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Abstract
Previous studies have shown that provision of sustainable electricity supply to rural households is
essential to bring development to off-grid populations. For this reason, most developing countries put
large efforts into rural electrification programs to stimulate development and reduce poverty. However,
to be sustainable these programs need to recover costs, which poses a challenge to remote low income
populations. This often forces governments and other institutions involved in rural electrification to
subsidize the electricity production. It also affects the choice of technology and places a barrier on the
level of energy provided in line with the ability to pay for services. As a result of this, most programs have
failed to achieve the desired objectives, as the technologies used often do not support income generating
activities that could increase the payment capabilities of the beneficiaries and contribute to development.
This thesis is focused on the rural electrification program of South Africa, the country in sub-Saharan
Africa that has the highest access to electricity. It investigates the success elements that influence the
sustainability of rural electrification programs and their contributions to socio-economic development.
This was achieved by evaluating the South African program that provides solar home systems to offgrid communities, and a hybrid solar-wind mini-grid project in South Africa. The study also draw
lessons from other rural electrification programs in neighbouring countries, i.e. an evaluation of a hybrid
solar-diesel mini-grid system in Namibia, and a review of two systems, a hybrid solar-biomass minigrid project in Botswana and a hydro mini-grid program in Lesotho. The study revealed that hydro
based hybrid mini-grid systems provide the most cost effective way of bringing energy services to
rural settlements. Regardless of technology, successful programs depend on adequate support from the
government, implementation of a progressive tariff system that allows the high consuming high income
earners and businesses, to cross subsidize the low consuming , low income users. It shows that it is
more likely for rural electrification programs to survive if the design considers the existing businesses,
population growth and the corresponding load increase. The thesis further shows that provision of
sufficient energy to induce income generating activities is essential to decrease the need for subsidies
and to ensure the sustainability of programs. In addition, availability of spare parts and a capable
management team is essential for the successful operations and maintenance of these systems.
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To the almighty God, to my family and to those who made this voice to
be heard.

I returned, and saw under the sun, that the
race is not to the swift, nor the battle to the
strong, neither yet bread to the wise, nor yet
riches to men of understanding, nor yet favour to men of skill; but time and chance
happeneth to them all. – Ecclesiastes 9:11

Summary

Assessments of rural electrification programs in developing countries have
shown that whenever return on capital (ROC) is used as a critical evaluation
parameter for electrification projects, the poor tend to be excluded. Rural
households are thus faced with both poverty and low electricity access, two
contributory factors that influence development and sustainability of rural
electrification programs. The dilemma is which comes first, increased electricity access or poverty reduction? The situation of rural households is that
they have no electricity because they are poor and they are poor because they
have no electricity, i.e. the cause of their situation is also the consequence.
This is a core challenge to all stakeholders involved in rural electrification
programs. The World Energy Outlook has shown that developed nations have
better electricity access than developing nations, which suggests that electricity access and development are linked. To this end, the policy objectives of
most rural electrification programs are geared towards poverty reduction. Reviews of rural electrification programs in developing countries show that solar
home system (SHS) and hybrid mini-grids are the most common technologies
used to meet the energy needs of rural off-grid households. Investigations of
rural electrification programs in sub-Saharan Africa and South Asia show that
these programs have had limited success in bringing development to rural
households, this is coupled with the fact that a majority of the programs are
facing sustainability challenges.
This thesis focuses on the rural electrification program of South Africa, the
country in sub-Saharan Africa that has the highest electricity access. It investigates the factors that contribute to the sustainability of rural electrification
programs and their contributions to socio-economic development. This is
achieved by evaluating the SHS program and a hybrid solar-wind mini-grid
project in South Africa. The study also draws lessons from rural electrification
programs in neighbouring countries, i.e. an evaluation of a hybrid solar-diesel
mini-grid energy program in Namibia and reviews of a hybrid solar-biomass
mini-grid project in Botswana and a hydro mini-grid program in Lesotho. The
investigations reveal that even though the South African SHS program has
been sustained for more than a decade through government subsidies, the electricity produced from the systems is insufficient to enable income generating
activities that could sustain the operation and maintenance of the electrification program. Thus the South African SHS program is facing sustainability
challenges that have reduced the number of SHS providers from six to three.

Investigations of centralized mini-grid alternatives suggest that these systems
are technically and economically feasible for extending electricity availability
to 24 hours and for inducing income generating activities for rural households.
However, performance appraisals of standalone mini-grid systems in South
Africa, Botswana and Lesotho indicate poor sustainability due to high production costs of electricity, and limited resources for operation and maintenance
of the systems resulting in the failure of many systems. The assessment of the
hybrid solar-diesel mini-grid in Namibia provides evidence that centralized
mini-grid systems can bring about socio-economic development to off-grid
inhabitants in a sustainable manner. Their success depends on several factors,
ranging from adequate support from the government to implementation of a
progressive tariff system that alleviates the cost of energy to low income
households. In addition, good logistics for availability of spare parts, a management and control team with the right expertise to deal with local situations,
and a technical team that is capable of comprehensive, remedial and routine
maintenance are essential for successful implementation of rural electrification programs. The thesis further shows that, although technology is a vital
element of rural electrification programs, successful implementation and sustainability of programs also requires the involvement of the users. In addition,
it shows that rural electrification programs are more likely to survive if their
design takes into consideration existing structures on the ground and accommodates business interests, population growth and the corresponding load increase. Successes in rural electrification programs in southern African countries could be improved if the success elements identified in this thesis are
built upon, and challenges properly addressed.

Sammanfattning

Tidigare studier gällande landsbygdselektrifiering i utvecklingsländer visar att
när avkastningen på investerat kapital används som en utvärderingsparameter
för framgång så utesluts ofta de fattiga i samhället. Frågan är vilket som bör
komma först, tillgång till elektricitet eller bekämpning av fattigdomen?
Många hushåll på den sydafrikanska landsbygden har inte tillgång till elektricitet på grund av fattigdom, men de är också fattiga därför att de inte har tillgång till elektricitet. Detta är ett centralt problem för de organisationer som är
involverade i elektrifieringsprojekt i utvecklingsländer. World Energy Outlook har visat att befolkningen i mer utvecklade länder har tillgång till elektricitet i högre grad än i utvecklingsländer, vilket indikerar att det finns ett samband mellan tillgång till elektricitet och utveckling. Därav är de flesta program
för landsbygdselektrifiering i utvecklingsländer även fokuserade på att förbättra hushållens ekonomiska förutsättningar. Studien visar att solcellssystem
för individuella hushåll, s.k. Solar Home System (SHS), och fristående hybridsystem är de vanligaste teknikerna för att elektrifiera hushåll utanför elnätet. Vidare framgår det att dessa tekniker endast haft begränsad framgång i att
bidra till utvecklingen både i de södra delarna av Afrika samt i södra Asien.
Sydafrika är ett av de länder i Afrika som har mest tillgång till elektricitet,
men trots det är stora delar av landsbygden oelektrifierad. Den här avhandlingen undersöker de framgångsfaktorer som påverkar uthålligheten i Sydafrikas elektrifieringsprogram och dess bidrag till socialekonomisk utveckling.
Sydafrikas program för att förse enskilda hushåll på landsbygden med el från
solcellssystem samt via mindre fristående elnät (s.k. mini grids) med tillhörande hybridsystem baserat på vattenkraft, sol, vind och diesel har undersökts.
Studien omfattar även en analys av liknande elektrifieringsprojekt i angränsande länder. Totalt studerades ett mindre mini-grid som kombinerar sol och
diesel i Namibia, ett med sol och biogas i Botswana samt ett vattenkraftbaserat
system i Lesotho. Resultatet visar trots att Sydafrikas SHS program har pågått
i över 10 år, främst med stöd i form av statliga subventioner, så är kapaciteten
i systemen för låg för att skapa inkomstgenererade verksamheter, vilka i större
omfattning skulle kunna bidra till att täcka kostnaderna för systemens drift och
underhåll. Den låga lönsamheten i SHS programmet har resulterat i att tre av
sex ursprungliga företag som ansvarat för SHS systemen har försatts i konkurs. Undersökningen av hybridsystemen visar att dessa är både tekniskt och
ekonomiskt mer hållbara jämfört med SHS, och att de även har förutsättningar
att kunna förse hela samhällen med elektricitet under hela dygnet. Kapaciteten

är också bättre, vilket ökar förutsättningarna att generera tillräckligt med
elektricitet för att tillåta inkomstbringande aktiviteter. Undersökningen av befintliga system visar dock att de mindre fristående elnäten i Sydafrika, Botswana och Lesotho har haft problem med lönsamhet på grund av höga produktionskostnader och att det samtidigt även varit problematiskt att driva och underhålla systemen. Detta har resulterat i produktionsstörningar och avveckling. Studien av det sol-diesel baserade systemet i Tsumkwe, Namibia, visar
att denna typ av lösning kan bidra till socioekonomisk utveckling på ett uthålligt sätt. Framgången beror på stöd från staten eller annan finansiär som även
upprätthåller systemfunktionaliteten. En progressiv taxa som låter större konsumenter subventionera de som konsumerar mindre el har även varit framgångsrik. Studien visar också att livslängden av den här typen av system ökar
om befintlig affärsverksamhet, befolkningsökning och framtida ökat elbehov
tas med i dimensioneringen när den ursprungliga utformningen av systemet
äger rum. Resultatet visar att systemen måste kunna leverera tillräckligt med
elektricitet för att understödja affärsverksamheter och därmed minska behovet
av subventioner. Tillgång till reservdelar och välutbildad personal är grundförutsättningar för att långsiktigt kunna säkra drift och underhåll av anläggningar på landsbygden.
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Free Basic Electricity
Global Environment Facility
International Institute for Sustainable Development
Integrated National Electricity Program
Independent Service Provider
Kwazulu Energy Services
Kilowatt hour
Life Cycle Cost
Loss of Load Probability
Liquefied Petroleum Gas
Maximum Power Point
National Energy Regulator of South Africa
Otjozondjupa Regional Council
Purchasing Power Parity
Probability of Loss of Load
Photovoltaic
Solar Home System
Television
Unit Cost of Electricity
United Nations Development Program
United States Dollar
Coordinated Universal Time
Zuidafrikaanse Rand (stands for South African Rand in
Afrikaans)

1 Introduction

In spite of the high level talks among institutions involved in most rural electrification programs in developing countries such as the World Bank, United
Nations Development Program (UNDP), Global Environment Facility (GEF)
and governments, socio-economic impacts of these programs have remained
inconsequential [1, 2]. Although electrification cannot solve all the development problems facing rural communities, it can be argued that rural households cannot avail themselves of development assistance opportunities without access to electricity [3]. The International Energy Agency’s World Energy
Outlook shows that more than 1.3 billion people have no access to electricity
and about 2.7 billion people are without clean cooking facilities. More than
95% of these people live in either sub-Saharan Africa or developing Asia, and
84% of them live in rural areas [4]. The World Energy Outlook report of 2013
states that Africa is home to about half of the 1.3 billion people who have no
access to electricity and about a quarter of the 2.6 billion people who still rely
on the use of traditional biomass for cooking [5]. The same report highlights
the link between electricity and development. Based on this trend, Africa and
Asia are still in dire need of increased access to clean and affordable energy
to bridge the development gap with the rest of the world.
A review of electrification programs in sub-Saharan Africa shows that
South Africa is the country with the best access to electricity in the region.
According to the World Bank, South Africa provides more than 85% of its
population with access to electricity in a continent where countries like Burundi and Central African Republic only provide 6.5% of their populations
with electricity. This achievement is a result of the ambitious energy policy
adopted in South Africa after the abolition of apartheid in 1994. The democratically elected regime initiated the Integrated National Electrification Program (INEP) to increase energy access to all South Africans who were previously un-electrified [6]. This was followed by the implementation of the Free
Basic Electricity (FBE) policy to cater for the energy needs of the poor offgrid households. The objective of the FBE policy is to provide ways and
means through which government interventions can bring about socio-economic development to the disadvantaged households [7].
In spite of this, the overview of electrification programs in South Africa
shows that there is limited access to electricity in off-grid rural settlements
due to many years of exclusion from infrastructural development during the
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apartheid regime [6, 8]. The South African Solar Home System (SHS) program, which is aimed at increasing energy access to households that were deprived during the apartheid era, came into being in line with the objectives of
the FBE policy. Initially the focus was on extending the national grid, but after
the first phase of the program from 1994 to 1999 it became obvious that the
program favoured urban settlers over rural dwellers [8]. This was because
South Africa’s national utility company Eskom, who funded the program from
the national coffers, found it economically unviable to extend the grid to remote rural low income areas with dispersed homesteads and low energy demands [8, 9]. For this reason SHS was chosen as the technology to meet the
electricity needs of households in un-electrified rural settlements due to its
comparative cost advantage over the alternatives [8].
The government of South African also implemented a hybrid mini-grid solution in Lucingweni and Hluleka villages in Eastern Cape Province in 2003,
in the search for an alternative approach to meet the energy needs of rural
households. These projects failed shortly after commissioning due to improper
planning and management [10]. Experiences from neighbouring countries
such as Lesotho, Botswana and Zimbabwe show that their rural electrification
programs face similar challenges [11, 12, and 13]. Thus the objective of
achieving development through electrification of rural households has become
elusive despite huge spending on programs by governments and donor agencies. This study examines the attributes of successful projects, methods they
have used to overcome challenges and provides information on how to sustain
rural electrification programs in developing countries.

1.1 Problem statement
A review of rural electrification programs in developing countries shows that
there is limited knowledge regarding the actual field performance of the technologies used in rural electrification programs. The little data available shows
that most programs face challenges that limit their development and sustainability. Zimbabwe’s experience with the GEF- UNDP funded SHS project
shows that most companies formed to foster the market did not survive once
the project came to an end [12]. An attempt to provide rural households with
electricity using hydro-powered mini-grid systems had limited success in Lesotho [13]. The implementation of a hybrid solar-biogas mini-grid project at
Sekhutlane village in Botswana was delayed due to technical and managerial
challenges [11].
The South African experience shows that there is a lack of information on
the development impacts of SHS technology introduced as part of the national
electrification program. The mini-grid solution for rural electrification has
been proposed as a more viable solution, but a case study of a pilot mini-grid
project shows that the project was unsustainable due to high production cost
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of electricity, limited resources for operation and maintenance of the systems,
and lack of requisite expertise for management and control of the program,
which eventually led to its failure after only three months of operation [14].
This situation echoes previous reports that the South African rural electrification programs face sustainability challenges [14, 15]. This study investigates
the challenges faced by the dominant technologies used in the South African
rural electrification program, the socio-economic impacts on users and the
technical challenges of the systems.

1.2 The objective of the thesis
This thesis assesses the technical, economic and social factors that influence
the outcomes of the South African rural electrification program, bearing in
mind the socio-economic development challenges and sustainability issues in
developing countries. The study provides analyses of several case studies
based on empirical evidence from field studies, interviews of representatives
of households, public institutions, energy providers and policy makers and investigations of technical challenges of the systems. The intention is to seek
viable solutions to the challenges of rural electrification that could bring about
sustainable development to rural households in developing countries based on
the experiences of successful programs in Latin America and developing Asia,
field studies carried out in South Africa and Namibia, and experiences from
Botswana, Lesotho and Zimbabwe. Therefore, the scope of the thesis is to
investigate the technical challenges, sustainability and socio-economic development impacts of rural electrification programs in South Africa and neighbouring countries.
In line with the scope the thesis sets out to answer five specific questions:


To what extent has the SHS program met the FBE development objectives
in South Africa?



What are the possibilities of sustaining the SHS program of South Africa?



How well can a hybrid mini-grid meet the energy needs of rural households in comparison to SHS?



How can energy availability be extended to rural households without compromising on the quality of supply, allowing for sustainable income generating activities?



What are the key factors for successful implementation of rural electrification programs in developing countries?

This study contributes to the discussion on the sustainability of rural electrification programs in sub-Saharan Africa, and provides an assessment of actual
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experiences from implemented systems in the field. The thesis aims to provide
useful knowledge on how to overcome the difficult challenges of providing
electricity to low income households living off-grid in developing countries.

1.3 Contributions of this thesis
A summary of the main contributions of this thesis are stated in bullet points
below.
 This work reveals how the negative social impact of SHS theft induced
non-optimal usage of systems, resulting in technical challenges and losses
that affect the economics of SHS and ultimately the sustainability of the
SHS program in South Africa. Previous studies concentrated on the technical design of solar panels and its paraphernalia. Meanwhile, little attention has been given to the power losses that occur on a daily basis as a
result of the usage pattern of the equipment.
 The investigation shows that it will be difficult to achieve financial independence for subsidized rural electrification programs with the limited energy provided by the system, as in the case of the SHS program of South
Africa, due to the fact that the low capacity design of the SHS does not
contribute to income generating activities.
 The thesis provides a solution on how a successful rural electrification
program can be implemented in developing countries. It demonstrates that
it is possible for rural electrification program using the hybrid mini-grid
system to be sustainable without subsidies in the long run, if the challenges i.e. operation and maintenance, provision of spare parts etc. are
properly addressed.
 The study shows that with a hydro based hybrid mini-grid, it is possible
to reduce the high electricity production cost of the Lucingweni solarwind-diesel mini-grid, which is the major reason for the failure of the pilot
project in South Africa.
 This thesis provides a holistic approach to the investigation of the socioeconomic development impacts of rural electrification programs in specific off-grid locations in southern Africa, from the perspectives of the
energy providers, government and beneficiaries. Previous studies were
based largely on a one-sided perspective from either users or the energy
providers.
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1.4 Contributions of the papers to this thesis
Paper I assesses the development impact of SHS in the remote off-grid locations where it has been implemented in South Africa, by investigating the social and economic impacts of the program from both the energy provider and
users perspective. It also investigates the sustainability of the SHS program
by assessing the challenges faced by households using the systems and the
energy providers. The paper evaluates the contribution of the South African
SHS program to rural development.
Paper II uses the PVSYST™ model to investigate the technical and economic losses resulting from the divergence between the designed usage pattern and the actual usage pattern of SHS in SHS concession areas of South
Africa. It investigates the linkage between the technical losses and the resultant economic losses following the change in the usage pattern of SHS in response to solar panel theft. In addition, it recommends a load suitable for the
capacity of the SHS provided through the South African SHS program. It also
identifies the optimal load for the capacity of the SHS to meet the energy needs
of users in line with the users’ requirement, and proposed a cost effective
Bench Rack solar panel mounting system for the optimization of SHS operations in developing countries. Energy losses due to non-optimal use of SHS
are demonstrated to result in economic losses that negatively affect the sustainability of the SHS program.
Paper III Investigates the effect of shading on the technical and economic
performance of SHS and vis-à-vis the sustainability of the program. It identifies factors that affect the sustainability of the SHS programs in South Africa.
Paper IV Assesses the challenges for households that are confronted with
the novel technologies used for rural electrification programs in developing
countries. The investigation is based on field studies of two mini-grid projects,
in Botswana and Namibia. It concludes that the involvement of beneficiaries,
establishment of cost reflective tariffs and creation of an enabling environment
that increases the payment capability of users are important factors that contribute to the success of rural electrification programs.
Paper V Used the HOMER™ Hybrid energy software to investigate the
possibility of providing an alternative solution to SHS in order to improve
electricity availability to rural households in South Africa. It shows that the
techno-economic viability of meeting the energy needs of the rural household
could be met and that this technology also provides support for income generating activities. The mini-grid alternative solution to SHS may be more expensive but the contributions toward development outweigh the cost disparity.
Paper VI Investigates a hybrid mini-grid, based on findings from a field
study at Tsumkwe village in Namibia, a review of rural electrification programs in developing countries and simulations using the HOMER™ energy
model, the paper identifies key success factors that contribute to development
and sustainability of rural electrification programs in off-grid communities.
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1.4.1 Research questions and objectives of the articles

Figure 1:
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Methods used in addressing the research questions in the
appended papers

1.5 Thesis outline
Chapter 1

Introduction
This chapter introduces the background of the study, the
problem statement, the scope and contributions of the thesis.

Chapter2

Literature review
Provides a review of rural electrification programs in developing countries, synopses of rural electrification in South
Africa, the energy policy of the South African government
and the emergence of SHS as the technology choice for rural
electrification, and lessons from implemented programs.

Chapter 3

Methodology
This chapter presents the study sites in South Africa and Namibia, and the adopted methodology for the survey. It also
describes the methods and models used for the assessment
of technical and socio-economic impacts of SHS and hybrid
mini-grids.

Chapter 4

Results
This chapter outlines the main results from the investigations
described in this thesis, including the survey analysis, and
the techno-economic analysis of SHS and hybrid mini-grids.

Chapter 5

Discussions
Provides an interpretation of the results achieved from the
study and draws comparisons to previous studies. It discusses the development impacts of SHS, sustainability of the
South African SHS program and the challenges of SHS from
both the user and electricity providers’ perspectives. It also
provides insights on the need to include the hybrid mini-grid
alternative solution for rural electrification programs.

Chapter 6

Conclusions
This chapter presents conclusions related to the objective
and the research questions of the thesis.

Chapter 7

Future works
Provides suggestions for future research based on the findings and conclusions reached at the end of this study.
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2 Literature review

World energy trends show that rural electrification in developing countries is
proceeding slowly due to numerous challenges that frequently result in project
failures. Projections show that with the current business-as-usual approach
and bourgeoning population electricity access is unlikely to improve significantly [16]. Despite these challenges, countries like Thailand, Costa Rica and
Tunisia have been able to provide electricity to about 90% of their rural households [16]. Although there are many failed rural electrification programs in
developing countries, the successful ones show that there are great potentials
to overcome the challenges of rural electrification programs. Therefore, it is
essential to evaluate and adapt the models of successful programs to programs
like the South African one, which has not been as successful. A review of
successful rural electrification programs in developing countries in Asia and
South America shows that there are examples of the successful ones to learn
from. The involvement of public power companies, rural electric cooperatives,
and private or decentralized distribution companies in rural electrification programs has contributed to most successful electrification programs [16]. Successful rural electrification programs using household standalone solar system
(SHS) and hybrid mini-grids have been recorded in some developing countries
such as Brazil, Mexico, Argentina and Chile [16, 17]. There have also been
successful rural electrification programs relying on micro-hydropower systems in Nepal and Sri Lanka [18]. In spite of sustainability challenges, SHS
programs have been implemented successfully in countries such as Zambia,
Cape Verde, Sri Lanka, Bangladesh, Honduras, Bolivia, Dominican Republic,
Kiribati and Argentina commonly based on a Fee-for-Service model [19-22].
Cooperative models have been shown to be useful in rural electrification
programs in many countries. A majority of the rural electrification programs
implemented in the USA in the first half of the 20th century were carried out
using cooperative models [23]. In Nepal local cooperatives have increased the
rate of rural electrification and resulted in less pilferage from the electricity
network [24]. In Bangladesh the rural electrification board (REB) took over
the rural electrification responsibility from the Bangladesh power development board in 1977 and established Palli Bidyut Samites (PBSs) a local cooperative that made a significant positive impact on access to electricity for rural
households [25]. Countries like Costa Rica and Philippines have replicated the
U.S. model of rural electrification using cooperatives that bulk purchase
power from national or regional transmission companies to supply to rural
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communities [26]. Several studies suggest that local communities, financial
institutions and governments have to collaborate to allow successful implementation of rural electrification programs [11, 16, and 27].
Private sector based rural electrification programs have also been shown to
be successful [28, 16]. The most successful programs have involved public
grants or subsidies. A private sector based approach was tested in Chile, but
this program failed due to unforeseen economic stagnations that resulted in a
reduction of the electrification rate in the country [28]. The government revived the program by establishing a rural electrification fund administered by
a unit in the Ministry of Planning and Coordination [16, 28].
Several reports of rural electrification programs in South Africa show that
SHS and hybrid mini grid systems are the predominant technologies used to
electrify households in rural areas [8, 14]. SHS programs have been implemented in other southern African countries like Zimbabwe, and Zambia [12,
21]. The South African SHS program is one of the largest of its kind in Africa,
despite challenges the program has lasted more than a decade [15, 29]. Typical
example of households using the SHS in South Africa in line with the energy
provider’s installation guidelines are shown in Figure 2.

Figure 2:

Solar Home System in Malaeneng Village South Africa
(Photo by LC Azimoh)

Several hybrid mini-grid systems have been implemented in South Africa, Namibia, Lesotho, and Botswana. The Tsumkwe mini-grid in Namibia was the
largest system in Southern Africa at the time of its commissioning in 2012.
The system consists of a 200 kW PV/Diesel Hybrid system (Figure 3), that
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supplies 24 hours of electricity to households, public institutions and businesses in the village [30, 31]. The Tsumkwe hybrid mini-grid is still currently
operational despite the challenges it has faced.
The first mini-grid system in Namibia was the 46 kW PV/Diesel Hybrid
system located at the Gobabeb Training and Research Centre (GTRC), in the
Namib Desert about 100 km from the nearest grid. The plant consists of 26
kWp of solar PV, a 30 kVA inverter, a 200 kWh battery bank, and 2x50 kVA
diesel generators providing 24 hour service to about 70 residents [30].

Figure 3:

Solar-diesel hybrid mini-grid at Tsumkwe Village Namibia
(Photo by LC Azimoh)

In South Africa, the Department of Energy installed a hybrid mini-grid system
in Lucingweni village in Eastern Cape Province that consists of 36 kW wind;
56 kW solar PV and a 10140 Ah battery bank (Figure 4) [30]. The Lucingweni
hybrid mini-grid project did not survive beyond three months of operation after commissioning due to an inadequate feasibility study, high electricity production cost, insufficient community engagement, and a lack of expertise required to run and manage the plant [14, 32].
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Figure 4:

Hybrid solar-wind mini-grid at Lucingweni Village [15]

In Botswana, a hybrid solar-biogas mini-grid system was designed to supply
electricity to 100 households with the intention of generating about 42,400
kWh/year of energy from a biogas plant, and 21,400 kWh/year from solar
panels, with a battery storage capacity of 1710 Ah as backup to support the
electricity supply during shortfalls (peak load) (Figure 5) [33]. However the
project suffered political and financial challenges that halted the completion
of the system.

Figure 5:

Solar-biogas hybrid mini-grid under construction at
Sekhutlane Village Botswana (Photo by P Klintenberg)
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In Lesotho, four mini-hydropower plants were installed between 1983 and
1993 with the following capacities: A 2 MW plant that is connected to the
national grid: 180 kW hydro generator and 120 kVA diesel generator: 460 kW
and 210 kW hydro generators and 200 kVA diesel generator: 275 kW and 125
kW hydro generators, and two diesel generators with the capacity of 200 kVA
and 320 kVA [13]. Two of the mini-grids have been mothballed due to high
operational costs, another one is no longer functioning due to technical challenges and the remaining one is partly moribund and has since been connected
to the South African grid. It is not certain whether it is functional at the time
of this study. A contributing factor to the poor performance of these plants
was high silt content in the water [13].
Cooperative, micro-finance and Fee-for-Service models have been used for
rural electrification programs in sub-Saharan Africa [15, 19 and 21]. Most of
the successful cases rely on funding in the form of grants, subsidies and soft
loans from governments and international institutions. Despite these supports,
the rate of project failure has remained high, the socio-economic impacts are
unambiguously low, and the sustainability of the programs is often blighted
with challenges. This situation is attributed to policy fragmentation, and lack
of coordination, along with other challenges these are key elements that affect
implementation and sustainability of projects in developing countries [34].

2.1 South African rural electrification program
The end of apartheid marked the onset of new opportunities for a robust energy development program in South Africa. Apartheid fostered a policy of
separate development between the minority white population and the rest of
the population (non-whites), predominantly blacks. This left a legacy of differentiation in infrastructure provision and a sharp division between the lower
and upper classes in the society, with the benefits skewed towards the white
population [6]. The Gini-coefficient index based on statistics from 2013 shows
that South Africa has one of the most unequal societies in the world [35]. The
inequality of the apartheid era spurred the policy shift of the new government
led by the African National Congress (ANC) from the economic and security
domain to the social and political domain [6].

2.2 South African grid and non-grid zones
House and community profiling carried out by the rural development and land
reform department of South Africa shows that the country is divided into areas
with foreseeable access to the grid and those without foreseeable access to the
grid, classified as the grid and non-grid zones respectively [36]. A majority of
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un-electrified rural settlements in South Africa are located in the non-grid areas, far from the grid with dispersed populations and low incomes (Figure 6).

Figure 6:

Map of South Africa showing the grid and none grid zones [36]

The non-grid zone is represented by the dark patches in the map. These zones
are mainly in Eastern Cape, Kwazulu Natal, Limpopo, with little presence in
Gauteng and North West Province of the country. While Western Cape, Free
State and Northern Cape are predominantly grid connected.
Dispersed homesteads and low household incomes are a disincentive for
integration with the grid due to high cost and low returns on capital [8]. For
this reason Eskom the main power utility company in South Africa does not
find it economically viable to extend electricity services to most non-grid areas. Therefore, the government, through the Department of Energy (DOE)
awarded the contract of providing electricity to rural off-grid households by
using SHS to six Energy Service Companies (ESCO) which were also the
concession companies for the off-grid areas [8, 15 and 37]. The energy providers have the exclusive rights to provide energy services to households
within their concession areas. The rights will last for five years but remain
valid for twenty years upon renewal [15]. The government supports the SHS
program with the Electricity Basic Services Support Tariff (EBSST), also
known as the “poverty tariff”. This policy provides 50 kWh/month of grid
electricity free of charge to all households classified as poor [7, 38]. Poor
households that consume more than 50 kWh/month pay for their electricity
according to block or stepped tariffs [7, 15 and 39]. SHS users and all nongrid electrified households in South Africa receive a subsidy of 48 ZAR per
month for payment of electricity service charges [40]. In order to access the
subsidy the concessionaires work in collaboration with the municipalities.
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2.3 The energy policy of South Africa
The South African energy sector has been the bedrock of socio-economic development in the country [38]. The prosperity and security that have developed in the country over the years are both intertwined with the prolific energy
production capacity of the country in comparison with other sub-Saharan African countries. This development was not achieved overnight, but is a manifestation of sound energy policies which dovetailed from the apartheid era into
the post-apartheid period.
The history of South Africa is closely connected with energy sector policy
and development of each era [6]. In order to understand the energy policy of
South Africa, it is necessary to appraise the energy sector development from
the apartheid to post-apartheid era. The apartheid era in South Africa covers
the period from 1948 to 1994 [6]. The energy policy of the apartheid era was
tailored to meet the interest of the minority regime. It was skewed towards the
industrial, economic and political considerations of that era [6]. The electrification programs during this period were spurred by political pressures [9]. The
energy policy of the government was characterized by security, secrecy and
control [6]. The major policy that has influenced the electricity sector to the
present is the enactment of the Escom (which later became Eskom) Act of
1987 and the Electricity Act 41 of 1987 [6]. The Escom Act outlined the responsibility of the power utility body as the provision of electricity in the most
cost effective manner, while the Electricity Act provided the structure, functions and responsibilities of the Electricity Control Board and it assigned the
sole right of supply of electricity within the municipal boundaries to local governments [41]. These acts provided the platform for the establishment and subsequent operation of Eskom in years to come.
The post-apartheid energy policy was formulated to address the injustices
of the apartheid era in line with the policy of the ANC led regime. One of the
principal objectives of the new policy is to address the issue of low energy
access in the deprived areas, which are predominantly inhabited by the black
community. This issue led to the formation of the integrated national electrification program (INEP) [42]. INEP later gave birth to Free Basic Electricity
(FBE), which oversaw the emergence of electrification of rural, urban, and
pre-urban low income households [7].

2.4 Technology selection criteria
The emergence of SHS as the dominant technology for rural electrification in
South Africa came about as a result of the realization that the operation costs
of supplying electricity to rural households using the grid could not be met,
due to the generally low income of the rural households. SHS was identified
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as an alternative technology with comparative technical and economic advantages which was adaptable to the nature of rural households [43, 8]. Economic justification has been reported to be the driving force behind the selection of SHS for rural electrification in developing countries [44]. Selection of
SHS was also supported by the good supply of sunlight almost all year round
in South Africa. Most places in South Africa have an average daily irradiation
of between 5.7kWh/m²/day and 8.0kWh/m²/day [45]. In addition, solar irradiation is predictable and well distributed throughout the country with some regional differences (Figure 7).

Figure 7:

Solar irradiation profile of South Africa [45]

Three key issues were considered by the Department of Energy (DOE) and
were paramount to the selection of SHS as the technology to electrify rural
off-grid communities in South Africa [8].


The unavailability of the necessary infrastructure needed to support systems.



Limited hardware and maintenance services available in these areas.



Limited provision of financial services to poor users with irregular income.
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2.5 Lessons from implemented programs
Most African countries in sub-Saharan Africa have problems providing energy to their off-grid populations. Corruption and political manoeuvers have
been identified as factors influencing rural electrification projects in developing countries [46]. Another study argued that most failed projects in developing countries focused on technologies and institutions without much emphasis
on the users of the equipment [47]. One report also points to the fact that,
technology transfer is a tool for bridging the gap between the developed and
the developing world, and that the ultimate goal should be the enhancement
of the capability to enable local development and innovation of the technology
[48]. Many off-grid projects in developing countries have not succeeded due
to technical, regulatory and institutional challenges and high credit risks [15,
16]. Institutional challenges, high upfront payment and lack of long term
maintenance have been reported as barriers to rural development in many developing countries [14, 49]. A report shows that when return on capital is used
as an evaluation criteria for electrification projects it tends to exclude the poor
from such projects [50].
Previous reports have questioned the efficacy of SHS in bringing about development in rural Africa due to the high cost and low service level of the
system [1, 4]. In addition to this, experiences from Zambia show that theft of
solar panels from rooftops is a major barrier affecting the sustainability of their
SHS program [27]. From the inception of the South African SHS program
about 65,174 installations have been achieved out of the original target of
500,000 households earmarked for installation [51].
Despite the challenges, SHS has been found useful in some applications. In
Zambia SHS has resulted in increased performance in school by children
alongside other social benefits [21]. SHS has contributed to changes in study
routines, allowing children to study at night [52]. Other benefits, such as improved nocturnal security, access to information through phones and entertainment through radio and TV have also been demonstrated [19, 53, and 54].
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3 Methodology

The methods used for this study is illustrated below. The investigations were
performed using surveys through interviews, simulations and optimizations
based on the resources available in each given location (Figure 8).

Figure 8:

Methods used in the study

3.1 Assumptions and limitations of the study
The foreign exchange (FOREX) rate is $1 USD to ZAR 10 for the South
African Rand and $1 USD to N$ 10 for the Namibian Dollar; the mini-grid
and SHS lifespan are both 25 years [55]; the cost of maintenance is 2 % of the
investment cost [56]; the inflation rate (i) is 3%, and the discount rate (d) is
10% [10, 56]; a constant temperature (T) of 25°C is used for the battery [57];
only the battery needs replacement during the assumed lifetime of SHS: The
limitations of the study are non-availability of primary data on the actual cost
of components used for the implementation of the hybrid mini-grid project in
South Africa, leading to reliance on international published data; it is difficult
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to reduce significantly the excess electricity produced with the hydro turbine
due to the limited selection of hydro turbines, since only one model is available in HOMER™ Hybrid Energy Software: Due to limited resources not all
the countries and users were covered in the survey as intended.

3.2 Socio-economic impacts of SHS
Data was collected through semi-structured interviews supervised by a team
of researchers from Mälardalen University, Sweden, assisted by trained interviewers who speak the local languages. The translators were considered necessary to gain the confidence of the interviewees and to allow for more flexibility in the discourse. Interviews were conducted with representatives from
individual households, energy providers, small and medium enterprises
(SMEs) and public institutions. In South Africa the management staff of the
three existing ESCOs: namely, Solar Vision, NuRa Energy and Kwazulu-Energy Services were interviewed.
The analysis of the survey on the socio-economic impacts of SHS was categorized into households in the Solar Vision and NuRa Energy concession
areas. The survey in Solar Vision’s concession area included households in
Polokwane municipal area comprising Thlatlaganya village with 23 surveyed
households, Vhembe municipality (Muchipisi and Masakele villages) with 24
surveyed households, and Greater Tubatse municipality (Malaeneng village)
with 23 surveyed households. The NuRa Energy concession area includes
households in Umkhanyakude district municipality, comprising Mzinyeni,
Khwambusi and Ndumo villages with a total of 18 surveyed households. A
total of 88 households were surveyed in the seven villages. The locations of
the provinces, municipalities and villages surveyed are shown in Figure 9.

3.3 Socio-economic impacts of hybrid mini-grids
The investigation of the socio-economic impacts of hybrid mini-grid was conducted in Tsumkwe village in Namibia. Representatives of Otjozondjupa Regional Council (OTRC), the custodian of the solar-diesel hybrid mini-grid
were interviewed. Inhabitants, technical and administrative staff operating and
managing the plant, businesses and public institutions, the project coordinator
and project staff were also interviewed.

3.4 Description of study areas
The investigation of the technical challenges of the South African SHS was
conducted in Thlatlaganya village, and the analysis of the techno-economic
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potentials of the hybrid mini-grid was conducted in Lucingweni and Thlatlaganya village. Thlatlaganya is situated few kilometers from Polokwane in Polokwane municipality in Limpopo province of South Africa (Figure 9).
Thlatlaganya is located at latitude 23.9°S and longitude 29.5°E. The average
wind speed at Thlatlaganya village is 2.93 m/s and the average daily solar
irradiation is 5.43 kWh/m2/day.
Lucingweni is situated within the Transkei region in Ndayeni municipality
within OR Tambo district municipality, in Eastern Cape Province of South
Africa (Figure 9). Lucingweni is located at latitude 32.2°S and longitude
28.8°E. The average wind speed at Lucingweni is 5.6 m/s and the average
daily solar irradiation is 4.74 kWh/m2/day. In this study the 2014 hydrology
data (flow rate) of River Mbashe at Mpozolo village, a nearby community to
Lucingweni was used as the hydro resource for the study [58]. The records for
2014 show an average flow rate of 30.75 m3/s with peak flows in February
and March.
Tsumkwe village is located in the northeastern part of Namibia at latitude
19.6° S and longitude 20.5° E (Figure 9). The average solar irradiation at Tsumkwe village is 6.01 kWh/m2/day. The solar-diesel hybrid mini-grid at Tsumkwe comprises of 918 polycrystalline solar cells (220 W) with a total capacity of 202 kW, a 766 kWh battery storage field, and two diesel generators with
a combined capacity of 300 kVA and a standby 350 kVA generator.

Figure 9:

Map of southern Africa showing the locations of the study sites
in South Africa and Namibia

19

3.5 Assessment of the techno-economic challenges of
SHS
Meteonorm software was used to obtain weather information from Polokwane
municipality [59]. The optimized SHS was achieved by first investigating the
optimum tilt angle (β) for Polokwane municipality through simulations and
then calculating the seasonal tilt angles using the equation (θ-10) for summer
and (θ+10) for winter in accordance with [60]. The optimal tilt angle for
Thlatlaganya village was determined using TRNSYS-Winsun solar energy
software [61] using fixed tilt geometry. Simulation of the optimal tilt angle,
and optimization of SHS was conducted using the PVSYST Solar energy software model [62]. The specification of the SHS used for this investigation is a
75 WP solar panel, and a 100 Ah, 12V battery unit which is the same as the
specification of the SHS used for the rural electrification program in South
Africa at the time of the study.
Load data was based on information obtained during the interviews with
the end users. Technical challenges of SHS were investigated using the state
of charge (SOC) of the battery, battery life expectancy, power output and Loss
of Load Probability (LOLP). Four case scenarios were investigated, (i) optimized system (PVSYST optimized SHS using seasonal tilt) (ii) standard system (SHS tilted at 0°) (iii) overloaded system (SHS using 24° tilt with the
security light on during the night) (IV) the effect of shading on the performance of SHS was conducted using a scene observed during the survey as
shown in Figures 10. The panel was placed on the ground in front of the house
to watch over it as a measure taken to guard against theft. The simulation scene
is as depicted in Figure 11.
The economic analysis was done using financial instruments such as life
cycle cost (LCC), annualized life cycle cost (ALCC), and unit cost of electricity (UCE) as indicators.

Figure 10: A typical example of a shaded solar panel in South Africa
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Figure 11: Partially shaded SHS during the simulation

3.5.1 Calculation of SOC and DOD
The calculation of the SOC was based on equation (1) [57]. The depth of discharge (DOD) of the battery was also calculated since the SOC at full charge
is 100%.
𝑆𝑆𝑆𝑆𝑆𝑆 = 100% − 𝐷𝐷𝐷𝐷𝐷𝐷

(1)

3.5.2 Calculation of Battery life expectancy
The expected life cycle of the battery was estimated using the Sandia National
Laboratory approach as stated in equation (2) [57].
𝐵𝐵𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = (89.59 − 194.29𝑇𝑇) ∗ 𝑒𝑒 (−1.75∗𝐷𝐷𝐷𝐷𝐷𝐷)

(2)

where constant temperature (𝑇𝑇) of 25°C was used for the estimation.

3.5.3 Economic performance assessment of SHS
The LCC for SHS was calculated without taking into consideration the inverter, since the analyzed SHS is a DC system. Therefore, in this case the LCC
is given by equation (3) [63-65].
𝐿𝐿𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶 + 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵

(3)
21

where the total cost of SHS is given as
𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵

(4)

𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑡𝑡 = 𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵 (𝑥𝑥)0 + 𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵 (𝑥𝑥)1 + 𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵 (𝑥𝑥)2 … … . . +𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵 (𝑥𝑥)𝑛𝑛−1

(5)

𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is the cost of solar panel, 𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 is the installation cost, 𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵 is the initial
cost of the battery and 𝐶𝐶𝐶𝐶𝐶𝐶 is the cost of the charge controller.

where 𝑥𝑥 =

1+𝑖𝑖
1+𝑑𝑑

The salvage value of the battery was calculated using equation (6) [63].
(6)

𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 = 𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵 (𝐵𝐵𝐵𝐵𝐵𝐵𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ⁄𝐵𝐵𝐵𝐵𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 )

where 𝐵𝐵𝐵𝐵𝐵𝐵𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 represents the remaining lifetime of the battery at the end

of the estimated life cycle (𝑁𝑁).

The present worth cost of maintenance of the battery is given by equation (7)
[66,56].
1−(𝑥𝑥)𝑁𝑁

𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶 = (𝐶𝐶𝑀𝑀⁄𝑌𝑌 )(𝑥𝑥) { 1−(𝑥𝑥) }

(7)
1−(𝑥𝑥)𝑁𝑁

where 𝐶𝐶𝑀𝑀/𝑌𝑌 is the maintenance cost per year, and { 1−(𝑥𝑥) } is the cumulative
present worth factor (𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶 ).

The annualized life cycle cost of SHS was calculated using equation (8). The
value of 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 was obtained by dividing 𝐿𝐿𝐿𝐿𝐿𝐿 with the cumulative present
worth factor [65].
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿 {

1−𝑥𝑥
}
1−𝑥𝑥 𝑁𝑁

(8)

The unit cost of electricity was obtained by dividing the 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆 by the kWh
(load) [56]. Therefore,
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑆𝑆𝑆𝑆𝑆𝑆
𝑈𝑈𝑈𝑈𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐸𝐸−𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈(𝑘𝑘𝑘𝑘ℎ⁄𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦)
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(9)

3.6 Assessment of techno-economic challenges of the
hybrid mini-grid
Three case studies were conducted to assess the techno-economic viability of
hybrid mini-grid systems, in Thlatlaganya and Lucingweni village in South
Africa, and in Tsumkwe village Namibia. HOMER™ system optimization
and simulation was used to obtain the optimal energy mix from the resources
available at the sites. The HOMER™ model was also used for the simulations
of the techno-economic assessments of hybrid mini-grid systems. The
HOMER™ model has been used in many scientific studies such as [67-71].
The weather data for Thlatlaganya and Lucingweni were obtained from the
closest station to each village using Meteonorm™ and RETScreen™ software. The data was obtained at 60 m altitude above sea level and anemometer
height of 10 m. Simulations were carried out with 60 minutes time steps. 300
households were used as the base case for the investigations in South Africa
corresponding to the population of Thlatlaganya village in 2011. The load profiles of the two villages were designed to meet the energy needs for domestic,
commercial, agriculture, carpentry, metal works, schools and health services.
The load profile for Tsumkwe was computed from data logged in the master inverter of the hybrid mini-grid system for 2014. Analysis of the economic
viability of the hybrid mini-grids was done using financial instruments such
as the levelized cost of electricity (LCOE), net present cost (NPC), Initial Capital Cost (ICC), and breakeven grid extension distance (BED). The technical
assessment was achieved using the load profiles, SOC, electricity production,
load and activities supported by the hybrid mini-grid systems as indicators.
The HOMER™ energy model uses the following equations for techno-economic evaluation of hybrid mini-grid systems.
The total power output 𝑃𝑃(𝑡𝑡) from various technologies and energy sources
was obtained using equation (10).
𝑁𝑁

𝑁𝑁

𝑁𝑁

𝑁𝑁

𝑆𝑆
𝑊𝑊
𝐻𝐻
𝐺𝐺
𝑃𝑃𝐻𝐻 + ∑𝐺𝐺=1
𝑃𝑃𝐺𝐺
𝑃𝑃𝑊𝑊 + ∑𝐻𝐻=1
𝑃𝑃(𝑡𝑡) = ∑𝑆𝑆=1
𝑃𝑃𝑃𝑃𝑆𝑆 + ∑𝑊𝑊=1

(10)

where 𝑃𝑃𝑃𝑃𝑆𝑆 is the electrical power output from the photovoltaics (PV), and 𝑃𝑃𝑊𝑊 ,
𝑃𝑃𝐻𝐻 and 𝑃𝑃𝐺𝐺 are the electrical outputs from wind, hydro and diesel generators
respectively.
The levelized cost of electricity is calculated using equation (11)
LCOE =

CRF(i,Rproj ).CNPC −Cboiler Hserved

where CRF(i, N) =

Eserved

i(1+i)N
(1+i)N

(11)

is the capital recovery factor.
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However, the boiler is excluded from this study, therefore the right side of the
numerator is zero, while the left side represents the annualized cost of electricity.
The total electrical power output from the hydro turbine is given by equation
(12)
PH =

ɳH .ρwater. g.hnet .Qturbine
1000W/kW

(12)

where 𝑃𝑃𝐻𝐻 is the electrical output from hydro turbine, ɳH is the hydro turbine
efficiency, g is the acceleration due to gravity (9.8 m/s2), ρwater is the water
density (1000 kg/m3), ℎ𝑛𝑛𝑛𝑛𝑛𝑛 is the effective water head, and 𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑒𝑒 is the
hydro turbine flow rate.
The total electrical power output from the PV according to HOMER™ is
given by equation (13)
G

(13)

T
) [1 + αP (TC − TC,STC )
PVS = YPV fPV (G,STC

where 𝑃𝑃𝑃𝑃𝑆𝑆 is the electrical power output from the PV, 𝑌𝑌𝑃𝑃𝑃𝑃 is the PV rated
capacity, 𝑓𝑓𝑃𝑃𝑃𝑃 is the PV derating factor, 𝛼𝛼𝑃𝑃 is the temperature coefficient of
power, 𝑇𝑇𝐶𝐶 is the PV cell temperature 𝑇𝑇𝐶𝐶,𝑆𝑆𝑆𝑆𝑆𝑆 is the PV cell temperature under
standard conditions, 𝐺𝐺𝑇𝑇 is the incident global irradiation and 𝐺𝐺, 𝑆𝑆𝑆𝑆𝑆𝑆 is the
incident radiation under standard test conditions.
Generator (diesel) total electrical power output is given by equation (14)
𝑃𝑃𝐺𝐺 =

𝐹𝐹−𝐹𝐹0 𝑌𝑌𝐺𝐺
𝐹𝐹1

(14)

where 𝐹𝐹 is the fuel consumption rate, 𝐹𝐹0 is the fuel curve intercept coefficient,
𝐹𝐹1 is the fuel curve slope, 𝑌𝑌𝐺𝐺 is the rated capacity of the generator and 𝑃𝑃𝐺𝐺 is
the electrical output of the generator.
The grid extension breakeven distance is calculated using equation (15)
𝐷𝐷𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =

𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁 .𝐶𝐶𝐶𝐶𝐶𝐶(𝑖𝑖,𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )−𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 .𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 .𝐶𝐶𝐶𝐶𝐶𝐶(𝑖𝑖,𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )+𝐶𝐶𝑂𝑂𝑂𝑂

(15)

where 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁 is the total net present cost, 𝑖𝑖 is the interest rate, 𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the
project life, 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the cost of power from the grid, 𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is the total
annual electrical energy demand, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is the capital cost of grid extension and
𝐶𝐶𝑂𝑂𝑂𝑂 is the O & M cost of grid extension.
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4 Results

4.1 Assessment of social impacts of the SHS program
on the users
This section presents the results from the analysis of the social impacts of SHS
on surveyed rural households involved in the South African SHS program.

4.1.1 Level of satisfaction with SHS
Evaluation of the data from the survey shows that experience, location and
social factors influence the level of satisfaction with SHS services. For instance, Thlatlaganya (Polokwane), Malaeneng (Greater Tubatse) and Ndumo
(Umkhanyakude municipality) are close to the national grid. The grid exists
at the periphery of Thlatlaganya village, and most households in Thlatlaganya
have access to the grid. In Malaeneng, the grid passes through the settlement
to neighbouring farms, and Ndumo village is situated in close proximity to the
grid. In Thlatlaganya and Ndumo more than 50% of the respondents indicated
dissatisfaction with SHS services while 87% in Malaeneng village were dissatisfied (Figure 12).
The villages with most satisfied users were Muchipisi and Masakele in
Vhembe municipality where about 50% of users said they were satisfied with
SHS. Information from the respondents revealed that most households had
installed their SHS shortly before the survey in February 2013. Of the 88 respondents 56% were not satisfied with their SHS due to its limited power.
67% of the households in Solar Vision concession areas indicated that their
energy needs were not met due to the limited power from SHS, while as many
as 89% of the interviewed households in NuRa Energy concession areas indicated that the energy provided by the SHS was insufficient to meet their energy needs. All respondents irrespective of the response given, requested that
the government improve the power quality of their SHS to enable them to use
their idle appliances.
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Figure 12: Level of satisfaction with SHS

4.1.2 Impact of SHS on education
Responses from the interviewees show that prior to the introduction of SHS
most children preferred to do their homework during the day, and only a few
studied for some time at night using candles and paraffin lanterns. SHS offers
an alternative source of lighting that would allow children to study after dark.
The results show that in both concession areas, SHS has had a positive effect
on children’s education. In NuRa Energy concession areas 89% of the households indicated that SHS had positive effects on their children’s education,
and 84% indicated likewise in Solar Vision’s concession area (Figure 13).
11% and 16% of the respondents in NuRa Energy and Solar Vision areas were
uncertain on the impact of SHS on children’s education. A majority of those
who were uncertain have grownup children or infants who were either out of
school or not yet in school.
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Figure 13: The influence of SHS electricity on children's education

4.1.3 Theft of solar panels
According to the respondents, theft of solar panels is common in the SHS concession areas. Theft of solar panels is a major negative social impact of the
SHS program in South Africa. The existence of a second hand market for solar
panels and the high price of solar panels are factors contributing to theft of the
solar panels.
Analysis of the data from the surveyed areas shows that Thlatlaganya village (Polokwane municipality) has the highest frequency (83%) and awareness (91%) of solar panel theft (Table 1). Muchipisi and Masakele villages
(Greater Tubatse Municipality) have a lower frequency of theft (11%). On
average, villages in Umkhanyakude municipality in the NuRa Energy concession area show higher levels of equipment theft than villages in Solar Vision
areas regardless of the fact that Thlatlaganya village came top of all the villages in this regard.
The high frequency of theft in the villages has resulted in a change in the
usage of SHS. Most households now resort to non-optimal methods to protect
their systems, e.g. dismounting their panels from the rooftop, placing them on
the ground during the day and taking them inside overnight. A majority of the
users also leave their outside lights on overnight for security.
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Table 1:

Awareness and frequency of solar panel theft
Awareness of theft

Municipality

Frequency of theft

Yes
[%]

No
[%]

Frequent
[%]

Not frequent
[%]

Polokwane (n=23)

91

9

83

17

Vhembe (n=24)

63

37

29

71

Greater Tubatse (n=23)

30

70

11

89

Umkhanyakude (n=18)

89

11

61
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4.2 Assessment of the economic impacts of SHS
This section presents the results of the analysis of economic impacts of SHS
on the surveyed rural households involved in the SHS program of South Africa.

4.2.1 Income distribution and energy burden of the households
Analysis of the households’ incomes indicates that most households in the
surveyed areas depend on grants, pensions, remittances and income from hirelings of neighbouring farms for their subsistence. Therefore, the average
household income in the surveyed areas is low when compared to municipal
and provincial averages. Results from the survey show that the average income per household in NuRa Energy concession area was $ 216/month and
that in Solar Vision concession area was $159/month, representing an average
monthly income per head per day of $1.03 for NuRa Energy and $1.06 for
Solar Vision concession areas.
The analysis of the energy burden of SHS on the households revealed that,
households within Solar Vision concession area that receives the EBSST subsidy had lower energy burden, spending on average 2% of their monthly income on their SHS energy bill, while those in NuRa Energy concession area
spent up to 6% of their monthly income on SHS electricity. When the cost of
firewood is considered, most households in Greater Tubatse (Solar Vision
area) had a total energy expenditure of 10% (Figure 14). The energy burden
for households in NuRa Energy concession area with no poverty tariff was
14%. Households that use a combination of SHS and paraffin to meet energy
needs had an increased energy burden of about 21% of the household income.
The small number of households that used LPG for cooking and SHS as a
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source of light had an energy burden of 34% on average. A household that
spends more than 10% of its monthly income on energy is considered to be
energy poor [72-75]. It is therefore safe to conclude that the households in the
survey are energy poor when their total energy needs are included in the calculation. However, the households’ SHS electricity expenditure was below
10% of their income with or without the EBSST subsidy. Although the average expenditure on SHS electricity was below the 10% threshold, the 80%
equity contribution of the government as offtake capital was excluded from
the analysis. If cost recovery is included, households with and without EBSST
support would spend about 25% and 30% of their income on the SHS electricity bill respectively.

Figure 14: The energy burden of SHS and the alternatives

4.2.2 Economic development impact of SHS on the households
Responses from the survey indicate that the influence of SHS on the households’ economic development is minimal, as shown in Table 2. Its ability to
support small scale businesses is generally low in the surveyed areas. 23% of
the 88 households stated that SHS had a positive economic impact on their
livelihood, 47% could not relate any positive economic impact to SHS and
30% were uncertain. Respondents in the Solar Vision concession area were
more positive (25%) than those in the NuRa Energy area (17%). Khwambusi
village (Umkhanyakude municipality) was the only village in the survey
where more than 50% of the respondents were positive regarding the ability
of SHS to support small scale businesses. Three quarters of all the households
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reported that SHS had not resulted in any job creation or increased chances of
employment. 83% of households in the NuRa Energy concession area and
75% of households in the Solar Vision area either did not agree or were unaware of any business started as a result of the SHS program.
Table 2:

Reported economic activities resulting from the SHS program

Impact on economic
activities

Yes (%)
No (%)
Uncertain (%)

Polokwane
(n=23)

Vhembe
(n=24)

Greater
Tubatse
(n=23)

Umkhanyakude
(n=18)

35

17

22

17

4

50

13

56

61

33

65
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4.2.3 SHS contribution to job creation
A consistent pattern of negative response was observed regarding the question
concerning the influence on getting a job as a result of SHS in both concession
areas. In Khwambusi village (Umkhanyakude municipality) 100% of the respondents indicated that SHS had no influence on job creation in the village.
In Malaeneng (Greater Tubatse municipality), 86% of the respondents indicated that there had been no increase in job prospects due to SHS (Figure 15).
On average 70% of the 88 households indicated that SHS had not improved
their chances of getting useful employment since the inception of the program.

Figure 15: Employment opportunities with SHS
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4.3 Techno-economic challenges of SHS
This section analyzes the technical and economic challenges of SHS in relation to its designed capacity and non-optimal use of the system.

4.3.1 Effect of non-optimal tilt angles
Responses and observations in the field revealed that the standard practice in
response to solar panel theft is to dismount the solar panels from roofs and
poles and place them flat on the ground at non-optimal tilt of 0° so that they
can be observed. However, the optimal tilt angle for a SHS operating in
Thlatlaganya Village in Polokwane is 24° facing north (Figure 16). The optimal tilt (β) angle obtained in this investigation is almost the same as the latitude (θ = 23.87°) of Polokwane municipality. Fixed tilt geometry is employed
for SHS operation due to its simplicity and lower cost compared to a sun tracking system.
Investigations show that the specification for the SHS are as follows, 75
WP (solar panel), 100 Ah, 12 volt (Battery) and a charge controller. The daily
usage pattern show that light and TV are used for 5 hours, and other domestic
appliances like cell phone chargers and radio are used for a combined 8 hours
per day. The kWh/day is obtained by multiplying the usage hours by the loadunits. The daily energy demand for the standard system is thus 0.543
kWh/day. When the lights were used for extended periods in the overloaded
system, the daily demand increased to 1.022 kWh/day. Optimization of the
system with PVSYST revealed that, the capacity of the installed SHS can only
support power for 3 hours of lighting, 3 hours of TV, and a combined 4 hours
of radio and cell phone charging, making the daily energy demand 0.302
kWh/day. It shows that the size of the SHS panel should be 114 WP, 75WP
and 214 WP for the standard, optimized and overloaded systems respectively,
and the battery size should be 150 Ah, 100 Ah and 283 Ah for the standard,
optimized and overloaded systems respectively.
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Figure 16: Identification of PV optimal tilt using fixed tilt geometry

4.3.2 Performance results for different tilt and shading of SHS
The impact of the non-optimal tilt is demonstrated in the study using different
fixed tilt angles, namely 0°, 24° and seasonal tilts at 14° for summer and 34°
for winter. The results show that the highest energy output occurs at a tilt angle
of 24° which gives 10% higher PV energy output than the horizontal position.
Using seasonal tilt further increased the energy output to 14% higher than the
horizontal position (Table 3).
Table 3:
Tracking
Geometry

Performance results for different geometries
Beam
Irradiation
(kWh/m2/year)

Global
Irradiation
(kWh/m2/year)

PV-Energy
(kWh/kWP/year)

Energy
Gained

Fixed tilt at 00

1,445

2,127

1,891

1

Fixed tilt at 240

1,597

2,295

2,076

1.1

Seasonal tilt at
14°/34°

1,640

2,359

2,147

1.14

Non-optimal tilt of solar panels may also lead to shading of the panels as a
result of deviation from the installed position, which sometimes leads to the
panel being inadvertently placed near obstructing objects (see Figure 10). Solar panels that are placed on the ground at 0° tilt are more prone to shading
due to obstructing objects (buildings, trees and floating objects). A partially
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shaded solar panel was simulated, and the results show that shading negatively
affects the performance of SHS by increasing the probability of loss of power
supply to the load due to the reduced power output, as illustrated by the red
line (Figure 17).
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Figure 17: Energy output of a shaded and unshaded SHS

4.3.3 Increase in the LOLP as a result of non-optimal tilt of
SHS
The assessment of the probability of loss of power supply to the load shows
the effect of non-optimal use on the quality of the power supply from the SHS
in terms of the increased probability of power outages as a result of inadequate
supply of energy from the SHS. The result shows that in the optimized system
using seasonal tilt, the energy supply balances the energy demand, i.e. both
the energy demand and supply are 110 kWh/year as represented by E-Load
and E-User, and the loss of load probability (LOLP) is 0% as indicated by the
orange line (Figure 18), but at 0° tilt the LOLP increases to 7.5% as illustrated
by the green line. The energy delivered to the load at 0° tilt reduces to 102
kWh/year. The LOLP suggests that under this condition outages would occur
for 657 hours out of the 8,760 hours of the year.
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Figure 18: The impact of non-optimal tilt on LOLP of the optimized SHS

4.3.4 Comparison of the SOC of the three systems
The optimization shows that the average SOC is 86%, giving a depth of discharge (DOD) of 14 % as illustrated by the deep green line (Figure 19). The
average SOC and DOD of the standard system are both 50%, as shown by the
light green line. The SOC for the overloaded system is 48% and the DOD is
52 %, indicated by the red dotted line. The low voltage disconnect function of
the control unit disconnects the supply when the SOC is below 25%, interrupting the discharge process until the battery charge reaches 75% SOC, then
reconnecting to the load. This process determines the frequency of the oscillations in the system. It takes about 2-3 days for the charging battery to reach
this threshold (personal communication with Solar Vision technicians). The
high frequency and the increased amplitude of oscillation seen in both the
standard and the overloaded system indicates that the battery is under stress.
This effect is most evident in the overloaded system. Shading also affects the
SOC negatively as shown in Figure 20. The load in these cases is above the
capacity of the battery, and thus more energy is needed to meet the load. Operating the SHS under these conditions will have a negative effect on the performance of the battery.
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Figure 19: The SOC of the SHS under different tilts and usage pattern
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Figure 20: SOC of a shaded and unshaded SHS

4.3.5 SOC and the battery life cycle of the three systems
Non-optimal use of SHS also affects the life cycle of the battery negatively.
The expected battery life was calculated for the three systems under investigation. The results show that the expected battery life for the standard and
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overloaded systems is approximately 6 and 5 years respectively, while the expected battery life for the optimized system is approximately 10 years (Table
4).
Table 4:

The SOC and the battery life expectancy for the investigated systems

System

SOC
(%)

DOD
(%)

Batlifecycle
(year)

No of replacements

BatRemlife
(year)

Standard (0°)

50

50

6

4

1

Overloaded (24°)

48

52

5

4

0

Optimized
(14°/34°)

86

14

10

2

5

4.3.6 Cost of SHS electricity
The component cost analysis shows that CSOLP , CBat and CCC for the SHS
cost $375.00 $360.00 and $29.76 respectively. CSHS and PWCM are calculated to be $764.76 and $15.30 respectively. The economic analysis of the
three systems shows that optimization of the SHS reduces the LCC significantly (Table 5). The LCC is $1,699.44 for the overloaded system, $1,551.66
for the standard system, and $1,257.72 for the optimized system. Optimization
therefore results in LCC reductions of 26% and 19% from the overloaded and
standard systems respectively. The UCE is also reduced from $1.16/kWh and
$1.34/kWh respectively for the standard and overloaded systems to
$0.90/kWh for the optimized system. This represents a reduction of 22% and
33% from the standard and overloaded systems respectively. The ALCC is
reduced from $122.27 and $134.03 for the standard and overloaded systems
to $99.19 for the optimized system, representing reductions of 19% and 26%
respectively.
Table 5:

Results of the economic analysis of SHS

System

LCC ($)

ALCC ($)

UCE ($/kWh)

SPWBat ($)

Standard

1,551.66

122.37

1.16

61.91

Overloaded

1,699.44

134.03

1.34

0

Optimized

1,257.72

99.19

0.90

48.32

36

4.4 Comparison of the techno-economic potentials of
SHS and hybrid mini-grid
This section presents the results of the analysis of the technical and economic
potentials of the hybrid mini-grid compared to SHS.

4.4.1 Assessment of the optimal energy mix
The optimal energy mix for the hybrid mini-grid system at Thlatlaganya was
determined using the HOMER™ model for 300 households with a total energy demand of 732 kWh/day. This resulted in an energy mix combining a 50
kW diesel generator (Genset), 14 kW PV, 140 kW wind generator (14 x Generic 10 kW), 150 kW converter and 400 kWh battery system to meet the
energy demand. The renewable energy fraction is about 20% and is supplied
by the PV (Generic PV) and wind power, while the remainder is provided by
the 50 kW diesel generator (Figure 21). The optimization based on the available resources at Lucingweni for 300 households with a daily energy demand
of 732 kWh/day resulted in an energy mix with 92 kW hydro power, 60 kW
wind generator and a 50 kW diesel generator, 150 kW converter and 200 kWh
battery system. The renewable energy fraction is 99% with 81% of the electricity production coming from hydro power, while about 10% is from the 10
kW wind power (G10) and about 1% is provided by the diesel generator (Figure 22).
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Figure 21: Energy mix for Thlatlaganya mini-grid project
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Figure 22: Energy mix for Lucingweni mini-grid project
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4.4.2 Load profiles for SHS and Hybrid mini-grid
Investigations show that the load profiles for households using SHS and minigrid vary significantly as a result of their abilities to support different kinds of
activities. The peak morning load for the mini-grid system corresponds to increased domestic activities such as water heating, ironing and cooking of
breakfast. High electricity usage is observed between 08:00 to 18:00 hours,
reflecting the use of electricity to support productive activities during the day.
The total available 732 kWh/day for the 300 household means that each household has an average of 2.4 kWh/day available. The total load for each household using SHS is 0.543 kWh/day, while the cumulative total load for the 300
households is 163 kWh/day. The load profile for the SHS indicates a morning
peak between 7–8 a.m. and an evening peak between 6–9 p.m. SHS does not
support any meaningful economic activity during the day due to its limited
power capacity and the need to conserve energy for night use, resulting in the
low daytime energy demand (Figure 23).
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Figure 23: The load profile of SHS and the hybrid mini-grid

4.4.3 Assessment of productive activities of SHS and hybrid
mini-grid
The assessment of the mini-grid system show that it is able to extend energy
availability to households to 24 hours a day, powering domestic appliances,
agriculture tools, small and medium scale enterprises (SMEs) and public
institutions as well as street lights. SHS can only supply electricity for a few
hours, mostly at night, supporting low end energy systems such as DC-TV,
phone chargers, a few electric bulbs and radio (Table 6).
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Table 6:

Comparison of the load and activities supported by SHS and the
mini-grid system

Energy
Source

Load Type

Supported Economic Activities

Domestic
activities

Energy
availability

SHS

black & white television, electric
bulbs, cell phone
charging, and small
radio

light is used for mat
making at night,
small retail shops,
hair plating and barbering at night

Lighting, entertainment, listening
to news and communication using
radio and phone

3–4 hours
per day

MiniGrid

coloured television,
electric bulbs, electric iron, refrigerator, air conditioner,
cell phone charger,
water pump, milling
machine, electric
saw, planner, welding set, grinder,
compressor, drilling
machine, sewing
machine, personal
computer, printer,
scanner, hair drier,
hair clipper etc.

agriculture through
irrigation, carpentry,
cyber cafe, ice making, water pumping,
clinic, welding, primary & secondary
schools, hair salon
etc.

lighting, cooking,
ironing, entertainment, communication, air conditioning, street
lights etc.

up to 24
hours
per day

4.4.4 Assessment of the SOC of SHS and hybrid mini-grid
The power quality of SHS and the hybrid mini-grid systems was assessed using the battery SOC. The simulated mini-grid at Lucingweni achieved about
99% SOC during operation. The occasional dip in the amplitude indicates that
the system has a low reliance on the batteries to meet the electricity demand.
The noticeable dip in September indicated by the green line for the mini-grid
is a result of the reduced flow in the Mbashe River during this period. The
flow rate dropped from the average of 30.75 m3/s to 2.02 m3/s in September.
This is below the minimum flow rate for the hydro turbine, and thus forces the
system to rely on the battery and the 50 kW generator to meet the shortfall.
The rise and fall in the amplitude of oscillation of the SOC indicated by the
orange line for the SHS, shows that the battery is constantly in use (Figure
24). The system constantly relies on the battery to meet the energy demand.
The SOC achieved under this condition averages 50%.
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Figure 24: The SOC of the batteries for the SHS and the hybrid mini-grid

4.4.5 Assessment of the breakeven grid extension distance
HOMER™ defines the breakeven grid extension distance as the distance at
which the total net present cost of the grid extension is equal to the total net
present cost of the stand-alone mini-grid system. Simulations show that the
grid extension breakeven distance is about 4 km for the Lucingweni mini-grid.
This means that the advantage of extending the grid to Lucingweni makes
economic sense if the distance from the grid is ≤ 4 km, and beyond this distance the cost of extending the grid far exceeds that of a standalone mini-grid
for this location (Figure 25). However, the breakeven distance when the pilot
mini-grid project was installed was 21 km, but at that time the grid was only
17 km away from Lucingweni village [10]. The breakeven grid extension distance obtained for the simulated Thlatlaganya mini-grid was 68 km, thus from
this standpoint it is not economically viable to establish a mini-grid at
Thlatlaganya village since some households are already connected to the grid
and a majority of households are less than 200 m from the national grid.
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Figure 25: Grid extension breakeven distance for the Lucingweni
hybrid mini-grid system

4.4.6 Electricity production and costs for the two hybrid minigrids
The electricity produced from the two simulated mini-grid systems met the
total loads of the 300 households completely with no unmet load (Table 7).
This suggests that the mini-grid systems are able to meet loads capable of supporting domestic, social and economic activities as designed, which is a precondition for the establishment of small and medium scale businesses. The
mini-grid at Lucingweni has higher electricity production capability than the
one at Thlatlaganya due to the excess electricity production capacity of the
hydro power plant. The simulation shows that 75.6% excess electricity is produced in the Lucingweni mini-grid, and 2% in Thlatlaganya mini-grid.
Table 7:
Location

Electricity production profile of the two mini-grids
production
[kWh]

consumption
[kWh]

Unmet load
[kWh]

Excess electricity
[kWh]

Thlatlaganya

291,512

268,929

0

5,560

Lucingweni

1,169,131

268,855

0

883,993

The analysis of the economics of the two mini-grids reveals that the levelized
cost of electricity is $0.08/kWh for the Lucingweni mini-grid, and $0.41/KWh
for the Thlatlaganya mini-grid (Table 8). The LCOE obtained for the two sites
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is higher than the current cost of electricity from the national utility company
Eskom, which is $0.060/kWh [29]. Despite this the LCOE for the optimized
system is less than the actual LCOE for the Lucingweni pilot mini-grid project. A previous study shows that the LCOE for the Lucingweni project should
be about $0.14/KWh in order to recover the energy production cost [10].
Table 8:
Location

The economic analysis of the two mini-grid systems
IC [$]

LCOE [$]

NPC [$]

OC [$]

Thlatlaganya

357,000

0.41

2,884,578

95,509

Lucingweni

240,000

0.08

558,018

12,017

4.5 Assessment of the social and economic impacts and
techno-economic challenges of the hybrid minigrid
This section presents the results of the analysis of the hybrid mini-grid in Tsumkwe, Namibia.

4.5.1 Load profile of Tsumkwe hybrid mini-grid
According to the plant operators and project documents, the Tsumkwe hybrid
mini-grid was designed to supply electricity for domestic, commercial and
public usage. The mini-grid is divided into essential and non-essential loads
(Figure 26). The essential load is dedicated to the clinic, water bore hole, police, and two schools, while the non-essential loads are mainly the domestic
and commercial loads. The essential load line has priority over the non-essential load line during shortages and contingencies. The analysis of the load data
shows that the non-essential load is 1,586 kWh/day, which constitutes about
88% of the total load supplied to Tsumkwe on a daily basis. On average the
daily energy load in Tsumkwe is 1,763 kWh/day. The load profile indicates
that the load starts to increase in the morning around 5 am and reaches morning peak between 8–9 a.m., and a late evening peak at around 6 p.m. The load
profile shows that there is a higher electricity demand during the day than at
night, even though the night load is above what is expected from a village the
size of Tsumkwe. This may be attributed to street lights and increased commercial activities at night as a result of extended business hours of local shops
and bars. The hybrid system depends on the electricity supply from the PV
array during the day, and this is complemented with the supply from the bat43

tery bank and occasionally from the generator. The general schedule of operation is such that the generator is switched on by 6 p.m., and its duration is
dependent on the SOC of the battery. The battery operates between 55% and
95% SOC in order to maintain the DOD at a safe level.
The HOMER™ simulation estimates the total energy production from the
mini-grid to be about 807,087 kWh/yr. The PV contributes about 46% of this
total, while the remainder is produced by the diesel generator. The total energy
consumed by users is 643,367 kWh/yr, representing about 80% of the total
production. The 20% shortfall is attributable to transmission losses and energy
conversion at the inverters.
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Figure 26: The load profile of Tsumkwe village

4.5.2 Economic evaluation of Tsumkwe solar-diesel hybrid
min-grid
The plant attendants report that the two 150 kW generators consume about 16
liters of diesel per hour, while the 300 kW generator consumes about twice
this amount due to old age and inadequate maintenance. The investigation is
based on the two 150 kW generators representing the 300 KW Genset. The
fuel consumption shows an average of about 15 liter per hour or about 135,641
liters per annum. Simulation with HOMER™ shows that the NPC for diesel
fuel is $5,156,589 (Table 9). The NPC shows that the cost of acquisition, operation and maintenance of the generator is about 64% of the total cost, acquisition, operation and maintenance of the battery constitute about 25% of the
total cost. The PV and converter account for the remainder of the total cost
(Table 9). The levelized cost of electricity production obtained by dividing the
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total annualized cost $328,202 (Figure 27) by the total energy consumed by
the users as in equation 11 amounts to $0.51 kWh/day corresponding to the
value from the HOMER™ simulation.
Table 9:

Net present cost of electricity

ICC
(US $)

Fuel cost
(US $)

O&M
(US $)

Salvage
(US $)

Replacement
(US $)

Total
(US $)

PV

808,000

0

279,247

0

0

1,087,247

Generator

115,500

5,156,589

1,286,473

-173,729

826,250

7,211,083

Battery

275,760

0

330,915

118,915

2,215,537

2,703,297

Converter

150,000

0

67,393

90,611

214,298

341,080

1,349,260

5,156,589

1,964,028

-383,255

3,256,085

11,342,707

System

Figure 27: Annualized cost of electricity

4.5.3 Social impacts of solar-diesel hybrid mini-grid
The presence of electricity has resulted in increased nightlife, mainly associated with the increasing number of bars in Tsumkwe village. This has resulted
in an increased rate of assaults, affray and rape. On the other hand, electricity
has reduced theft and has had a positive impact on crime prevention and aided
45

arrests on several occasions due to increased visibility. In addition 24 hour
electricity has helped in the storage of corpses in the police mortuary, which
has been a major issue of concern in the past.
Responses from the health clinic show that electricity has helped in various
ways. For instance, in the past candles and torch lights were used when delivering babies, and vaccines storage was not possible in Tsumkwe. Previously
vaccines had to be stored at Mangetti village, about 150 km from Tsumkwe.
In addition, electricity has enabled new medical facilities at Tsumkwe, including Blood Pressure (BP) machines, refrigerators for storage of vaccines, test
kits and ice pack for use during transportation. Corpses can now be stored in
the morgue for a reasonable time before burial without problems. Health care
delivery at the clinic has improved immensely because of electricity and patients are happy with this outcome.
Education has also improved as a result of the hybrid mini-grid electricity.
The presence of electricity has made it possible to enhance the learning programs that has been put in place.
A majority of the domestic users interviewed agreed that the introduction
of the solar-diesel hybrid mini-grid in Tsumkwe has had positive impacts on
the households. Previously, the diesel-only mini-grid system provided electricity for 10-15 hours per day, at high cost that excluded most low income
households from the grid. The hybrid mini-grid provides electricity with relatively high integrity for 24 hours on a daily basis at an affordable price.

4.5.4 Economic impacts of the solar-diesel hybrid mini-grid
Previously, the stable sources of income in Tsumkwe were through government welfare, a small income from traditional art craft making, pensions, crop
farming, animal husbandry and income as low paid hirelings from a few fortunate San tribesmen employed in public institutions in the village.
The presence of electricity is motivating people to venture into business.
The introduction of 24 hour electricity has had profound effects on the local
economy. The grocery store (known locally as general dealer) is a typical example of this effect. The village now has services like LPG and fuel supply,
commodity and grocery sellers, and ATM machine services for Bank customers. Electricity has improved business, fuel pumps work efficiently due to constant electricity, and unlike in the past businesses can continue working after
midnight. By virtue of its location Tsumkwe serves as the commercial nerve
center for the 37 neighbouring villages within its constituency. Besides this,
population and businesses are growing in Tsumkwe following the implementation of the 24 hour electricity supply. Tsumkwe Lodge is another business
that has benefited from the hybrid mini-grid electricity. The lodge provides
hospitality services to tourists, researchers and travelers who find their way to
Tsumkwe. Business hours have been extended and service delivery has improved tremendously since the introduction of the hybrid mini-grid electricity.
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The customer base has also increased, because the lodge now operates in a
more conducive atmosphere, providing standard services that were previously
not available in Tsumkwe constituency. Supermarkets have also benefited
from the constant electricity supply through extended working hours, and it
has also eliminated the risk of accidental fire from naked flames used for lighting. Electricity has increased sales of drinks because people naturally prefer
cold drinks to hot drinks, and the electricity bill is now affordable. The fruit
and vegetable shop located in the heart of Tsumkwe village has also benefitted
from the electricity supply, which has enabled their products to be stored for
longer period than in the past.
Of all the small enterprises investigated, the local bars (Shebeen) have benefitted most from the constant electricity supply. With better lighting at night,
availability of cold drinks and loud music gatherings can continue into the
early morning hours. Constant electricity has helped to power colour TVs,
satellite decoders, deep freezers, juke boxes and gambling machines that allow
the bars to thrive. These appliances help to sustain a busy nightlife in Tsumkwe. The bars are now the most successful businesses in Tsumkwe due to
the lifestyle of the dominant population. However, alcohol abuse is also common now, providing a challenge to the police but good business to local bar
owners.

4.5.5 Challenges of the solar-diesel hybrid mini-grid energy
system
Although the hybrid mini-grid in Tsumkwe has lasted for about three years
since commissioning, the operation of the plant has not been without hitches.
The hybrid mini-grid is facing challenges that could affect the sustainability
of the Tsumkwe electricity program. Information from the Otjozondjupa regional council in charge of operating and maintaining the plant shows that the
major challenge currently affecting the smooth operation of the plant is the
issue of replacement of parts, as it takes long time for the regional council to
respond to requests, and even longer if spare parts have to be imported from
abroad. The Chief Administration Officer (CAO) at the regional council reported that replacing parts is always difficult, due to the time it takes to order
them from abroad. Local companies consider Tsumkwe too distant to get involved with. Delays and bureaucratic bottlenecks affect processing of payments after services, and thus contractors often demand payments upfront before services are provided. There is also the issue of frequent blockage of the
generator radiators by dust. The galvanized metal ducting connecting the generator radiators to the louver on the wall and roof for ventilation is often
blocked by dust, since the sieve mechanism that was put in place is not effective, and reinstalling the radiator is costly. The solution lies in regular and
frequent maintenance to avoid frequent overheating and unscheduled supply
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outages. Another challenge is the issue of synchronization of the two 150 kW
generators, which affects the harmonization of operations of the generators.
Technically, the generators are synchronized to enable smooth changeover
from the two small generators to the large generator and to avoid voltage dips
and fluctuations during changeover.
Fuse breakages sometimes occur, mostly due to overload. It has been observed recently that due to increasing energy demand and abuses, the system
is increasingly overloaded. Dust deposits on PV arrays also affect electricity
production negatively. According to the plant manager PV system only generates 65% of its rated capacity. Manual cleaning of the panels is cumbersome
and beyond the manpower capacity available at the plant, and additional help
is needed. In addition, there have been a few cases of lack of compliance with
energy efficiency measures. Most users use electric stoves and electric heaters
in preference to the solar water heaters and gas cookers provided by the program. Even though the plant is currently managed by dedicated staff, the present operator is due to retire, presenting the imminent problem of finding a
suitable replacement. This also reinforces the need to train local staff on the
technical aspects of the systems to ensure sustainability of operations and
maintenance.

4.5.6 Success factors of the solar-diesel hybrid mini-grid
energy system
In a continent where rural electrification programs are fraught with a preponderance of project failures, the Tsumkwe hybrid mini-grid can be regarded as
a success. According to the administrator of the regional council, the fit
achieved so far by the program is resonating beyond Namibia. The program
has attracted government officials from countries such as Botswana, Zambia,
Kenya, and South Africa, who would like to replicate the program in their own
territories, as well as researchers interested in rural electrification programs.
Although faced with many challenges, the hybrid system has survived due to
unflinching support from the government, even though most of their activities
are bogged down with institutional bureaucracies. Replenishment of feedstock
(diesel) is dealt with by the regional council, which ensures ring fencing of
revenue for operation and maintenance services for the systems. Another factor that has influenced the program positively is that the hybrid program was
built into existing structures and a society that had a pre-existing culture of
paying for electricity. This encouraged the high willingness to pay observed
during the survey. Furthermore, the program keyed into existing businesses
and interests in the village as its revenue base. The adoption of energy efficiency measures helped to reduce the load despite irregularities in the use of
appliances by some nonconformists. The implementation of a progressive tariff and a prepaid metering system for electricity services has also contributed
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to the success of the electrification program. Many factors perceived to have
brought the program this far are the strict measures adopted for the operation
and maintenance of the systems, this have been a contributing factor to their
sustainability. Another factor key to the success of the program is the cooperation of the community, which has ensured little or no electricity pilferage or
vandalism of equipment.
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5 Discussion

This section presents the interpretation of the results from the investigations.

5.1 Development impacts of SHS
The appraisal of the socio-economic impacts of the South African SHS program shows that while the social objectives of the FBE policy of the government are being met to a limited extent, the economic impacts on rural households have been insignificant. The SHS provided by the South African SHS
program is a low end energy system, which limits the energy output [8, 15 and
76]. The power generation from the SHS is further reduced by the usage pattern, abuses and non-optimal use of the systems. Operating the solar panel at
a 0° tilt angle, shading and overloading are common in the study areas and
reduce the performance and power generating capacity of the SHS. The reduced power generation means that the discharge cycle of the battery is
deeper, which reduces the batteries’ lifespan. The reduction in battery lifespan
means more frequent replacement of is needed, ultimately increasing the overhead costs for the energy providers. These results are in agreement with a
study that argued that operating the SHS at 0° makes it more vulnerable to
negative environmental effects and reduces the energy output of the system
[77]. As a result of the low power output, the energy needs of most households
using the SHS in the investigated areas are not met and it is difficult to utilize
SHS for most productive ventures due to the low capacity and reduced power
output from the system.
These results do not support the findings of a study conducted in the Pacific
and Asia, which concluded that SHS contributes to the creation of jobs and
improves rural household’s income generation directly and indirectly [78].
However results from the survey show that illumination from SHS has had a
positive effect on children’s studies by enabling extended reading hours, accompanied with flexibility in reading routines, which are suggested to have
resulted in improved performance at school. This outcome is consistent with
a study which showed that the introduction of SHS in rural households in
Zambia improved children’s performance at school [27]. In spite of the perceived benefits of SHS, another study shows that there is a growing resentment towards SHS among users due to its limited capacity, resulting in most
communities not wanting to be included in SHS programs for fear of being
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excluded from future grid extension programs and remaining in what they refer to as the solar trap [27].
The results show that there is a high level of uncertainty about the economic
impacts of the SHS program on the households. Even those respondents that
agreed that it has had positive impacts could not explain unambiguously in
economic terms the specific development impacts of the SHS program. The
only perceptible economic impact of SHS demonstrated in the study is peripheral and tangential to SHS electricity. Those that have benefitted economically
from SHS are households that use SHS powered illumination to do business
at night. Businesses such as grass mat making, retail tuck shops, hair salons
and provision stores utilizes the light from SHS to operate late at night. In
spite of these, the income of the households in the surveyed areas is far below
their provincial and municipal averages, and can therefore be classified as the
poor segment of the South African population. By international standards they
live below the purchasing power parity (PPP) of $1.25 per head per day [79].
Therefore, there is insufficient evidence to show that the introduction of the
SHS program has had any significant development impact on the rural households in the study areas.
The assessment of the challenges of the SHS program provides an insight
into factors affecting the sustainability of the program. This study revealed
that the low power quality of SHS is a major drawback of the system. The
limited power of SHS affects satisfaction and economic impacts negatively
and is a major reason behind the resentment against the system [27]. Irrespective of the answers given to the question on level of satisfaction with SHS by
the households, the general desire was for improved power from the systems
in order to increase the duration of usage, to be able to cook with it, and to
power equipment like refrigerators, computers and colour TV. The results suggest that the nearer a household is to the grid the more dissatisfied the respondents are with the SHS. Households that have been using SHS for a long time
are less likely to be positive about the system compared to households that
have just started using SHS. A majority of the respondents that are satisfied
with their SHS are located far from the grid. Proximity to the grid increases
awareness and makes the limitations of SHS more apparent to the users, which
motivates a negative attitude towards SHS over time, as the study reveals in
the case of Thlatlaganya, Malaeneng and Ndumo village.

5.2 Key factors affecting the sustainability of South
African SHS program
The findings from this study indicate that the sustainability of the SHS program in South Africa is predicated on the interplay of three basic factors,
namely, policy, finance and technology (Figure 28). These factors influence
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the outcome in the technical and socio-economic dimensions of the program,
specifically, the power quality, subsidy, and cost of SHS. Success or failure
of the program may be determined by the dynamics of operation of policy,
finance and technology. These factors influence situations such as non-optimal use of SHS, satisfaction, power quality, theft and abuse of the systems.
The energy policy of the FBE and EBSST includes subsidies for the SHS
program, which reduce the cost of SHS to households.
The subsidized fee-for-service financing model used for the implementation of the SHS program reduces the energy burden on the households and
also motivates willingness to pay for services.
The technology affects the power quality and its ability to meet energy
needs, which in turn affect the non-optimal use of the system, abuses and to a
large extent dissatisfaction with the SHS. Low power quality reduces battery
lifespan, resulting in more frequent replacement and increasing overhead cost
and hence affecting sustainability of the system through increased financial
burden on the ESCOs.
The economics of SHS and the general social conditions in the study areas
influence the theft of solar panels (high cost and the existence of second hand
market act as incentives for panel theft). The South African experience indicates that the finance-policy and the technology are competing factors. Therefore, the choice of technology is a major factor influencing the sustainability
of the South African SHS program.
The sustainability of the program is most likely unattainable without the
support of the government, because the SHS program has not been able to
improve the payment capabilities of the users. This could explain the diminishing number of ESCOs. In view of the fact that the positive outcome in the
policy and finance factors is largely dependent on subsidies, it is unlikely that
the program will continue if the government withdraws its subsidy support.
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Figure 28: The effect of policy, finance and technology on South
African SHS program

5.3 Hybrid mini-grid as an alternative to SHS for rural
electrification
The analysis of the techno-economic potentials of the mini-grid as an alternative to SHS shows that it is more capable of meeting the energy needs of the
rural households than the SHS. This is due to the ability of the mini-grid configurations analyzed in this study to extend electricity availability to households to 24 hours and support income generating activities. The higher level
of electricity production and the more stable SOC of the battery achieved with
the hybrid mini-grid system is an indication of more stable and reliable power,
which is necessary for productive activities. Hybrid mini-grids may cost more
to implement than SHS, but the advantage of higher electricity production
could justify the higher cost. The techno-economic analysis of the SHS and
mini-grid systems shows that mini-grids are able to meet the required energy
needs and allow for an energy based economic development of rural settlements. However, the economic viability of the mini-grid depends on the
breakeven grid extension distance from the national grid. This is consistent
with the findings of that stated that long distances to the grid and environmental considerations make the mini-grid a more acceptable option for remote rural settlements [80, 81]. Given the multi-faceted challenges facing rural settlements in developing countries, such as differences in the availability of renewable energy resources in different locations, low energy demand, dispersed homesteads and low income households, not all rural settlements are
suitable for the establishment of mini-grid systems. However, the increasing
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concern regarding climate change and the rising cost of grid expansion is driving the demand for the establishment of alternative energy systems like hybrid
mini-grids based on renewable energy sources. According to [81], grid extension should be the final phase of a sequential rural electrification process.

5.4 Success factors and challenges of rural
electrification programs
The assessment of the hybrid solar-diesel mini-grid in Tsumkwe, Namibia
showed that rural electrification programs in sub-Saharan Africa countries can
be sustainable if challenges of operation and maintenance, good financial
planning, transparency, and adoption of strict energy efficiency measures are
addressed. The sustainability of the Tsumkwe mini-grid has been influenced
not only by government patronage through subsidy supports and management,
but also by the buy in and cooperation of the community.
The assessment of the rural electrification projects in southern Africa revealed that a majority of the successful programs (Tsumkwe hybrid mini-grid)
have the support of both government and the beneficiaries. Failed programs
like the Lucingweni hybrid mini-grid pilot project, Sekhutlane hybrid solarbiogas mini-grid (never commissioned due to incomplete technical installations) and the Lesotho hydro mini-grid lack some of the crucial elements that
have contributed to the success of Tsumkwe energy system. The Lucingweni
project lacked the level of discipline apparent in Tsumkwe, unlike the situation in Tsumkwe, the level of electricity pilferage through illegal connections
was high, the willingness to pay for electricity was low; there were no metering system in place, and the fuse control system was ineffective [10, 14 and
31]. In addition the program was introduced into a society that was not prepared. Sensitization through community engagement was not adequate and
was hurriedly handed over to an independent service provider (ISP) without
the necessary expertise to deal with the unique local situations. In the midst of
this a high tariff, above the capacity and willingness of the customers to pay,
was introduced in the middle of the program after the customers had been
exposed to free electricity for several months [10]. Hence the backlash that
followed, when customers vented their anger through vandalism and theft of
the equipment. The Sekhutlane program had a strong focus on sensitization of
the beneficiaries through community meetings and supporting the development of SME activities to increase payment capabilities among the beneficiaries [11, 33]. However, the project was unsuccessful due to lack of fiscal responsibility and for political reasons. Financial and technical challenges hampered the Lesotho hydro mini-grid program [13]. The cost of production was
high, and unlike the situation in Tsumkwe there was no leeway for the operators, and the government did not bridge the gap. In addition, the four hydro
plants in the Lesotho mini-grid program suffered technical challenges due to
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siltation. Among the cases investigated in this study, it can be stated that, even
though facing challenges related to operation and maintenance and increasing
load, Tsumkwe hybrid mini-grid is clearly the most successful.
Another factor that had a positive influence on the project was that the hybrid mini-grid in Tsumkwe was introduced into a society that had an existing
culture of paying for electricity, which encouraged the high willingness to pay
observed during the survey. Furthermore, the project keyed into existing businesses and interests. The adoption of energy efficiency measures helped in
reducing the load initially, but as more people arrive in Tsumkwe, increasing
numbers of high consumption electrical devices are being connected to the
system. The implementation of a progressive tariff and prepaid metering system for electricity services have helped to alleviate the burden of electricity
on the low income households and made it possible for them to connect to the
supply, while reducing electricity theft. With the increasing population and
growing number of businesses a financial nexus may be reached, where the
revenue generation will meet the cost of electricity production without depending on subsidies from government as a lifeline. The Tsumkwe experience
could be replicated in other sub-Saharan African countries and elsewhere in
the developing world with success if the challenges raised in the study are
addressed.
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6 Conclusion and recommendations

To ensure successful implementation and sustainability of rural electrification
programs, it is essential that the management and control during the first few
years after commissioning are entrusted to personnel with the right expertise.
Tariff regulations and subsidy supports by the government are imperative before a project gains financial independence. The assessment of rural electrification programs in southern African shows that:


There are no definitive development impacts resulting from the implementation of the South African SHS program. Most of the socio-economic
impacts are hampered by the limited power from the system. However,
another dimension of research is required to compare the socio-economic
conditions of the rural households in South Africa prior to the implementation of the SHS program before a reasonable conclusion can be drawn.
Nonetheless, the current situation on the ground shows that the households
are poor in both economic and energy terms.



Non-optimal use of SHS and the low capacity design of the SHS affect
the sustainability of the SHS program negatively by increasing the overhead costs, due to reductions in the expected life cycles of the batteries
resulting in more frequent replacement.



Sustaining the SHS program is very unlikely without subsidies, since its
ability to induce income generating activities on the rural households is
limited. Therefore financial independence is most likely unattainable.



Hybrid mini-grid systems have high possibilities to be sustainable in rural
settlements due to its ability to deliver sufficient electricity to support income generating activities.



The study show that with a hydro based hybrid mini-grid, it is possible to
reduce the high electricity production cost of the Lucingweni solar-winddiesel mini-grid, which is the major reason for the failure of the pilot project in South Africa. Locations with close proximity to inland waterways
suitable for hydro power provides the most competitive conditions for hybrid mini-grids to meet the energy needs of rural households, due to its
high electricity production capability at a competitive cost.
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Successful implementation and sustainability of programs requires the involvement of the local population and support from the government. It is
easier for rural electrification programs to survive if their design takes into
consideration the existing structure, and accommodates business interests,
population growth and the corresponding load increases.



A progressive tariff system is essential to accommodate low income
households. The adoption of this system allows for the inclusion of more
rural households in the energy matrix and at the same time ameliorates the
energy burden on the low income households.

For successful implementation of rural electrification programs, it is recommended that, a preemptive measure is adopted to address the issues of nonavailability of parts for repairs. Due to the remote locations of the rural households, availability of spare parts and feedstock (diesel) are essential to minimize power down time during faults, shortages and contingencies. Spare parts
for generators and other fault prone components should be stored on site, as
opposed to waiting for an incident to occur before sourcing parts. From a
techno-economic perspective the mini-grid is a viable alternative to SHS in
locations with access to the right mix of energy resources. However, sustainability of these initiatives requires cost recovery and sufficient financial and
human resources to ensure continuous operation and maintenance of the systems, a research gap not addressed in this study.
To achieve its development objective the South African government needs
to be pragmatic in the implementation of renewable energy policies. There is
a need for the government to revise the current policy on the rural electrification program based on SHS alone to also include mini-grid solutions in areas
with adequate energy resources.
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7 Future work



Investigation of the capital expenditure (CAPEX) and the operation expenditure (OPEX) phase of projects in developing countries, since these
are the key failure points and challenges of most the rural electrification
programs in the study.



Load scheduling and control of grid integrated mini-grid systems.



Investigations of power stability and fault ride through capability of grid
integrated mini-grid systems.



Techno-economic feasibility of grid integration of renewable sources.



Evaluation of the current status of policies on climate change mitigation
and formulate recommendations for improvement.
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