latitude Longitude (m)

Dzumeri A hi Tirheni Agricultural water supply (April 2023)
(Daniel Mqgekwa Primary 33.9 12373.5 | Borehole No. o o Solar-powered groundwater pumping hybrid system.
Ravalela) Agricultural H14-1378 23.566887° | 30.657573 466 156 Two 10,000 L JoJo tanks. Motion sensors and remote

Cooperative video alarm system. Drip-irrigation laterals.
Duvoa:jz;r:(c:)uth Borehole No Agricultural water supply (November 2023)
Loloka 9 33.9 12373.5 ' -23.56712° 30.81966° 392 12.25 Solar-powered groundwater pumping hybrid system.
Agricultural H14-1702 3 L
. A 100 m? steel storage tank. Drip-irrigation laterals.
Cooperative
Macena Primary Borehole No Solarl-A%Ule:clet: ra:lo\tllv:t;\?vraf:rp pulr)‘/n('iO\nlonsI zs?;i) One
Muyexe Agricultural 339 | 123735 " | -23.187820° | 30.911963° | 446 12-135 p g Aler pumping system.
. 2 10,000 L JoJo tank. Motion sensors alarm system.
Cooperative S
Drip-irrigation laterals.

*Calculated as population x 25 L/person/d
**Calculated as farm water requirement and requirement of 1,000 people (fraction of population of Dzumeri)
***Depth of water strike
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3.2Topography

The topography of the study area is characterized by undulating hills. Altitude ranges from 392 to
466 m (Table3.1) in the general direction from timerth-west (higher altitude) to the Souiast

(lower altitude) (Figure3.2). The only perennial river in the area is the Greater Letaba River
(Figure 3.2) All other rivers are either natural ngerennial (e.g. Molototsi) or they became non
perennial due to anthropogenic activities, excessive water abstraction and river damming (e.g.
Klein Letaba River). Alpilot sites are locatedlong the Molototsi RiveBouth ofGiyani, except

for Macena that is located Northast of Giyani passed the Nsami Dam and in the proximity of the
Shingwedzi River. Macena is located within quaternary catchment B9OF, whilst all the other pilot

sites are within quaternary catchment B81H.

Elevation
- High : 1322

B Low 1331

o i M

Figure 3.2: Topography and river network of the geographical area where the nine pilot sites are located
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3.3 Climate

TheGreater Giyani Municipality is located withthe subtropical zonegxperiencing dry and hot
climate, with extremely low rainfall, hot summers with maximum temperatures reacliitbgdd

mild winters (Manganyigt al, 2023).The climatic conditions may vary due to differences in
elevation Average air temperatures are usually lower in the western parts compared to the eastern
parts, along the slope from the mountainous escarpment to the lowveld. The average annual
temperature ranges about 18°C in the higher elevation areas to more thamt®&°€astern, with

an average of 25.5°CThe maximum temperaturesvere recorded in January and the lowest
temperaturesvererecorded in July. Tharea annual rainfall raed between200 and 450 mm,

falling mostly in summerRainfall occurs in a single rainy season running from October to March
The average potentialeansof annual evaporation (as measured byah) ranges from 1,300 mm

in the western mountainous region to 2,000 mm innibikthern and eastern areas. The highest
evaporation occurs during the period October to January while the lowest occurs in June (DWAF,
2003)

3.4 Geology

The geomorphic features of the study area include low mountains of the Great Escarpment (to the
West), undulating and irregular plains, hills and lowlands (Lowveld towards the East). The area is
at the confluence between the grangieenstone of the Kaspal Craton and the metamorphic
(predominantly gneiss rocks, but also schist) of the Southern Marginal zone of the Limpopo
Mobile Belt (Holland, 2011). Figur8.3 represents a map of the regional geology of the area

obtained from the South African Counfol Geoscience.
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Figure 3.3: Regional geology of study area (Source: CounciGeoscience).

3.5 Soils

Detailed soil maps in South Africa are available at high resolution only for specific areas and they
are generally linked to individual projects and soil survéymnd type maps were, however,
produced bythe South African Agricultural Research Council (ARC) through the Agricultural
Georeferenced Information System (AGI®) Figure3.4, it is evident from the map that medium
textured soils are dominant across the area in the form of loamy sands, usually moderately

productive and weltirained agricultural soils.
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Figure 3.4: Predominant soil texture map of the study area where the 9 pilot sites are located (&griccdtural

Research Coungil

3.6 Hydrogeology

The pilot sites are located between two hydrological features which are theersymial
Molototsi river and the perennial Letaba river (Fig8rg). The Greater Letaba river is the sole
perennial river, with the other rivers being naturally 4penennial or because of human activities
and excessive abstraction of groundwaeth BOOF and B81lquaternary catchmendase located
predominantly in the Lowveld Plains, based on topography, sugfacadwater interactions and
groundwater yield characteristickhe low rainfall experienced in the area has prompted the

municipality to depend more heavily on groundwater resources.

Groundwater is moderately utilized, and abstraction can be increased up to harvest potential with

little or no impact on baseflowl¢vanovicet al, 2023. Limited groundwater development may
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therefore be feasible, given groundwater is abstracted below harvest potential, grouyidigater
and quality are reasonable, and groundwater contributes little to baseflow. The increase in

groundwater use could provide the opportunity for limited expansion of water supply.

The yield of the boreholes in the area is usually rated between moderate arttiehigigional
borehole yield ranging between 0150.0 L/s. The quality of the groundwater varies and typically

is generally good to margindlhe electrical conductivity in the region is betweeri BD0 mS/m,

with elevated concentrations of nitrate being recorBeglire 3.5 represents a map of interpolated
groundwater depths obtained from the Department of Water and Sanitatioandwater depths

are shallower when in céer proximity to the junction between the Letaba River and the Molototsi
River (Figure 3)This area is known to be wet, concentrating shallow groundwater, evidenced by
the fact that dams maintain their water storage capacity during extended periods of drought (e.g.
Xihlakati Dam). Figure 3.5 also represents dams and wetlands that occur indyerga.The

static groundwater level in the area the pilot sites are located is betwee2D§ except for

Mbhedle which is found in a region characterized layenlevels more than 20m.
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Figure 3.5: Map of interpolated groundwater depths (Source: Department of Water and Sanitation)
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3.7 Land Useand Land Cover

The land use/cover is predominantly shrubland (mopani trees), cultivated subsistence land and
urban settlements (sparse villagesarge part of the catchment consists of arable land with
subsistence farming dominating over commercial farming. Communal grazing isoatsoon,

and it may lead to soil erosion due to egercking. Makhadet al. (2009)estimated that 59.4%

of the total area of the Greater Giyani Municipality consisted of cultivated areas anaa30%
covered by woodland and bushlafkgure 36). The town of Giyani accounted for 0.7% of the

total area, while 5.4% was taken up by villages. The degraded areas accounted for approximately
5.0%. An understanding of the land use and land cover is important in terms of identifying the

users ofesources and possible sources of contamination for subsurface water
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Figure 3.6: Top: Land use/cover map of the study area (source: National Land Cover map of South Africa, 2020;

Environmental Geographic Information Systems, EGIS).
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3.8 Socioeconomic characteristics

The population in Greater Giyani Municipality is relatively evenly distributed throughout the study
area, living both in urban areas (Giyani) and in informal rural villages and settle6@tst the
population is unemployed, and 78% have no individual incviahabula, 201)/ Of those who

are employed, 8.37%ork in the agriculture sector.

The main sectors contributing to the Gross Domestic Product in Greater Giyani Municipality are
the public sector (public administration and local government services), tourism, agriculture, retalil
(formal and informal) and transpomiéthabula, 201)f According to DWA (2014)the main
economic activities in agriculture are production of citrus, mango and tomatoes, tomato processing
(secondary sector) and etmurism (tertiary sectorAgriculture is an important activity thanks to
favourable climate, variety of products and potential in processing agricultural prddastsof

the rainfed cultivation and cattle herding are practised as subsistence farming on communal lands.
There is potential for intensive agricultural production and vatleed products with access to

both informal and formal markets in the urban areas of Giyd&l km North) and Tzaneen (~70

km SouthWest). Irrigaed agriculture makes a significant contribution to the economy and is a
major user of watefFarmers who practice irrigation in the study area market their crops through
both formal and informal markets (hawkers, local markets, supermarkets and national fresh
produce markets)Agricultural land in the Greater Giyani Municipality is predominantly
Government land and it is administered by chiefs, under the Permission to Occupy (PTO) system
of land tenureThere are currently about 18,600 ha of land undemclevhich makes the land
redistribution and reform process sensitive and in need of good management, given that the two
main strategic activities in the municipality are tourism and agriculture, and both require land for
expansionMoraka& Mukonzg 202)). These strategic activities are in competition with mining

and urban development, which makes rational land use a priority, e.g. in terms of designing solar

power harvesting fields.

The rural settlements are scattered and not easily accessible as the road conditions are bad and this
has implications for economic activities in the municipality. Major environmental challenges are

air and water pollution, deforestation, veld and foresisf soil erosion, ovegrazing, wetland
protection and challenges linked to informal settlemé@¥israka& Mukonza, 202 Water is

available in these villages from groundwater boreholes or from shallow groundwater along the
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riverstiverbanks from an earth dam at Xihlakati, and from a water plant that needs upgrade and
booster pumps at Nwamarhanga. The water source is quite reliable given the measured borehole
yields and shallow groundwater yields from theerbanks Because of the current lack of water
supply, Multiple waterUse Services(MUS) would benefitlivelihoods, cultural activities, and
improve sanitation, hygiene and heghtan Kopperet al., 2009) Tribal and communities within

the pilot site support the use of MUS to improve water supply services
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3.9 Pilot site work design

The final designs of the pilot sites were refined based on the feasibility study, accurate coordinates,
stakeholder engagements and technical information. In the sections that follow, the technical
designs for the nine pilot sites are presented.

3.9.1 A hi Tirheni Mgekwa farm

A hi Tirheni MgekwaPrimary Agricultural Cooperativeas originally a family farmThe growth

of A hi Tirheni Mgekwa Primary Agricultural Cooperatifeem had one maiione constrainivas

the cost of electricity bills, which amountemabout R6,000 per montho facilitate expansion of

the business, the farm manager was requipuijng into operation more boreholes to increase
the water supply as well as the beneficiation of products in the form of packaging facilities. The

farm has 1Moreholesand a lvestock watering dam as indicated in Figuré 3.

Upon consultations, solarpowered groundwater pumping system was installed at borehote H14
1378, with the coordinates23.566883°S; 30.657571°and dtitude (Alt): 466 m, previously
utilizing electricity and known to be a good yielding borehole (Figure 3he borehole depth
was 80 mTheinstallation waslone according to the specifications provided to thecsuiractor

and withequipment available on the markatpumping test was conducted to determine H14
1378 borehole yield before installation.

According to the final design, borehole H1378 was equipped with solar panels on the roof of
the pump housand enclosed into a barb wire railing for security (Figu. & 2.2 kW pump

was put in place at the borehole. Groundwataspumped to doJotank closer to the lower gate

in the vicinity of the dam and old borehole AHM4 (Figures &d 38). A filter and irrigation
water meter were installed. A 2.2 kW booster pump is utilized to pump water to the main steel
reservoir installed by the Limpopoepartment of Agriculture and Rural Development (Figures
3.7 and 38). Alternatively, water can be pumped tad@&@Jotanks close to old boreholes AHM1,
AHM2 and AHMS3 (Figure 3). Water can be distributed to the fields either from the main
reservoir or from theloJotanks. An additional booster pumps was installed by the main steel
reservoir. Twenty drip lateral rolls were supplied (250 m per roll), which is sufficient to irrigate 1
ha of land cultivated to vegetables with row spacing of 1 m.
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Figure 3.7: Final installation scheme of solgrowered groundwater pumps for irrigation at A hi Tirheni Mgekwa

Primary Agricultural CooperativeESRI world imagery base map
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Figure 3.8: Installations at A hi Tirheni Mgekwa Primary Agricultural Cooperative. Clockwise from top left: solar
panels with electrical security fence installed on the roof of the pump house at borehel8 FldoJotank; water
meter; 180 msteel reservoir instlled by the Department of Agriculture and Rural Development, control box in the
pump house; booster pump.
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3.9.2Duvadzi farm

Duvadzi Youth Organic Agricultural Cooperative is an emerging cooperative farm that required a
solarpowered groundwater pumping system to cut production costs, a steel tank for water storage
as well as additional distribution pipes and driation latrals to expand production on the area

of about 5 haThere are four boreholes on the faBoreholes H141701(borehole depth was 120

m), H14-1702 and H141.703 were established by the Limpopo regional office of the Department
of Water and Sanitation in Gafter 2016, and a fourth old borehole DUV is unnumbered (Figure
3.9). Borehole H141702 was historically used on the farm to supply water directly to the crop
fields without storage facilityBorehole H141701 was initially equipped with a solgrowered
groundwater which wasater changed to a hybrid (solar and grid connection) system H14
1702borehole depth of 120 naue to insufficient water supply and salinity conceflrige option

of pumping water directly from the Molototsi sanderbed which isadjacent to the farm, was
considered, however borehole pumping was preferred in the end due to security reasons.

Solar panels were installed on the roof of the office building close to the main entrance to the farm
(Figure 39). A steel water tank was installed in the vicinity of the office building (18Catmout

2 m high), athe point of highest elevation (398 m), to buffer the water demand. A booster pump
(2.2 kW) was installed to distribute water from the steel tank to the crop fields at the required

pressureA water meter was installed at the pump outlet and a filter at the steel tank outlet.
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Figure 3.1Q Installations at Duvadzi Youth Organic Agricultural Cooperative. Clockwise from top left: borehole No.
H14-1702 at the time of installation; solar panel array on of the office building; steel tanknf)Q&djacent to the

office building; booster pumpvater meter and filter; control box in the office building.
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3.9.3 Matsambo Ngamba farm

Matsambo Ngamba Projects is a family farm on 7 ha of land. The existing infrastructure included
two nursery sheds, one 1,20Q&Jotank and three already established boreholes9P8 and

other two unnumbered boreholeGhe of the major constraints on the farm was the pressure being
too low when borehole H12923 was used (H124923). The borehole (H1#923) had a depth of

62m. Pumping tests on borehole H1923 were conducted by Sekgopo & Sello (S&S Drilling
and Testing).

A new storage building wabuilt with ablution facilities on the farm (Figurel?). A solar

powered groundwater pumping hybrid system was installed on the roof of the newly built storage
house. The control system is housed in the storage house, and it consists of a system of batteries
providing output voltage to the pump of about 230although the energy supplied by the solar
panels varies depending on the time of day, cloudiness and s&ab0b.n? steel water storage

tank was installecabout 2 m high(Figure 312) to buffer he water demand.he distance between

the abstractiopointsand the reservoir is about 230 Drip-irrigation takes place by gravity from

the steel tankA water meter was installed at the pump outlet at borehole No1B123.
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Figure 3.12 Installations at Matsambo Ngamba Projects. Clockwise from top left: borehold1Mel 932; steel tank
(100 nd); solar panel array on the roof of the newly built storage building; control box in the storage building; aquonic

wastewater treatment systéRrana); hydroponics under shade nets (Agricultural Research Council).
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3.94 Macena farm

Macena Primary Agricultur al Cooperative i s
village of Muyexe f(orth-east of Giyani in the Shingwedzi River Catchmeiit)e entire farm is

17 ha (a small portion of the area is currently cultivated) and it is an important community project.
The only operating borehole (unnumbered) was equipped with an eleghogigred galvanised
pump. Existing infrastructure on the faintluded a packhouse that was built by Livapopo
Provincial Department of Agriculture and a concrete reserVbie. farmis currently part of a
rehabilitation Programmeby the Limpopo Provincial Department of Agriculture. The farm
required asolarpoweral groundwater pumping system with alarm system, one 10,000dank,

booster pump and driprigation laterals.

Thesolarpoweredyroundwatepumping system at Macena Primary Agricultural Cooperative was
installed using the borehole in the housifige pump was put at a depth of aboutrd0Solar

panels were installed on the roof of the packhouse for security reasons instead of the borehole
housing angbrotected with barb wire andhaotionsensomlarm system (Figure B4). The control
boardwashoused in the pumipouseand it is easy to use. A switch is used to start and switch off

the pump (Figure 34). The power supply system works solely on solar energy.

According to the final design, groundwater is pumped from the borehole in the pump house into
the adjacendoJotank (Figure 3.8). Once thimJotank is full, a booster pump (1.1 kW) is used to
pump water from theloJotank into the main concrete reservoir (Figur@4g. The concrete
reservoir is approximately 80°in size and it is located about 420 m far from the pump, at the
most elevated point of the farm (457 m). The reservoir takes abdist Rdurs to fill. The reservoir

is set on a concretab,and it seems to be well maintained structurally. It is cleaned annually by
allowing the water in the reservoir to reach a point where workers can climb in and use buckets to
empty it. Water is distributed from the reservoir to the crop fields via another existing booster
pump. However, the latter is not operationaé do theft of about 30 m of electrical cable. Water

is therefore distributed to the dfgigation by gravity, either from th&oJotank or the concrete
reservoir, depending on the location of crop fields. A booster pump was provided to supplement
pressure when requireDripper laterals were supplied, approximately 500 m in length, which is

sufficient to install them on about 0.1 ha of land for irrigation of vegetables cultivated in 1 m
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spaced rowsA filter and a domestic water meter were installed (Figutd)3The water meter

was installed before thetopperand it was coveretbr safety reasons. A manual rain gauge was
also provided to the farm and installed on a staftte farm was supplied with aanual
EC/pH/temperature meter to measure water quality, a voltmeter to measure power supply voltage

and a dip meteio measure groundwater levels. The pump operators were trained in the use of the

instruments.
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Figure 3.13 Final installation scheme ofolar-powered groundwatepumps for irrigation at Macena Primary

Agricultural Cooperative ESRI world imagery base map
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Figure 3.14 Installations at Macena Primary Agricultural Cooperative. Clockwise from top left: solar panel array

installed on the roof of the packhouse; control board installed in the pump house with pump on/off switch; pump
house;JoJotank next to the pump houseater meter; concrete reservoir.
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3.9.5 Nhlambeto farm and Dzumeri village mixed water use

The Nhlambeto farrandDzumerivillage was the only site planned for mixed watee.Ughe area

under Dzumeri tribal authority is quite large and it encompasses several villages, however the
system was designed for water supply to a population of 1,000 people (a fraction of the population
of Dzumeri).Nhlambeto Primary Agricultural Cooperative has been operating for about 10 years
under vegetable irrigation and cattle farming (Figué)3.The area of Nhlambeto farm covers a
total of about 5 ha, although less than 25% is under cultivdtielocated on theiverbanksof

the nonperennal MolototsiRiver,and it was pumping shallow groundwater for irrigation directly
from wells dug in the river sand (Figure 8)1As there is no bulk water supply to the village,
adjacent community also abstracts water from improvised shpltswlug into the river sand for

use in households (Figure 8)1In 2022, a conflict of interest materialized at this pilot site. The
community asked the emerging farmer to stop abstracting water from the Molototsi sand river due
to the drop in groundwater level that compelled community members to dig deeper amdhe s

alluvium to reach water.

The original idea wago install a more permanent structure for abstraction from the river sand
banks, about 4 m deep (estimated depth of the wagrdbed to allow the utilization of a thicker
portion of the sand aquifer sufficient to supply both the farm and the community with water.
Occasional river flows recharge the sand aquifer. The water quality in the sand aquifer is excellent,
with exception of eleatedAluminium and Iron(Al and F¢g concentrations, the origin of which is

likely natural geochemist. Nhlambeto farmandDzumeri village was considered for abstraction

of water directly from the Molototsi River sand bed. Due to the circumstaheasstallations at
Nhlambeto Primary Agricultural Cooperative were scheduled for the final 1l year of the project
(2024), to be agreed with the farm and community for multiple water uses (agriculture and drinking
water supply).

Upon extensive consultations between the farm managers and the comrwas/decided to
modify the original plan of abstracting water from the Molototsi sand river. The farm managers
proposed to drill a new borehole within the farm perimeter to avoid potential conflicts with water
users coming to collect water from othertleebents. In addition, Nhlambeto farm undertook to

provide borehole water to the community for drinking water purposes as required. The modality

72



of sharing the water sourosustbe concluded through a writtagreemenfrheborehole is housed

in an aluminium pump house.

A solarpowered groundwater pumping hybrid system was installed on the roof of the pump house,
protected with barb wire (Figure &)1 Ablution facilities were also built at the main entrance of
the farm. A 10,000 LJoJotank was provided for water storage purposes next to the pump house
(Figure 3.5). Groundwater is pumped into tdeJotank sites at the highest point on the farm and
distributed by gravity to the crop fields. Dxigigation laterals were provided, together with an
agricultural filter system. The farm was supplied with anoal EC/pH/temperature meter to
measure water quality, a voltmeter to measure power supply voltage and a dippmetasure
groundwater levels. The latter is to be shared with A hi Tirheni Mgekwa farm. The pump operators

were trained in the use of the instruments.
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Figure 3.15 Final installation design o$olar-powered groundwatgsumps for irrigation and drinking water supply

at Nhlambeto Primary Agricultural CooperativE$RI world imagery base map
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Figure 3.16 Plates from Nhlambeto Primary Agricultural Cooperative. Clockwise from top left: groundwater
pumping from temporary wells in the Molototsi river sand; community abstracting water from improvised pits in the
Molototsi rover sand; fence installed at Nhlagtd farm; aluminium pump house with borehole; water stodgke

tank.
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3.9.6Mayephu village

Mayephu village is a village with a population of 1,940. There is no bulk wapgly,and the
village was making use of two boreholes for potable water (boreholes Nel81%4and H14
1816) that were supplied with grid electricity to pump water to a concrete tank (Figuyerdid

community doesnét pay for el etThelorelooled ayelocateth e Mu |

North-East outside the village in a lelwing draining dip (elevation is 416 m). The reservoir is
located to the South outsitiee village, about 800 m from the pump and at an elevation of 438 m,
from where water is distributed to the village through gravity (Figur® 3The need was to install

a solarpowered groundwater pumping hybrid system with water treatme riphaini.

An array of solar panels was installed on the roof of the pump house at bd#dHel815 to
pump water into a concrete reservoir (Figure8B.It is a hybrid system that can be supplied with
power from both grid electricity and solar energy. The solar panels are secured with fence and barb

wire.

Borehole H4-1816 ismeant to operate 12 hours per day to fill the reservoir, with water being
delivered to the community on Sundays. A water treatment plant was installed at bétbfkole

1815 to treat water for domestic purposes. The water treatment plant is based on ion exchange
technology. It consists consist of a water softening device (black bin), three vessels (blue vessels)
and a small pump (Figure B)1 The water softening is required to regulate the pH (alkalinity of

the water) and to reduce carfades in water that cause scaling of pipes and health issues (in the
long run kidney stones). Water softening is done by mixing source water with coarse salt, like the
one contained in the black bin (Figure&.MWater is then pumped through the vessels that capture
harmful sediments, organics and ions dissolved in water (blue bottles in Fig).eTB4 vessels

act like filters. However, instead of sand, they filter water through high sorbents such as glass fibre,
carbon and synthetic resin. The watgrusnped through the water purification system with a small
pump. Various connections, pipes and fittings are also part of the system. The supplier installed
the water purification system to work properly and powered by solar panels. The coarse salt, glass
fibre, carbon and ion exchange resin become dirty and depleted over time, and they need to be
replaced Replacement of coarse salt in the black bin can be done by emptying the bin with the

used salt and replacing it with a new bag (every few mor@e3sfibre, carbon and ion exchange
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resin in the vesselhould last up to 5 years, depending on how intensively the water purification
plant is usedDue to the slow flow in the water treatment system, the drinking/cooking water
supply is separated from the bulk stream filling the concrete reservoir and storé@dJiotank

(Figure 3.8B), from where it can be collected by the community via t8pbstantially, portion of

the water pumped is diverted through the treatment plant and it fills an adjadetank (5,250

L) within the same enclosure of the pump house. The bulk of the water is pumped to the cement

reservoir. The second borehole (No. HII&1L5) also pumps water to the cemesgervoir,and it

is also powered by the same system.
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f&y Water treatment mini-plant
L Jojotank
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Figure 3.17 Top: Boreholes No. Ht4815 and H141816; cement reservoir. Bottom: Final installation scheme of

solar-powered groundwatguumps for drinking water supply at Mayephu Villag&RI world imagery base map
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Figure 1.18 Installations at Mayephu Village. Clockwise from top left: livestock watering dam that was cleared of
vegetation to improve access; solar panels installed on the roof of borehot¢8184pump house antbJotank;

control board installed in the pump house; water meter; water treatmervphaini; water softening device and salt.
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