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Abstract  
 

Installation and maintenance of the solar photovoltaic systems for power generation is highly 

discouraged by the high costs of storage units resulting from the traditional approach of sizing 

the systems. In order to reduce these costs, Solar PV systems sizing using a time-step approach 

is used in this study as opposed to traditional approach. Comparison of the traditional and time-

step approaches used for sizing solar PV systems was performed and showed that time-step 

approach is the most cost-effective way of sizing the PV systems. The time-step approach is 

very important in this study since it addresses the country’s lack of progress in mini-grid 

establishment regarding appropriate mini-grids architectural combinations versus costs best for 

Lesotho.   

The primary aim of this research work was to develop a comprehensive computer-based model 

to be used for performance and optimization of mini-grid systems in order to reduce the system 

costs, operation costs as well as enhancing the systems reliability. This involved developing an 

approach to modelling hourly load profile in the absence of historical consumption data and 

finally determine the best mini-grid system architectural combination which should be used in 

Lesotho, based on considerations of reliability and cost of energy.  

The current work successfully developed a simple computer-based program for optimally 

sizing, performance prediction and economic analysis of mini-grids systems. It shows how 

optimally sized solar mini-grid systems are determined by the model. The only data required 

to differentiate between mini-grid systems is the daily energy load as well as its hourly 

distribution and the desired supply reliability. The current work uses Sehong-hong mini-grid 

among sites identified by Sustainable Energy for All (SE4ALL) in Lesotho’s mountainous 

districts and the objective function used for determining the cost effective solar mini-grid 

architectural combination best for Lesotho is the Levelized Cost of Energy (LCOE).  The study 

also explores several diesel dispatch strategies on system performance and energy cost. 

The study presents an optimised design and performance of solar mini-grid architectural 

configurations comprising solar PV array, solar inverter, battery bank, battery chargers as well 

as diesel generator. In this study, system component sizing is defined in terms of daily-energy-

load related dimensionless variables, 𝑃 𝑃0⁄  for PV array size, 𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄  for battery size and 

𝑄𝐷𝐺 �̅�⁄   for diesel generator size. This allows generalization of the design for similar locations 

and similar hourly load profiles.  Results of simulations using the study method show that the 
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most cost-effective configuration for mini-grid systems in Lesotho comprises a PV array, a 

battery and a diesel generator, and should operate at a high solar fraction. For 100% supply 

reliability, the optimum system comprises solar PV array size (𝑃 𝑃0⁄ = 11.2), battery bank size 

(𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ = 1.8) and diesel generator size (𝑄𝐷𝐺 �̅�⁄ = 2.2), operating at 83 % solar fraction 

and at LCOE of 0.62 USD/kWh. For 99% supply reliability, the optimum system has 𝑃 𝑃0⁄ =

3.9,  𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ = 0.292 and (𝑄𝐷𝐺 �̅�⁄ = 2.2), operating at 85% solar fraction and at LCOE of 

0.30 USD/kWh. It is opined to go for 99% reliability ahead of 100% reliability as only a 1% 

increase in reliability results in 54% cost increase. The used dispatch strategy in this study for 

the diesel generator is charge cycling strategy. 
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Chapter 1 
 

1. Introduction  
 

This chapter entails a brief energy background globally, in African continent as well as in 

Lesotho in particular. An overview of the research problem and the research direction follows 

together with the rationale of the study, scope and outline of the structure and content of the 

entire dissertation report. 

Globally, there is a recognizable and very significant technical advancements in power 

generation through renewable energy resources which are found to be progressively penetrating 

the global power generation. Nema et.al [1] highly appreciates and encourages these technical 

improvements since they are capable of delivering promising economic features, a significant 

major that makes renewable energy to be welcomed in the power systems sector. The initiative 

is also appreciated by Kumar et al.[2], seeing it as justifiably a great reinforcement for the rural 

electrification sector to overwrite experience learned from the previously failed rural 

electrification projects that experienced challenges such as incapability of supplying power at 

an affordable cost.  

 

In order to effectively utilize the widespread of renewable energies, their quality and the 

quantity of that available renewable energy resources, it should be noted that renewable energy 

resources are highly location dependent. The major advantage of renewable resources is that 

they are environmentally friendly since they are emission free and unbound though they have 

a major disadvantage of being intermittent, particularly due to the uncontrollable weather and 

climatic conditions. Accurate and precise determination of available energy is hindered by this 

unpredictable weather behavior hence a combination of the renewable energy resource coupled 

with storage battery is determined to be very ideal to counter that intermittency associated with 

renewable energy sources to a considerable extent rather than utilizing a single energy source 

[1], [2].  

 

Equipping these renewable energy resources with storage significantly improves supply 

reliability of these systems, which are thus referred to technically as Hybrid Power Systems 

(HPS). Apart from improvement of power supply reliability, the combination enables 

optimized utilization of local primary renewable energy resources [2]. Worldwide, the 
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renewable energy hybrid systems have been deployed, particularly in the rural communities 

There are many hybrid systems deployed in many rural areas around the world.  Solar hybrid 

systems are of two types, with the first type being those systems that constitute either electricity 

energy storage or multiple primary energy resources. Energy storage or the controlled energy 

source is appointed to counteract the intermittent behavior of renewable energies; thus, to 

maximize the availability of steady power supply to the loads. Therefore, hybrid systems 

provide an elegant solution to make rural electrification system to be self-supportive during 

surges and peak times. 

 

1.1 Background  

 
In sub-Saharan Africa (SSA), more than 620 million people are estimated to be lacking 

electricity according to the International Energy Agency report of 2014. Seven hundred and 

twenty million people are estimated to use inefficient and hazardous energy forms with 85% 

of them residing in the rural areas. This is thus having a negative impact on socio-economic 

well-being of those people in rural areas since electricity access plays a fundamental role in 

improving people’s quality of life. Improvements in rural people’s socio-economic conditions 

are hindered by lack of access to electricity as grid extension to those rural places with rugged 

terrain as well as low load factor was found to be extremely uneconomical[3]–[5]. 

Therefore, there is a need for development of the new methodologies accompanying new 

technologies to electrify rural people. Off-grid hybrid power systems composed of only 

renewable energy sources is highly recommended over the systems that comprises of 

complementary diesel generators due to economic and environmental rationale though initially 

there was a worldwide concern (socio-economic and environmental) particularly in developing 

countries about mini-grid energy production whether in the form at which it is provided can 

influence the social, economic, and the environmental conditions of the local communities for 

which the project is being implemented[6], [7]. 

According to Tenenbaum et. al [8], worldwide lack of access electricity is estimated at roughly 

1 billion people even though the current progress in assuring energy access seems to be very 

slow to meet (Sustainable Development Goal 7) the target of universal electrification by 2030. 

The projections are that by 2030, roughly 674 million people will still remain un-electrified, 

with several reasons being assigned to that gap such as lack of financing. A total of $52 billion 
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annually is needed in order to achieve universal access by 2030 though commitments currently 

taking place are estimated at less than half the required annual budget [8]. 

Apart from lack of financing, it is also discovered that electrification programs have 

traditionally focused entirely on national grid extension though that major seems to be mostly 

prohibitively expensive particularly in remote settlements and areas with low population 

densities, very challenging terrain mostly and low demand for electricity. The possible solution 

to this is to critically develop working electrification strategies or models capable of 

substituting grid extension. Practical substitution of expensive grid extension is found to be 

mini grids and off-grid systems [8].   

Centralized power generation is a  major electrification commitment that is seen as a significant 

contributor is the development of mini grids, which are estimated to have a potential of 

providing electricity access to more than 440 million people by 2030 who are currently having 

no access to energy as outlined by the International Energy Agency [9]. Solutions such as solar 

home systems and lanterns provide minor solutions because of their low wattage coverage for 

appliances such as lights and phone charging, hence mini-grids are identified as the missing 

link between grid-extension and individual, pico-scale solutions.   

As stated by the International Energy Agency (IEA) report of 2011 [9], worldwide rural 

electrification through grid extension is very low with seventy percent of all rural areas lacking 

access to electricity. It is thus determined that in order to meet the SE4ALL goal of universal 

access by 2030, mini-grids are estimated to deliver forty percent of the new capacity. One of 

the challenges in Africa (Lesotho in particular) in quick establishment of mini-grids to counter the 

energy deficit experienced by the country is lack of knowledge about mini-grids technologies as well 

as best mini-grids architectural combination in Lesotho yielding required energy at lowest costs. 

1.2 Problem Statement 

 

The traditional approach used for sizing mini-grids cannot accurately analyse the performance 

of the mini-grid energy system since it uses a daily energy balance approach rather than a time-

step approach. This approach does not take into account time-step variation of both the load 

and the renewable energy supply. It can therefore not tell if all hourly loads are satisfied (hourly 

reliability of the system).  All the fore mentioned shortcomings lead to non-optimized system 

sizing. If under-sized, the system will have disappointing energy yields, and on the other end, 

if over-sized, it can translate into unnecessarily higher costs to consumers.  
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In Lesotho, Sustainable Energy for All (SE4ALL) have identified ten places which are regarded 

to be best for solar mini-grids establishment with reference to the available solar resource. The 

architectural structure that will be best for the country with maximum power output power at 

lowest costs remains the challenge since the country is still some miles backward in terms of 

mini-grids technology. Thus, a need has been identified for an appropriate method which can 

optimally size the stand-alone mini-grid system, by being able to determine the energy supply 

reliability as well as Levelised Cost of Energy. Hence this research will develop a computer-

based program that can be used for performance prediction, economic analysis and therefore 

optimal sizing of mini-grid systems.  

 

1.3 Problem Justification   

 

When it comes to mini-grids power systems, high technology oriented countries have already 

done a massive and considerable amount of work. Contrarily, in developing African countries 

such as Lesotho, there has been relatively little work on the processes and mechanisms that 

facilitate more sustained operation of hybrid mini grids. Mini-grids development differs 

depending on different considered factors such as local conditions, capacity of the system, rural 

load profiles, system design in terms of architecture, implementation and operational budgets.  

The first phase of Lesotho’s mini-grids establishment brought in by SE4ALL still lack progress 

since proper knowledge in terms of mini-grids architectural combinations versus costs were 

not properly done since SE4ALL only passed a regulation that those mini-grids development 

should be purely renewable (no diesel generator). It is thus evident that SE4ALL only wanted 

to mitigate the greenhouse gases emissions (GHGs) without major view on the cost of energy 

at a prescribed reliability.  

The knowledge from this study will thus address the strategic way of selecting the best solar 

mini-grid architectural combination aiming to come up with an optimized design that is viable, 

cost effective and most efficient. Also, this study intent to highly support and appreciate the 

mini-grid technology as it gains worldwide popularity as the possible solution to different 

countries’ existing energy challenges. By virtue of proactive strategies as well as motivating 

greater utilization mini-grid technology for rural electrification, the study assures enhancement 

of existing knowledge on design and implementation of successful solar mini-grids.   



7 
 

1.4 Objectives  

 

1.4.1 Main objective 

To develop a comprehensive computer-based model to be used for performance and 

optimization of mini-grid systems in order to reduce the system costs, operation costs as well 

as enhancing the systems reliability.  

To determine the best mini-grid system architectural combination which should be used in 

Lesotho, based on considerations of reliability and cost of energy.  

1.4.2 Specific objectives 

To develop an approach to modelling hourly load profile in the absence of historical 

consumption data. 

To model the energy flows in a PV-battery-diesel generator system. 

All the above mentioned objectives should be determined with the need to minimize the 

Levelised Cost of Energy. 

 

1.5 Research Questions 

 

 What is the best way to design an optimal mini-grid system? 

 What is the best architecture of mini-grid systems appropriate for Lesotho? 

 Which mini-grid architectural combination is best economic choice? 

 What is the impact or improvement this study has when compared to traditional 

approach of sizing mini-grid systems? 

1.6 Research Scope 

 

The scope of this research is to technically design a program (excel based) that can be used to 

determine the best solar mini-grid architectural combination with lowest Levelised cost of 

energy. A place called Sehong-hong has been used as the case study in this current study 

particularly because it is one of the selected places by SE4ALL for mini-grids development. 

This study aims at analyzing, modelling and determining the optimal architectural 

configuration that will be ideal for mini-grid development in Lesotho. 
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1.7 Dissertation Organization 

 

These current research work is categorized into five chapters, with chapter one giving out the 

general background to the study; problem statement, the objectives of the study and the 

significance of the study. Chapter two entails the review of literature, dealing with different 

modellings such as radiation modelling, cell temperature as well as PV output power 

modelling. Also, mini-grid technology in detail is demonstrated in this chapter.  

Chapter three illustrates the methodology, which include data collection and validation, design 

analysis procedures, calculations and further optimizations. Results and discussions are in 

chapter 4 and the last chapter (chapter 5) provides the final reached conclusions by the study. 

 

Chapter 2 
 

2. Literature Review   
 

As stated by Gupta et al. [10], potential development of a solar mini-grid for electricity 

generation depends on availability of various parameters such as temporal, local, global and 

spatially variable conditions. The discussed literature review in this study include the factors 

that influence PV potential including incoming solar radiation, radiation modelling, effects of 

panel efficiency as well as output power estimation.  

The country’s energy overview is discussed in section 2.1, sections 2.2-2.5 discuss mini-grids, 

their different types as well as different solar mini-grid architectural structures. Sections 2.6-

2.10 discuss solar energy resource, solar radiation on tilted planes and existing methods for 

modeling incoming solar radiation and some conducted studies that were comparing 

performance of different models. Section 2.11 and 2.12 deals with cell temperature estimation 

and models used to estimate it. Lastly, the chapter concludes by the economic analysis of a 

solar PV system discussed in Section 2.13. 
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2.1 Lesotho energy overview 

 

The Lesotho Electrification Master Plan report [11] states that the country has abundant solar, 

wind, and hydropower resources. This was further elaborated in “Scaling-Up Renewable 

Energy Program Investment Plan for Lesotho” (2017) [12] that solar potential in Lesotho is 

188 MW, approximated 14 000 MW hydropower potential which include the 22 mini-

hydropower sites as well as 2 077 MW wind potential. Different economic, technical and 

environmental plays a major role in determining the best renewable energy technology choice 

suitable for the country. The Global Horizontal Irradiation (GHI) in Lesotho ranges between 1 

700 and 2100 𝑘𝑊ℎ/𝑚2 annually, and it varies according to different places. 

The country has daily 10.5 daylight hours as well as 13.5 daily daylight hours in winter and 

summer respectively. The major advantage of solar energy in Lesotho is that there is plenty of 

solar resource with more than 300 days of sunshine and that makes PV technology good enough 

for the country considering also its competitiveness, technological & market maturity. The only 

exception is during rainy days, as the overall performance of the PV system will drop. The 

average insolation ranges from 5.25-5.53 𝑘𝑊ℎ/𝑚2/𝑑𝑎𝑦 and this clearly indicates a real 

potential in solar renewable energy in increasing their contribution in the overall energy mix 

[11], [13].   

 

Figure 1: Solar resource map of Lesotho illustrating PV output potential [14] 
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The renewable energy development in Lesotho received a bigger support from the government 

with the development partners by the government’s side.  The country’s major power comes 

from a 72 MW ‘Muela hydropower plant but there is also a 281 kW installed solar photovoltaic 

plant situated at Moshoeshoe I International Airport  as well as multiple small hydropower 

plants in the country [12]. 

Lesotho through its government suggests utilization of these abundance of solar energy it has, 

as well as wind/hydro resources, where available, so as to meet rural communities’ energy 

needs, with reference to the context of the United Nations Sustainable Energy for All Initiative. 

The three objectives of the Sustainable Energy for All Initiative are to ensure universal access 

to modern energy services, double the rate of improvement in energy efficiency and double the 

share of renewable energy in the global energy mix by 2030. As a result, there is a determined 

perception among decision makers’ desire to shift towards more decentralized, sustainable and 

modern forms of energy for the scattered rural areas to enable them to cook, light and heat their 

communities particularly during the winter months [12]. 

 

2.2 Mini-grids  

 

Mini-grid is the fastest growing technology in recent years in the distribution part of renewable 

energy worldwide. This lead to several governments of most countries accepting it as a major 

alternative to grid-based electrification having enough capacity to provide remote areas with 

much needed clean electricity services access not in possession to reach the national grid in 

order to enhance their socio-economic development. This technological development was also 

found to be idea as it acts as an initiative to support underdeveloped rural energy problems as 

well as issues associated with climate change[15]–[17].    

Mini-grids are systems that entail small-scale electricity generation (up to 10 MW) serving a 

limited number of consumers. Mini-grids evolve via a distribution grid or operate in isolation 

from the national transmission networks as demonstrated in figures 3 and 4 respectively. 
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Figure 2: A grid-tied solar PV system[18] 

 
Figure 3: A stand-alone solar PV system[19] 

 Mini-grids originally operated only by diesel generators but currently their reliability and 

competitiveness can be enhanced by equipping them with renewable energy and storage 

systems. Sometimes, hybridization of all mini-grids is restricted by limited resources. 

Renewable energy technologies’ price decline and technical progress have made rural 

electrification which was once an unprofitable business, an accelerating one now around the 

world [20], [21]. 

Naturally, mini-grids are purely different from the known single consumer systems like solar 

cell panel that is used for supplying electricity in a single house, in which various customers 

are not interconnected. Considering the fact that mini-grids are composed of different sizes or 

capacities, they service a cluster of up to 500 households, street lighting, schools, 

telecommunication systems powered by photovoltaic which has a total energy demand between 

20 kWh and lower per day, small business, and refrigeration [22], [23]  
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As outlined in Kenya’s electricity report [24] about the role of renewable energy mini-grids, 

they are the super promising power configurations that are competent to enhance energy access 

to a very bigger portion of the 1.2 billion habitants lacking electricity access in developing 

countries, Africa in particular comprising a number of such people because the anticipated 

population growth is exacerbating that situation.   

2.2.1 Components of PV mini-grid system  

 

Photovoltaic mini-grid systems consist of the following fundamental components: 

PV Array 

A connection of several solar modules is referred to as PV array. A single solar module consists 

of a number of solar cells (composed of silicon (Si)) which are either connected in series or 

parallel.  

 

Figure 4: Solar PV array configuration [25] 

The solar cell’s performance depends on the variation of the output voltage as well as the 

current as illustrated in figure 4. The produced power by the solar cell is determined to be the 

product of the output current and voltage under operating characteristics, with the maximum 

power of the PV module brought about the product of the rated voltage and current outputs. 

The key characteristic of a solar cell is that, whenever its temperature increases, the open circuit 
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voltage deceases while the short circuit current increases marginally. The combined effect is a 

decrease in power [26]. 

 

Figure 5: A typical current voltage curve of a PV module [27] 

Solar Inverter 

The variable direct current (DC) output of the photovoltaic (PV) array is converted to utility 

frequency alternating current (AC) by a device known as the inverter so that it can either be fed into 

a national electrical grid or used by a local, off-grid electrical network. An inverter is a major 

component of a photovoltaic system acting as a critical balance of system that allows the use 

of ordinary AC-powered appliances [28].  

The photovoltaic array yields direct current (DC) as an output, having a challenge of being 

supplied directly to the appliances that require an alternating current (AC).  The solar inverter 

acts as the core junction among the loads, photovoltaic system as well as the distribution 

network. Another important characteristic of a solar inverter is that it has peculiar functions 

such as maximum power tracking as well as anti-islanding protections adapted for their use 

with photovoltaic arrays. The performance of a photovoltaic mini-grid system is highly 
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influenced by an inverter used. Inverters are of two fundamental classes used in mini grid- 

connected photovoltaic systems with battery back-up [28].  

In order to supply the AC grid, some PV inverters convert direct current (DC) from the array 

into an alternating current (AC) since they do not directly charge batteries. At times when the 

PV array produces excess power, the battery inverter-chargers charge the batteries while at 

times when there is power deficit from the PV arrays, the battery inverter-chargers discharges 

the batteries. The peak load capable of being connected to the system at any given time is 

determined by the size of the inverter[28]. 

Solar Batteries 

In order to ensure continuous power supply to the load even under varying environmental 

conditions, batteries are required in hybrid power generation systems or PV stand alone in order 

to store the electrical energy during sunshine hours, to be used in non-sunshine hours. The 

choice of the appropriate batteries to be used in a solar PV system is done with much 

consideration of their frequency of charging and discharging. For PV applications, the most 

preferred batteries are lead acid batteries due to them having longest life and least cost per amp-

hour while for remote applications where there is need for free maintenance, Gel type lead acid 

batteries are the preferred ones [29], [30].  

For portable applications Nickel-Cadmium or Ni-Metal hydride batteries are used. The life 

time of the batteries varies from 3 to 5 years. The life time depends on charging/discharging 

cycles, temperature and other parameters.  As outlined by Jossen et al. [29], battery 

characteristics such as low cost, long life time, high energy efficiency, wide operating 

temperature, low maintenance and good reliability as well as self-discharge are considered as 

key when the PV applications are to be designed.   

2.2.2 Different kinds of mini-grids 

 

Mini-grids are classified into five power sources comprising, diesel based generators, biomass, 

mini-hydro, wind, solar photovoltaic (PV) and a hybrid system which is referred to as a 

combination of two or more of the aforementioned technologies. Up to date, rural 

electrification resulting from mini-grids development is still based mostly on diesel for 

electricity generation, though, recent technological improvements as well as solar PV price 

decline are amongst clear factors showing that in near future, solar mini-grids are likely to 

outpace and completely replace generator diesel based mini-grids in developing countries. 



15 
 

Thus, equipping the mini-grid development with renewable energy mixtures contributes to 

energy security enhancement, cost reduction and ultimately minimizes environmental pollution 

[4]. 

Hybrid systems are categorized into two streams called grid connected and standalone. Grid 

connected systems are appropriate in locations close to the electricity grid while standalone 

systems are those systems where power generation is truly decentralized and they are ideal for 

remote locations. Sizing the standalone systems is done based on the required local demand, 

giving thought to the low load factors of the remote locations. The standalone systems differ 

from the grid-connected systems as they require methods of energy storage, energy backups 

and advanced power electronic control unlike grid connected where there is a support from the 

grid during a surplus or surge [31]. 

 

2.2.3 Solar PV Mini-grid  

 

Solar PV mini-grid is made up of multiple arrays of PV panels that capture radiation from the 

sun to generate electricity that is distributed to the households, businesses, and institutional 

levels for multiple functions  [32]. Literature outline that solar mini-grid systems have a ranging 

capacity of 10-100 kW at village-scale, typically greater than capacity of solar home systems 

(SHS). The generated electricity is distributed locally after being converted to AC quality 

typically for a limited number of hours [33].  

Energy demand data analysis performed for a local community where the solar mini-grid is to 

be developed predict the number of solar panels required for such a mini-grid. As outlined by 

Ulsrud et al. [33], the properly designed solar mini-grid has a capability of supplying needed 

electricity to serve community requirements (like street water pumping, lighting, schools, and 

vaccine refrigeration), domestic applications and commercial activities such as communication 

centers, small mills, and shops.  

This kind of a system is called a stand-alone solar photovoltaic system because it consists of 

only PV energy technology to produce electricity [34]. In order to maintain a continuous supply 

of electricity in hours where no sun shine is unavailable, solar PV mini-grid constitutes a 

collection of storage batteries to store energy to be used when the PV produce insufficient 

energy needed by the load [35].  
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A proper illustration of a typical solar photovoltaic mini-grid system is as shown in figure 6 

 

Figure 6: How a typical solar photovoltaic mini-grid system serve communities[36] 

 

2.3 Solar Mini-grid architectural structures 

 

PV/Diesel Hybrid Systems  

In a PV-diesel hybrid system, the total power needed by the community is provided through 

combination of two energy generators being photovoltaics and diesel-based generator. 

Renewable energy source such as solar is preferred in a hybrid to generate minimum of 75% 

of total energy demand. This serves as a major advantage for renewables since this makes their 

application completely independent and also offer lower energy prices as well as future 

environmental benefits. In a PV-diesel hybrid system, the diesel backup system is dispatched 

if and only if the load demands surpass the PV capacity. This kind of mini-grid architectural 

combination ensures better power supply reliability at an affordable manner since it constitute 

more energy sources. A properly designed solar mini-grid entails PV model, diesel generator, 

and an inverter [37]. 
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PV/Diesel/Battery Hybrid Systems  

The PV/diesel/battery hybrid systems comprise of renewable energy resource (PV), diesel back 

up along and the energy storage.  The presence of storage batteries in this type of a system is 

very key since it paves a way to conserve the excess energy generated which will later be used 

whenever load demand surpass the PV capacity as well as during peak hours, thus minimizing 

frequent intervention of the diesel generator. Another advantage of this kind of architectural 

combination is that it prevents the diesel generator operating on low loads inefficiently. This is 

however not actually saying this is a best architectural combination since that is always 

determined over the cost of generated electricity [37]. 

PV/Battery Hybrid Systems  

This type of solar mini-grid architectural combination consists of the photovoltaic and the 

storage battery. This combination was earlier recommended as it does not use the diesel 

generator which is found to lessen the overall project sustainability as well as being harmful to 

the environment. This kind of mini-grid architectural combination ensures better power 

availability and supply reliability at an affordable manner since it constitute energy storage 

batteries. This energy storage of the hybrid system is found to be sufficient so as to conquer 

power quality problems [11].  

2.4 Solar energy resource  

 

The solar energy is determined by solar irradiation received on the geographic location together 

with local issues like shading and tilting of the arrays. Solar resource assessment is initially 

done based on satellite data or other sources such as meteorological data. Ground-based 

measurements are desirable to provide an increased level of confidence as the project develops 

[38]. 

2.5 Solar Radiation data 

 

Solar radiation data is generally described in terms of total solar radiation according to Duffie 

and Beckman [39]. Solar radiation is a combination of beam radiation, which is the solar 

radiation received from the sun without having been scattered by the atmosphere, diffuse 

radiation, which is the received solar radiation after the scattering by the atmosphere and 

ground reflected radiation. Solar radiation is measured mostly on horizontal surfaces by local 

meteorological stations. As stated by Okundamiya et.al, solar radiation can also be observed 
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through satellites. The major advantage of local meteorological measurements is that more 

accurate estimates are obtained since they incur the site specific characteristics [39]–[41].  

In order to capture maximum solar radiation on earth, surfaces responsible for harnessing solar 

radiation are usually tilted. The most challenge with this practice is that there is a worldwide 

deficiency of solar radiation data on tilted surfaces since most of the solar radiation 

measurements available are only reported for horizontal surfaces [42]. Now, as outlined by 

Jakhrani et.al [40], solar radiation on tilted surfaces is determined using the empirical models 

from horizontal surface solar radiation. These models require an extensive evaluation in order 

to demonstrate their appropriateness considering the local environmental conditions since they 

are all formulated with the use of dissimilar elements being under different procedures [40], 

[43], [44].  

2.6 Solar radiation on tilted surfaces 

 

In order to design photovoltaic energy systems, simulation as well as evaluating their 

performance, solar radiation on tilted surfaces critically and appropriately need to be predicted. 

There exists a number of transposition models of which have been proposed in the literature; 

and there are ample evaluation studies [45]. 

The total solar radiation on tilted surfaces is the sum of radiation streams composed of beam 

radiation, diffuse radiation as well as ground reflected radiation [46]. 

𝑰𝒕 = 𝑰𝒕,𝒃 + 𝑰𝒕,𝒅 + 𝑰𝒕,𝒓……………………. (1) 

Where,  

𝐼𝑡,𝑏= beam radiation 

𝐼𝑡,𝑑= diffuse radiation 

𝐼𝑡,𝑟= radiation reflected by the ground 

The diffuse radiation also constitutes three parts known as isotropic part, which is the radiation 

uniformly received from the whole sky dome; the circumsolar diffuse, which is part of the 

radiation concentrated around the sun, resulting from solar radiation forward scattering and 

lastly; the horizon brightening, which is that part of radiation concentrated near the horizon 

[39], [47].  
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Figure 7: The distribution of diffuse radiation over the sky dome [39] 

Including the three components of diffuse radiation in equation 1, the total solar radiation on 

tilted surfaces becomes: 

𝑰𝒕 = 𝑰𝒕,𝒃 + 𝑰𝒕,𝒅,𝒊𝒔𝒐 + 𝑰𝒕,𝒅,𝒄𝒔 + 𝑰𝒕,𝒅,𝒉𝒛 + 𝑰𝒕,𝒓…………….. (2) 

Where, 

𝐼𝑡,𝑏,𝑖𝑠𝑜= isotropic part of diffuse radiation 

𝐼𝑡,𝑏,𝑐𝑠= circumsolar part of diffuse radiation 

𝐼𝑡,𝑏,ℎ𝑧= horizon brightening part of diffuse radiation 

Now, according to Duffie and Beckman [39], beam radiation received on an inclined surface 

from the horizontal surface is determined as the product of direct horizontal irradiation 𝐼𝑏 and 

the geometric factor 𝑅𝑏 which is the ratio of the beam radiation on tilted surface to that on a 

horizontal surface, represented mathematically as: 

𝑹𝒃 =
𝑰𝒕

𝑰
=

𝒄𝒐𝒔𝜽

𝒄𝒐𝒔𝜽𝒛
 ……………………………………. (3) 
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Where,  

𝑐𝑜𝑠𝜃= beam radiation on a tilted surface 

𝑐𝑜𝑠𝜃𝑧= beam radiation on a horizontal surface 

Thus,  

𝑰𝒕,𝒃 = 𝑰𝒃𝑹𝒃 ………………………...………….. (4) 

The ground reflected radiation on tilted surface 𝐼𝑡,𝑟 , as stated by Jakhrani et.al [48] is composed 

of diffuse reflectance 𝜌𝑔 from the ground (mostly known as albedo) and a view factor 𝐹𝑐−𝑔, 

which is expressed as: 

𝑰𝒕,𝒓 = 𝑰𝝆𝒈𝑭𝒄−𝒈 = 𝑰𝝆𝒈 (
𝟏−𝒄𝒐𝒔𝜷

𝟐
)………………………..………… (5) 

The empirical models helps in computing the diffuse radiation 𝐼𝑡,𝑑 and now in order to 

determine the beam radiation 𝐼𝑏, diffuse radiation is subtracted from the total radiation 𝐼𝑡. All 

these models used to predict the diffuse radiation on a tilted surface are categorized into two 

major classes known as isotropic and anisotropic sky models. The difference between the two 

classes is that isotropic models assume uniformity of diffuse sky radiation intensity over the 

sky dome regardless of orientation whereas the anisotropic models computes their calculations 

taking into account the circumsolar diffuse and/or the horizon brightening components on a 

tilted surface. Thus, the diffuse radiation that is incident on a sloped surface is determined by 

a fraction of the sky dome seen by it [48], [49]. 

2.7 Description of some models appropriate for predicting radiation on tilted surfaces  

 

Liu and Jordan Model (1963) 

The assumption made in this model is that solar radiation on tilted surface consists of the beam, 

diffuse and ground reflected radiations. The diffuse radiation is assumed to be completely 

isotropic, taking both circumsolar and horizon brightening components to be zero [39], [46]–

[48], [50]. Thus, 

𝑰𝒕,𝒅 = 𝑰𝒅 (
𝟏+𝒄𝒐𝒔𝜷

𝟐
)…………………………………………………...… (6) 

Where, 𝛽 is the tilt angle of the PV array. 

Now, the total solar radiation on tilted surfaces using this model is given as: 
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𝑰𝒕 = 𝑰𝒃𝑹𝒃 + 𝑰𝒅 (
𝟏+𝒄𝒐𝒔𝜷

𝟐
) + 𝑰𝝆𝒈 (

𝟏−𝒄𝒐𝒔𝜷

𝟐
)………………...…….….. (7) 

 

Temps-Coulson Model (1977) 

The model suggested an anisotropic modification to the clear sky diffuse radiance model. The 

model used clear sky measurements to demonstrate the anisotropic nature of diffuse irradiation 

[50].  Thus, Temps and Coulson’s clear sky irradiance model can be expressed as: 

𝑰𝒅 = 𝒄𝒐𝒔𝟐 (
𝜷

𝟐
) [𝟏 + 𝒔𝒊𝒏𝟑 (

𝜷

𝟐
)] [𝟏 + 𝒄𝒐𝒔𝟐𝜽𝒔𝒊𝒏𝟑𝜽𝒛]……………………..………. (8) 

 

Klucher Model (1979) 

The model discovered that the isotropic model yields acceptable results for overcast skies 

though it underestimates irradiance under clear and partly overcast conditions, in particular 

under increased intensity near the horizon and in the circumsolar region of the sky [47], [50], 

[51]. The model thus gives the solar radiation on a tilted surface as shown in equation 9.  

𝑰𝒕 = (𝑰𝒃 + 𝑰𝒅𝑨)𝑹𝒃 + 𝑰𝒅 (
𝟏+𝒄𝒐𝒔𝜷

𝟐
) [𝟏 + 𝑭′𝒔𝒊𝒏𝟑 (

𝜷

𝟐
)] [𝟏 + 𝑭′𝒄𝒐𝒔𝟐𝜽𝒔𝒊𝒏𝟑𝜽𝒛] +

𝑰𝝆𝒈 (
𝟏−𝒄𝒐𝒔𝜷

𝟐
)…………………………………………….………………………….…….. (9) 

Where 𝑭′ = 𝟏 − (
𝑰𝒅

𝑰
)

𝟐
 is the clearness index. 

The horizon brightening is represented by the first of the modifying factors in the sky diffuse 

component with the circumsolar radiation represented by the second of the modifying factors. 

The model reduces to the isotropic model under overcast skies because the clearness index 𝐹′ 

becomes zero. 

Koronakis Model (1986) 

The major input of this model was to modify the isotropic sky diffuse radiation assumption by 

suggesting that the slope 𝛽 = 90𝑜issue 66.7% of diffuse solar radiation of the total sky 

dome. The view factor (𝐹𝑐−𝑠) was considered to be equal to [𝟐 + 𝒄𝒐𝒔𝜷]/𝟑 [46], [48]. 

Equation 10 now outlines the total solar radiation on a tilted surface using this model. 

𝑰𝒕 = 𝑰𝒃𝑹𝒃 + 𝑰𝒅 (
𝟐+𝒄𝒐𝒔𝜷

𝟑
) + 𝑰𝝆𝒈 (

𝟏−𝒄𝒐𝒔𝜷

𝟐
)…………………………………. (10) 
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Badescu Model (2002) 

In this model by Badescu for the solar diffuse radiation on a tilted surface, the view factor 

(𝐹𝑐−𝑠) was considered to be equal to [𝟑 + 𝒄𝒐𝒔𝟐𝜷]/𝟒 [46], [48]. Hence the total solar 

radiation on a tilted surface is demonstrated as in equation 11. 

𝑰𝒕 = 𝑰𝒃𝑹𝒃 + 𝑰𝒅 (
𝟑+𝒄𝒐𝒔𝟐𝜷

𝟒
) + 𝑰𝝆𝒈 (

𝟏−𝒄𝒐𝒔𝜷

𝟐
)……………………….. (11) 

 

Hay and Davies Model (1981) 

In this model, the diffuse radiation components considered are isotropic and circumsolar while 

the horizon brightening is not considered [47], [48].  

𝑰𝒕 = (𝑰𝒃 + 𝑰𝒅𝑨)𝑹𝒃 + 𝑰𝒅 [(
𝟏+𝒄𝒐𝒔𝜷

𝟐
) (𝟏 − 𝑨) + 𝑨𝑹𝒃] + 𝑰𝝆𝒈 (

𝟏−𝒄𝒐𝒔𝜷

𝟐
)…………. 

(12) 

Where 𝑨 =
𝑰𝒃𝒏

𝑰𝒐𝒏
  is the anisotropy index. A represents the transmittance through atmosphere 

for beam radiation. The anisotropy index is used to quantify a portion of the diffuse radiation 

treated as circumsolar with the remaining portion of diffuse radiation assumed to be isotropic. 

The circumsolar component is assumed to be from the sun’s position. 

 

Reindl et.al Model (1990) 

This model by Reindl take into account the horizon brightening and employs the same 

definition of the anisotropy index A as demonstrated in Hay and Davies model [47], [48], [50]. 

Representation of the total irradiance on a tilted surface under this model is shown in equation 

13 as follows:  

𝑰𝒕 = (𝑰𝒃 + 𝑰𝒅𝑨)𝑹𝒃 + 𝑰𝒅 {(
𝟏+𝒄𝒐𝒔𝜷

𝟐
) (𝟏 − 𝑨) [𝟏 + √

𝑰𝒃

𝑰
𝒔𝒊𝒏𝟑 (

𝜷

𝟐
)] + 𝑨𝑹𝒃} +

𝑰𝝆𝒈 (
𝟏−𝒄𝒐𝒔𝜷

𝟐
)……………………………………………………………………… (13) 

The ground reflectance is treated same way as in the isotropic model. Reindl model provides 

slightly higher diffuse irradiances than the Hay–Davies model since it entails an additional 

term as shown in equation (13) that takes into account horizon brightening.  

 

 

 

 



23 
 

Muneer Model (1990) 

The model focuses on treating both shaded and sunlit surfaces separately, as are overcast and 

non-overcast conditions of the sunlit surface [47]. The total solar radiation on a tilted plane for 

surfaces in shade and sunlit surfaces under overcast sky conditions is given in equation (14). 

𝑰𝒕 = 𝑰𝒃𝑹𝒃 + 𝑰𝒅𝑻𝑭 + 𝑰𝝆𝒈 (
𝟏−𝒄𝒐𝒔𝜷

𝟐
)……………………………………………….. (14) 

Sunlit surfaces under non-overcast sky conditions can be determined using equation (15) 

illustrates as:  

𝑰𝒕 = 𝑰𝒃𝑹𝒃 + 𝑰𝒅[𝑻𝑭(𝟏 − 𝑨) + 𝑨𝑹𝒃] + 𝑰𝝆𝒈 (
𝟏−𝒄𝒐𝒔𝜷

𝟐
)………………………….. (15) 

Where, 𝑇𝐹  is the ratio of the slope background diffuse irradiance to the horizontal diffuse 

irradiance and it is represented mathematically as follows:  

𝑻𝑭 = (
𝟏+𝒄𝒐𝒔𝜷

𝟐
) +

𝟐𝑩

𝝅(𝟑+𝟐𝑩)
[𝒔𝒊𝒏𝜷 − 𝜷𝒄𝒐𝒔𝜷 − 𝝅𝒔𝒊𝒏𝟐 𝜷

𝟐
]……………………….. (16) 

The values of the radiation distribution index B depend on the particular sky and azimuthal 

conditions, and the location. 

 

Perez et.al Model (1990) 

The Perez model is more computationally intensive and based on a three components treatment 

of the sky diffuse irradiance. The model represents more detailed analysis of the isotropic 

diffuse, circumsolar and horizon brightening radiation by using empirically derived 

coefficients [47], [50], [52]. The total solar radiation on a tilted surface using this model is 

given as shown in equation (17). 

𝑰𝒕 = (𝑰𝒃 + 𝑰𝒅𝑨)𝑹𝒃 + 𝑰𝒅 {(𝟏 − 𝑭𝟏) (
𝟏+𝒄𝒐𝒔𝜷

𝟐
) + [𝑭𝟏

𝒂

𝒃
+ 𝑭𝟐𝒔𝒊𝒏𝜷]} +

𝑰𝝆𝒈 (
𝟏−𝒄𝒐𝒔𝜷

𝟐
)…............................................................................................................. (17) 

Where 𝐹1 and 𝐹2 are respectively circumsolar and horizon brightening, a and b are the terms 

responsible for taking into account the incidence angle of the sun on the considered slope. 

𝒂 = 𝒎𝒂𝒙(𝟎𝟎, 𝒄𝒐𝒔𝜽) 

𝒃 = 𝒎𝒂𝒙(𝒄𝒐𝒔𝟖𝟓𝟎, 𝒄𝒐𝒔𝜽𝒛) 

The two brightness coefficients 𝐹1 and 𝐹1 are functions of the sky condition parameters known 

as  clearness ε and brightness Δ given by: 
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𝜺 =

𝑰𝒅+𝑰𝒏
𝑰𝒅

+𝟓.𝟓𝟑𝟓𝒙𝟏𝟎−𝟔𝜽𝒛
𝟑

𝟏+𝟓.𝟓𝟑𝟓𝒙𝟏𝟎−𝟔𝜽𝒛
𝟑  …………………………………………….……………..…….. (18) 

𝜟 = 𝒎
𝑰𝒅

𝑰𝒐𝒏
 …………………………………………………………….………….……… (19) 

Where, where 𝑚 is the air mass and 𝐼𝑜𝑛 is the extraterrestrial normal-incidence radiation. 

Now, 𝐹1 and 𝐹2  are computed as illustrated in equations (20) and (21) 

𝑭𝟏 = 𝒎𝒂𝒙 [𝟎, (𝒇𝟏𝟏 + 𝒇𝟏𝟐𝜟 +
𝝅𝜽𝒛

𝟏𝟖𝟎
𝒇𝟏𝟑)]………………….…………………….. (20) 

𝑭𝟐 = 𝒇𝟐𝟏 + 𝒇𝟐𝟐𝜟 +
𝝅𝜽𝒛

𝟏𝟖𝟎
𝒇𝟐𝟑………………………………………………..……….. (21) 

The coefficients 𝑓21, 𝑓21, 𝑓21, 𝑓21, 𝑓21 and  𝑓21 according to the model were derived based 

on a statistical analysis of empirical data for specific locations. 

 

HDKR (Hay, Davies, Klucher, Reindl) Model (2006) 

This model is the combination of Hay and Davies, Klucher and Reindl models. It combines all 

terms of diffuse radiation known as isotropic, circumsolar and horizon brightening to the solar 

radiation equation in order to develop a new correlation known as HDKR model [39], [48].  

The total solar radiation on tilted surface is thus determined as: 

𝑰𝒕 = (𝑰𝒃 + 𝑰𝒅𝑨)𝑹𝒃 + 𝑰𝒅 {(𝟏 − 𝑨) (
𝟏+𝒄𝒐𝒔𝜷

𝟐
) + [𝟏 + 𝒔𝒊𝒏𝟑 (

𝜷

𝟐
)]} +

𝑰𝝆𝒈 (
𝟏−𝒄𝒐𝒔𝜷

𝟐
)……………………………………………………………………………. (22) 

 

 

2.8 Studies conducted that compared performance of different models  

 

In Lesotho, an investigative study by Gopinathan K.K [53] concentrated on solar radiation on 

diversely oriented sloping surfaces using the isotropic model suggested by Liu and Jordan. 

Conclusions pertaining the optimum tilt as well as orientation for winter, summer and annual 

collection were reached. A study by Shukla et al. [54] conducted in India compared the 

performance of isotropic and anisotropic sky models that are used to estimate the amount of 

solar radiation incident on the sloped surfaces. The conclusion reached was that the excessive 

solar radiation for the entire year was estimated by Hay and Davis model and on the other hand, 

among all isotropic and anisotropic models, Badescu model provided the lowest solar radiation. 
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Comparison of modelled and measured tilted solar irradiance for photovoltaic applications was 

conducted by Mubarak et al. [55] using five empirical models. The output of that study outlined 

that models of Hay and Davis and Reindl are best for estimating sloped irradiance for south-

facing modules for climate conditions that are mostly cloudy and also measurements for ground 

reflectance not being available. On the other hand, Perez model was found to be ideal for sunny 

places with measurements of ground reflectance available. In order to estimate direct normal 

irradiance for Korea, Lee et al. [56] analyzed ten solar radiation models and a conclusion was 

reached that Reindl model is the best over the models analyzed for Korea.  

In Belgium, the performance of 14 empirical models were assessed by Demain et al. [57] in 

order to predict solar radiation from horizontal to tilted surfaces. Different models’ respective 

performance under different sky conditions were investigated and it was found that statistical 

validation procedures disclosed that none of the studied models was best under all kinds of sky 

conditions which led into development of a hybrid model from the coupling of three models. 

 An investigative study on the accuracy of different empirical models used for estimating solar 

radiation on a tilted surface was carried out by Despotovic et al. [58] with the aim of assessing 

as well as comparing performance of available models in the literature. The study used 

statistical analysis in order to evaluate the performance of those models by using long term 

measurements at different sites. 

2.9 Estimation of the module Cell Temperature 

 

The operating temperature of the photovoltaic (PV) module is amongst the most fundamental 

parameters after solar radiation for the long term evaluation of PV systems since it modifies 

the power output and system efficiency. The temperature of the module is a function of many 

parameters such as solar radiation, air humidity, ambient temperature, speed and direction of 

the wind, photovoltaic module orientation, dust and sand deposition on PV module, and PV 

module materials. In view of these, it is advisable, for better performance and increasing 

lifetime of the PV model to always predict its behavior in a particular geographical area where 

the system is to be installed [59]–[61]. 

 

For the proper prediction, characterization of the behavior of PV modules at any location is 

done with the use easiest and acceptable tools known as models. As outline in Jatoi et al. [60], 

the module temperature is affected by weather conditions, hence  it is very key to quantify its 
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influence. Modeling is the quick help as it eventually guides in proper design of the better 

systems for better functioning. Different authors from different countries have made multiple 

attempts to demonstrate by virtue of examples the behavior of PV modules. Categories of the 

used models for predicting module temperature is divided into steady-state or dynamic and 

explicit or implicit. All parameters in steady-state modeling are taken to be independent of time 

though those models are useful for specific locations and module technologies. Dynamic 

models have some parameters which varies with time [60], [62], [63]. 

It is however, very important to select an appropriate model for the design and sizing of 

photovoltaic systems so as to avoid faulty predictions which will in turn make an over- or 

undersized system. The major disadvantage of an oversized system is that it becomes very 

costly while that of an undersized system is that it causes malfunctioning of the system since 

the system fails to supply critical loads [61]. Most studies on PV module temperature are 

conducted using the nominal operating cell temperature (NOCT) model or the Sandia National 

Laboratory (SNL) model [64]. Garcia and Balenzategui [65] stated that the NOCT model of 

the photovoltaic module temperature is one of the simplest models because it depends only on 

solar radiation and ambient temperature.  

It was outlined by Garcia and Balenzatengui [65] that SNL model is more accurate as opposed 

to NOCT model since it also considers wind speed, PV module type and configuration of its 

installation. Nevertheless, several conducted studies were performed with different parameters 

considered such as solar radiation, ambient temperature and wind speed at different places and 

that resulted in development of different formulas [66], [67]. 

2.10 Existing PV Module Temperature Models  

 

A conducted study by [68] focused only on one climatic variable which is ambient 

temperature. The limitation of this method was found to be lack of reflection of the whole 

behavior of the environment since it uses one input variable. Equation 23 illustrate the 

developed model and it was also used by [69].   

𝑻𝒄 = 𝟏. 𝟒𝟏𝟏𝑻𝒂 − 𝟔. 𝟒𝟏𝟒………………………………........…………….… (23) 

As stated by Hove. 2000[70] in his model, efficiency of a PV array is a function of cell 

temperature and array irradiation illustrated as follows:  

𝜼 = 𝜼𝒓[𝟏 − 𝜷(𝑻𝒄 − 𝑻𝒓) + 𝜸𝒍𝒐𝒈𝟏𝟎𝑰𝒂𝒓𝒓𝒂𝒚]……………………………….. (24) 
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Where 𝜂𝑟 is the array efficiency measured at reference cell temperature, 𝛽 is a temperature 

coefficient, 𝑇𝑐 is the cell temperature, 𝑇𝑟 is the reference cell temperature at which 𝜂𝑟 is 

determined, 𝛾 is a radiation-intensity coefficient for cell efficiency and 𝐼𝑎𝑟𝑟𝑎𝑦 is the radiation 

incident on the array per unit area. Adopting 𝛾 = 0, as well as considering the energy balance 

of the array, the model predicted cell temperature as shown in equation 25: 

𝑻𝒄 = 𝑻𝒂 + 𝟎. 𝟗 (
𝑻𝒄,𝑵𝑶𝑪𝑻−𝑻𝒂,𝑵𝑶𝑪𝑻

𝑰𝒂𝒓𝒓𝒂𝒚,𝑵𝑶𝑪𝑻
) 𝑰𝒂𝒓𝒓𝒂𝒚…………………………………… (25) 

The model proposed by Muzathik[71] suggested three variable models being the ambient 

temperature 𝑇𝑐 (°C), global solar radiation 𝐺𝑠𝑟 (𝑤 𝑚2⁄ ), and wind speed 𝑊𝑣 𝑚 𝑠⁄ . Illustration 

of this model together with coefficients of each variable are given in equation 26. 

𝑻𝒄 = 𝟎. 𝟗𝟒𝟑𝑻𝒂 + 𝟎. 𝟎𝟏𝟗𝟓𝑮𝒔𝒓 − 𝟏. 𝟓𝟐𝟖𝑾𝒗 + 𝟎. 𝟑𝟓𝟐𝟗 ……………… (26) 

Another model that considered the three variable ambient temperature, global solar radiation 

as well as wind speed was proposed by [62]. This model is demonstrated in equation 27 and it 

is simple and semi-empirical model for the calculation of module temperature.  

𝑻𝒄 = 𝑻𝒂 + (
𝟎.𝟐𝟓

𝟓.𝟕+𝟑.𝟖𝑾𝒗
) 𝑮𝒔𝒓…………………………………….…………… (27) 

Photovoltaic module temperature was calculated using an illustrated model in equation 28 

developed by Duffie and Beckman [39]. The model calculate the cell temperature in controlled 

nominal operating cell temperature (NOCT) conditions known to be 800 𝑤 𝑚2⁄  solar radiation, 

20°C ambient temperature and 1 𝑚 𝑠⁄  wind speed. This model is also adopted by [60] with 𝑇𝑎 

, 𝐺𝑠𝑟, and NOCT conditions as illustrated in equation 28 .  

𝑻𝒄 = 𝑻𝒂 + (
𝟎.𝟐𝟓

𝟓.𝟕+𝟑.𝟖𝑾𝒗
) (

𝑮𝒔𝒓

𝑮𝒔𝒓−𝑵𝑶𝑪𝑻
) (𝑻𝒄−𝑵𝑶𝑪𝑻 − 𝑻𝒂−𝑵𝑶𝑪𝑻) [𝟏 −

𝜼𝒄

𝝉𝜶
] ……… (28) 

 

2.11 Load Demand Assessment  

 

There are several characteristics of the rural areas that distinguish them from the entire world. 

Rural communities particularly in the developing countries, are composed of 

substitutable folks or those that haven't however become a region of the fast-paced exterior 

world. Power unavailability in rural areas, have tailored folks to a more natural and organic 
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living with standard ways and ancient approaches. Therefore, the expected energy 

consumption of a remote rural area may be completely different from that of an urban area[72]. 

An exact pattern of electricity demand estimation for a newly electrified community is very 

tricky to develop because of absence of suitable records of existing load profiles found for most 

if not all rural communities. This is brought by the fact that they are dispersed, less crowded 

with low power requirements, thus keeping them away from such record analysis. An 

alternative approach mostly used to estimate the demand is that of considering any comparable 

community powered by a community-owned diesel generator so as to conveniently measure as 

well as relate produced electricity to that of the targeted community. If there isn’t any 

community powered by diesel generator for comparison purposes, then appliances having a 

potential of being used as soon as the mini-grid is developed are thus used to develop a load 

curve[72], [73].  

The community’s energy demand and pattern is influenced by a number of different factors 

including among others the number of households together with the number of people residing 

per household, kind and time of use of the appliances that are being used as well as seasonal 

variations. Energy demand demonstration can be defined either for the entire community or for 

each household on a daily, monthly and annual basis. A more detailed, at most accurate and 

realistic load curve for the community involves taking into consideration two types of demand 

known to be private household electricity demand and demand from public facilities[74].  

The demand curve is mostly influenced by different working days and weekends as well as the 

seasons of the year. For studies where the mini-grid is developed in rural areas where people 

there are exposed to electricity for the first time, mostly distinction between working days as 

well as weekends seems to be irrelevant since mostly people residing in those communities are 

mainly farmers whom are working every day[73], [74].  

A number of different studies conducted particularly for rural households in Africa outlined a 

monthly 50 kWh up to 125 kWh per month range in energy demand estimate for a household 

in rural Africa. Each household experiences a different consumption due to its affordability as 

that differs significantly between households as well as different communities. Scenarios for 

total demand on mini-grids are obtained via classification of rural households by the size, given 

their total electricity consumption of rural households. A clear sign of required energy 

generation is fundamental for successful choice of technology and system design[75].  
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The above stated load assessment was only considering households’ consumption. Whenever 

a mini-grid is developed in a community, productive use of energy is encouraged to people 

within that community as well as introduction of some industries. The consumption from the 

households is much smaller as compared to the one represented by the contribution from the 

productive or industrial uses of electricity. In the presence of industries, the total power 

consumption is influenced by them, whereas productive use mostly need power during the day. 

This now makes the daytime peak load from the productive use not to easily surpass that of 

private households in the evening. Thus project developers are always anticipated to clearly 

evaluate load constituted by productive users on the mini-grid[75], [76].  

 

2.12 Solar PV system power output prediction 

 

Proper sizing of the photovoltaic systems involves a sophisticated prediction of the solar PV 

array power at any given time, characterized by given meteorological conditions. The reason 

behind this is that PV module electrical power output is variable and responds to the time-step 

variation of meteorological conditions such as solar irradiance, ambient as well as the wind 

speed. The electrical output power of the PV array is found to be proportional to the solar 

irradiance at any given size. The opposite happens with the ambient temperature as well as the 

wind speed since at high solar irradiance level drives up the cell temperature, giving rise to 

reduction of the conversion efficiency of solar radiation to electrical energy [70].  

It is thus mandatory to know the time-step variation of the solar irradiance as well as the PV 

cell temperature as influenced by the ambient temperature, the wind speed and the way the 

solar module is mounted. 

2.13 Diesel generator output 

 

The output power of the diesel generator (DG) is either zero (meaning DG is switched off) or 

DG rated power (DG switched on) at any selected hour. When designing the PV system with 

backup diesel generator, the embraced DG energy dispatch strategy is fundamental for 

providing the conditions for switching on or off. Three DG energy dispatch strategies namely 

night dispatch strategy, load following strategy and cycle charging are discussed in detail as 

follows [77]: 
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a) The night dispatch strategy 

 In this strategy, assumption made is that the diesel generator is switched on during the night 

only due to absence of solar radiation. This strategy is ideal and user friendly as it is easier to 

operate since it does not use complicated electronic control, though it is considered wasteful 

for load profiles exhibiting low night energy usage. 

b) The load-following strategy 

Whenever the load is equal or exceeding a prescribed threshold, the strategy switches the diesel 

generator ON. Unlike the previously discussed strategy, the load following strategy is regarded 

as a more economical since it is dispatched if and only if there is a need, resulting in a diesel 

generator operating at high load factors which give rise to low specific fuel consumption and 

longer diesel generator lifespan. The major disadvantage of this strategy is that costly electronic 

controls need to be used for its implementation which in turn are also difficult to maintain.  

c) Cycle charging strategy 

In this strategy, the diesel generator is switched ON so as to cover the net-load demand as well 

as charging the battery. As along as the diesel generator is within its stipulated run time, it will 

continue running until either one of the following conditions is met:  

 The stipulated state of charge of the battery set point has been met, or PV power is 

enough to satisfy the load.  

 The renewable power is sufficient to meet the load as well as continue to charge the 

batteries. 

2.14 Economic Analysis on PV System 

 

Developing and implementing a project requires a thorough determination of the profitability 

of a project. This is done in several ways with the most common methods used to examine the 

profitability of a solar photovoltaic project being payback period, net present value, net cash 

flow (NCF) as well as the internal rate of return (IRR). These different methods are described 

in details in order to identify the most appropriate one to be used in particular for a solar PV 

project [78]. 
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2.14.1 Payback  

 

Payback period is described in simpler terms as the maximum required number of years needed 

to recover the original investment. A project is classified to be best if the payback period is 

very short as that enables investors to quickly recover their invested capital. Shorter payback 

period is very advantageous since it minimizes the project’s future risks arising from the 

expected future cash flows. As advantageous as it may be, payback period method still 

encounters some flaws when used to determine the project’s effectiveness in an investment 

[79].  

 

Here are some of this limitations: It only considers benefits before the payback period and 

ignores thereafter benefits, that means that method does not measure profitability. The key 

objective of the payback period method is on recovering the capital not necessarily focusing 

on profits [78]. Whatever returns collected after the payback period are not considered by this 

method suggested by [79]. Illustrated in equation 29 is the payback period equation.  

𝑷𝒂𝒚𝒃𝒂𝒄𝒌 𝒑𝒆𝒓𝒊𝒐𝒅 = 𝒚𝒆𝒂𝒓 𝒃𝒆𝒇𝒐𝒓𝒆 𝒇𝒖𝒍𝒍 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚 +
𝒖𝒏𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒆𝒅 𝒄𝒐𝒔𝒕𝒔 𝒂𝒕 𝒕𝒉𝒆 𝒔𝒕𝒂𝒓𝒕 𝒐𝒇 𝒕𝒉𝒆 𝒚𝒆𝒂𝒓

𝒄𝒂𝒔𝒉 𝒇𝒍𝒐𝒘 𝒅𝒖𝒓𝒊𝒏𝒈 𝒕𝒉𝒆 𝒚𝒆𝒂𝒓
 

……………………………………………………………………………………………. (29) 

 

 

2.14.2 Net present value calculation 

 

The way in which an investment project affects the wealth of the shareholders of the company 

presently is outlined using a strategic method known as the Net Present Value (NPV). NPV 

can be both positive or negative. A positive NPV shows that shareholders’ wealth is enhancing 

and highly appreciated while a negative NPV shows that the project is not viable and hence the 

project cannot be implemented. NPV is calculated as a discount of the future free cash flows 

using a discount rate which depends on the nature of the project, add the discounted free cash 

flows through the economic life-time of the project and subtract the overall initial investment 

from the total [78], [80], [81].  

 

The chosen discount rate should always be capable of enabling the investor to obtain from more 

or less risk-free investments which is referred to as the internal rate of return (IRR). The 

discount rate can be high or low depending on the risk levels of the project. Illustrated in 

equation 30 is the formula used to determine the NPV: 
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𝑵𝑷𝑽 = ∑
𝑪𝑭𝒏

(𝟏+𝒓)𝒏
𝒊
𝒏=𝟏 − 𝑰𝟎 ………………………………………. (30) 

Where,  

𝐶𝐹𝑛 = Net cash flow in year n  

𝐼0= Initial cost 

r = discount rate  

n = year number  

i = economic life-time of investment 

 

2.14.3 Levelised cost of energy 

 

Currently, it is of great benefit to assess the cost competitiveness of renewable Energy 

Technologies (RETs). The conclusions pertaining financial viability of a solar photovoltaic 

power plant arise from determination of the Levelised Cost of Electricity (LCOE). The concept 

known as Levelised cost of energy (LCOE), is an introduced measure used to compare the life-

cycle costs of technology options. LCOE depend on the Net Present Value of the total life-

cycle cost of the project calculated as per kilowatt-hour (unit cost of energy). A simpler 

explanation and easy way of determining LCOE is to divide the net present value of the total 

life-cycle costs by total life-cycle energy production as illustrated by equation 31 [82], [83]. 

 

𝑳𝑪𝑶𝑬 =
𝑻𝒐𝒕𝒂𝒍 𝒍𝒊𝒇𝒆 𝒄𝒚𝒄𝒍𝒆 𝒄𝒐𝒔𝒕𝒔 

𝑻𝒐𝒕𝒂𝒍 𝒍𝒊𝒇𝒆 𝒄𝒚𝒄𝒍𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 
……………….……..………. (31) 

Mostly in literature, an adapted interpretation of LCOE states that it is the total constant price 

of the project throughout its lifetime at which electricity can be sold. The price is the 

appropriate one to cover all incurred costs such the investment costs, O&M costs, debt with 

interests, equipment replacements and a return to investors as well as rent and taxes [83]. 

 

2.14.4 Real Levelised Cost of Energy calculation 

 

The real Levelised Cost of Energy (rLCOE) differs from the outlined nominal LCOE in section 

2.14.3 calculations since it makes use of real discount rates as opposed to nominal discount 

rates. The major disadvantage of the rLCOE is that it does not take into account the inflation 

effect on operation and maintenance (O&M) as well as other issues such as fuel prices hence 

the nominal LCOE is regarded as an appropriate estimate from the developer’s perspective 

because of its higher level of financial detail yielded by inflation corrections. The inflation 
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effect is significantly very low for renewable energy technologies (RETs) impacting no or a 

slight influence on LCOE calculations [84].  

 

The rLCOE doesn’t only ignore inflation effect, it also pays no attention to the effect of 

inflation incident on capital costs. Not considering these inflation effects may be of significant 

effect when it comes to renewable energy technologies since it generally represents high 

CAPEX levels. Advantage of real is that its estimates are found to provide sufficient financial 

detail.  

 

𝑳𝑪𝑶𝑬 =
𝑪𝒂𝒑𝒆𝒙+∑

𝑨𝑪

(𝟏+𝒓)𝒏−
𝑨𝑹

(𝟏+𝒓)𝒏
𝒊
𝒏=𝒊

∑
𝑨𝑬𝑷(𝒌𝑾𝒉)∗(𝟏−𝑳𝒇)𝒏

(𝟏+𝒓)𝒏
𝒊
𝒏=𝟏

  ……………………………………… (32) 

Where, 

AC = Annual costs 

AR = Annual revenue 

AEP = Annual energy production 

Lf = annual loss factor (system efficiency decrease rate) 

Capex = Capital expenditure  

n = year number 

i = economic life-time of generating system 

2.15 System sizing  

 

The process of adequately evaluating both voltage and current ratings for each component of 

the photovoltaic system to meet the electric demand at the facility and at the same time 

calculating the total price of the entire system from the design phase to the fully functional 

system including, shipment, and labor is known as system sizing. This process depends on a 

variety of factors such as geographical location, solar irradiation, and load requirements. The 

proper sizing of the main system components of a PV system is crucial in determining both 

energy supply reliability and cost affordability of the system [85]–[87].  

An oversized PV system will unnecessarily increase first-cost and might also be inefficient and 

reduce system life (e.g. an oversized battery may not fully charge most times, reducing battery 

life, or an oversized PV module will overheat reducing efficiency and lifespan). On other hand, 

an undersized PV system will have disappointing energy yield and supply reliability, providing 
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less utility the energy consumer. Off-grid (stand-alone) PV systems are the most challenging 

in terms of sizing as they have to be autonomous in energy supply [85], [87], [88]. 

This study discusses two approaches used to size stand-alone PV systems: 

1. The average-day energy balance approach and 

2. The time-step energy balance approach 

The average-day energy balance approach is the simplest one to use. It requires less 

sophisticated input meteorological data, but is less exact and may lead to over-size and costly 

PV system. Contrary, the time-step energy balance approach requires time-step (e.g. hourly 

data) meteorological and load data, which is often not easily available, but is more exact, allows 

estimation of system energy supply reliability and often lead to a more economical system 

design. Availability of solar radiation in the average-day energy approach is based on minimum 

monthly average peak sunshine hours [85].  

The electrical energy load is taken as a daily total that does not take into consideration hourly 

variations. Five main steps are required in order to size the battery bank and the PV array size 

for the system. More steps may be included for sizing other components such as the inverter 

and charger controller. In order to determine power consumption demand, the electrical devices 

available at the residence or capable of being bought are itemized with their power ratings and 

time of operation during the day to obtain the average energy demand in Watt-hour per day. 

The total average energy consumption is used to determine the equipment sizes and ratings 

starting with the solar array and ending with system wiring and cost estimate [85], [87]. 

2.15.1 Sizing of the Solar Array  

 

Sizing the array requires determination of the total daily energy (E) in Watt-hours (Wh), the 

average sun hour per day (𝑇𝑚𝑖𝑛) and the system DC-voltage (VDC). Incurred losses when 

sizing is taken into account by dividing the total power demand in Wh per day by the product 

of efficiencies of all components in the system to get the required energy 𝐸𝑟. 

𝐸𝑟 =
𝑑𝑎𝑖𝑙𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠′𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑖𝑒𝑠
=

𝐸

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙
…………….…. (33) 

The determined energy 𝐸𝑟 is divided by the average sun hours per day for the geographical 

location 𝑇𝑚𝑖𝑛 to get the peak power. 
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𝑃𝑝 =
𝑑𝑎𝑖𝑙𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡

𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑠𝑢𝑛 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦
=

𝐸𝑟

𝑇𝑚𝑖𝑛
……………………. (34) 

Now, with the peak power determined, the total current needed can be calculated by dividing 

the peak power by the DC- voltage of the system. 

𝐼𝐷𝐶 =
𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟

𝑠𝑦𝑠𝑡𝑒𝑚 𝐷𝐶 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
=

𝑃𝑝

𝑉𝐷𝐶
……………………………………………. (35) 

Connection of the PV modules must be either in series and/or parallel according to the need to 

meet the desired voltage and current. The number of modules to be connected in parallel is 

determined by equation 36 as follows: 

𝑁𝑝 =
𝑤ℎ𝑜𝑙𝑒 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑚𝑜𝑑𝑢𝑙𝑒 𝑟𝑎𝑡𝑒𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡
=

𝐼𝐷𝐶

𝐼𝑟
……………………………………….. (36) 

On the other hand, the number of series modules is determined as shown in equation 37, which 

equals the DC voltage of the system divided by the rated voltage of each module 𝑉𝑟. 

𝑁𝑠 =
𝑠𝑦𝑠𝑡𝑒𝑚 𝐷𝐶 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑚𝑜𝑑𝑢𝑙𝑒 𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
=

𝑉𝐷𝐶

𝑉𝑟
…………………………………..…… (37) 

2.15.2 Sizing of the Battery Bank  

 

The required energy to be stored is roughly determined to be equal to the multiplication of the 

total power demand (E) and the number of autonomy days (D) as illustrated in equation 38 

[85], [88]. 

𝐸𝑟𝑜𝑢𝑔ℎ = 𝐸𝑥𝐷…………………………………………………………………. (38) 

Considering safety majors, the result obtained in equation 38 is divided by the maximum 

allowable level of discharge (MDOD) to deduce the safe energy (𝐸𝑠𝑎𝑓𝑒): 

𝐸𝑠𝑎𝑓𝑒 =
𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
=

𝐸𝑟𝑜𝑢𝑔ℎ

𝑀𝐷𝑂𝐷
…………………….. (39) 

It is at this juncture that each battery rated voltage (𝑉𝑏) to be used be chosen. Now, dividing 

the determined safe energy storage required in equation 39 by the DC voltage of one of the 
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batteries selected yield an important parameter known as the capacity of the battery bank 

needed in ampere hours.  

𝐶 =
𝐸𝑠𝑎𝑓𝑒

𝑉𝑏
 …………………………………………………………………………….. (40) 

The total number of batteries in a battery bank is determined by dividing the capacity C of the 

battery bank in ampere-hours by the capacity of one of the battery 𝐶𝑏 selected in ampere-hours.  

𝑁𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 =
𝐶

𝐶𝑏
 ………………………………………………………..…………. (41) 

Number of batteries connected in series in a battery bank is thus determined by dividing the 

DC voltage of the system by the voltage rating of one of the selected batteries: 

𝑁𝑠 =
𝑉𝐷𝐶

𝑉𝑏
 …………………………………………………………….……………….. (42) 

On the other hand, then number of parallel paths 𝑁𝑝 is found by dividing the total number of 

batteries by the number of batteries connected in series: 

𝑁𝑝 =
𝑁𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠

𝑁𝑠
 …………………………………….………………………………. (43) 

2.15.3 Sizing of the Inverter  

 

An inverter is used in the system where AC power output is needed. The input nominal voltage 

to the inverter is the same as the battery voltage. For stand-alone systems, the first thing to be 

done when sizing the inverter is to determine the actual power drawn from the appliances that 

will run at the same time. The inverter must be large enough to handle the total amount of 

power that will be used at one time and is size must be 20–25 % bigger than total power of 

appliances. On the other hand, chosen inverter must be able to continuously supply power to 

start any loads that may surge when turned on and particularly if they turn on at the same time 

[85], [89]. The following steps are used to determine proper inverter ratings: 

 AC appliances total power, maximum demand and surge demand should be obtained 

 Inverter capacity should be 20–25 % bigger than AC appliances total power 
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Chapter 3 
 

3. Methodology  
 This chapter outlines the methodological approach employed to calculate, analyze and 

optimally simulate information pertaining this study project. Chosen models employed in 

calculations are well explained as well as the reason behind them being chosen when 

developing the Microsoft Excel based program that analyze different solar mini-grid 

architectural strictures and providing the best one in terms of lower Levelised Cost of Energy 

(LCOE).     

3.1 Data Analysis  

 

Analyzing data is the most critical task of this study. This is where energy related data such as 

solar resource was examined, cleaned as well as modelled with a major target of making 

informed decisions towards energy efficiency conclusions. Analyzed sets of data in this study 

include solar radiation data, most likely anticipated loads as well as the forecasted PV system 

energy yields. 

3.1.1 Appliance Power Matrix   
 

Potential electric appliances that can be easily afforded and used by rural communities were 

selected and the load was analyzed. For realistic purposes, estimates on future growth loads 

were undertaken paying more attention on energy usage habits and the levels of lifestyle. With 

reference to SE4ALL prefeasibility study on solar mini-grids reports in Lesotho, appliances 

that most interviewed rural people outlined as key to have once they are electrified were used 

to carry out an energy demand analysis with few additional appliances of which people can be 

encouraged to use for effective/productive use of energy. Power ratings of the appliances as 

well as number of appliances to be powered by the solar grid are illustrated in detail in table 1 

showing how total power consumption is calculated.   

Table 1: sample of the appliance power matrix 

Appliance Power Rating Quantity Total Power 

Consumption 

A xx 2 2xx 

B xxx 2 2xxx 
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C xxxxxx 1 xxxxxx 

D x 10 10x 

E xx 1 xx 

 

As shown in table 1, the total power consumed by different appliances is the product of its 

power rating and the number of those appliances. 

3.1.2 Appliance time of use scheduling   

 

Appliances that were selected to be powered by the designed solar mini-grid in this study were 

categorized into four different classes due to their operational behavior as well as considering 

rural behavior of the communities. Time of use of each appliance was assumed with reference 

to a typical lifestyle in Lesotho, particularly in the rural areas.  

a) Operating cycle of the appliances 

Appliances such as refrigerators do not continuously work during their operating time, they 

automatically turn on and off depending on the inside temperature.  This way of operation 

discards initially stated way of calculating consumed energy in table 1. Direct observation was 

considered in this regard to provide estimates of the operation/duty cycle.  

b) Planned Appliances 

These kind of appliances perform only at prearranged times. Examples include computers, 

lights as well as irrigation systems. In ordered to estimate proper energy consumption of these 

kind of appliances, this research considered the time factor of which the appliance is used and 

interconnected it with the established power element of the equipment. 

c) Shadow Appliances 

Appliances referred to as shadow in this study are those that uses energy even at times when 

they issue nothing in return. No matter they are switched off, these kind of appliances still 

consumes power though it is considered to be significantly small. Energy usage distribution 

within the 24 hours a day were analyzed and demonstrated in a demand matrix, which will in 

detail explained in sub-section 3.1.3. 

d) Starting surge loads 

More power is drawn for surge loads than the operating rated power as they consist of a motor 

that has a surge.  that is before the motor is up to its operating speed it draws more than its rated 

operating power.  
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The study observed that there are variations in consumption, categorized as daily variations 

which are associated with weekdays and weekends as well as seasonal variations. For 

simplicity of this study in computing the load profile, the daily variations were ignored and 

assumption of constant daily consumption was employed. Lesotho experiences four seasons 

though also in this case, it was noticed that these seasonal changes have a minimal impact in 

the energy consumption, hence an assumption that monthly energy demand is maintained 

constantly throughout the year was also employed. 

3.1.3 Demand Matrix   

 

Demand matrix was chosen as a suitable method to calculate the different loads as discussed 

under appliance time of use scheduling. The time of the day at which an appliance is in 

operation is shown by the matrix for that particular hour. The percentage number of appliances 

of similar type that are “ON” in a particular time is stated, with 1 outlining 100% operation of 

all appliances of the same kind in a power demand matrix. Table 2 illustrate an example of a 

computed demand matrix:  

Table 2: Demand matrix computation 

Day Time in 

(Hours) 

Appliances( five different appliances chosen) 

1 2 3 4 5 

16:00  0.3 0 0.5 0.2 0.5 

17:00 0.3 0 0.6 0.2 0.5 

18:00 0.3 0 0.6 0 1 

19:00 0.3 0 1 0 1 

 

As already stated, this method computes load behavior for each hour for the entire daily 24 

hours. For each appliance, percentage number of appliances that are “ON” in every hour of the 

day is multiplied by the power rating of that appliance, summed up for the 24 hours of the day 

to compute daily energy consumption of that appliance. Now total energy consumption for all 

appliances is shown as illustrated in table 3.  

 

 



40 
 

Table 3: Hourly load profile matrix for Sehong-hong  

Hour Power (kW) 

1 15.4583 

 2 15.4583 

3 15.4583 

4 15.4583 

5 21.3081 

 6 31.5304 

 7 39.80239 
37.63246 

 
8 41.39571 

 9 56.51521 

 10 56.61751 
51.50946 

 
11 56.66041 

 12 56.66041 

13 56.66041 

14 56.66041 

15 56.51778 

 16 40.81308 

 17 44.79266 
47.417 

 
18 52.1587 

 19 44.06299 

 20 30.31116 

 21 22.58311 

 22 20.19677 
16.2555 

 
23 17.88105 

12.9725 

 
24 14.26975 

879.2312 

 
Total daily 

consumption 

879.2312 
  

3.1.4 Load Profile 

 

Successful determination of hourly power demand from demand matrix table is key in 

developing the resulting load profile which is plotted using the instantaneous hourly power 

demand against time.  In developing the load profile, the minimum and maximum average 

temperatures in Lesotho were assumed to be almost constant throughout the year. The other 

made assumption was that of rainfall having no impact on local electricity demand in the rainy 

season. Thus, it was taken as a result a simplifying assumption that the load curve would be 

the same for any day all year long.  

In this study, the load for one of the ten places selected by SE4ALL in Lesotho, namely Sehong-

hong in Thaba-Tseka district was computed, with the load divided into three forms namely 

household, public as well as productive loads. In order to effectively utilize produced energy 
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during the day (avoiding too much dumping), productive us of energy are encouraged to the 

people by giving them tips on some of the businesses that they can start once the energy is 

provided to them. The public loads are those associated with either government or private 

entities such as schools, clinics, etc. Figure 8 illustrates the developed load profile for Sehong-

hong. 

 

Figure 8: Detailed projected load profile for Sehong-hong 

 

The percentage share of each sector in the overall determined load is illustrated as shown in 

figure 9. Domestic load constitutes major share of the total demand with 36%, followed by the 

productive use with 33% and lastly is the public use with 31%. 

 

Figure 9: The share of each of the three considered types of the demand 
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3.2 Resource Analysis  
 

The assessment of the solar resource and its review ranged from simple to complex analysis. 

For the simple analysis, desktop review which consisted evaluating publicly available data at 

a high level for the site was carried out for estimating the approximate solar power potential. 

Complex analysis required an assessment of a combination of data from multiple sources such 

as long term reference stations which was very challenging since getting data in Lesotho is an 

unclimbable mountain. 

3.2.1 Measured Data Considerations  

There was no luck in finding the ground measured radiation data from Lesotho Meteorology 

Services for comparison purposes with the downloaded satellite data. Several attempts were 

made to meet the person to provide the data but there was no success and thus I had to rely 

only on the satellite data. 

3.2.2 Treatment of Solar Radiation data 

 

A very important task for designing, simulating as well as evaluating the performance of 

photovoltaic energy systems is to estimate solar radiation on inclined surfaces. Several models 

have been in the literature with this study picking just ten models, four isotropic and six 

anisotropic models. The ten models were compared in terms of their performances for their 

relative merits in estimating diffuse solar radiation on sloped surfaces in Lesotho. Assumptions 

made in all the models were based on isotropy or anisotropy of the sky conditions. 

Grading/ranking the relative ability of the different models to predict the global solar radiation 

on a tilted surface is not a simple task at all. The performance of the individual models was 

determined by utilizing both graphical and statistical methods. The HDKR model is strongly 

recommended for surfaces slope towards the equator. The model is user friendly, it’s very much 

easy to used it, just like the isotropic models and it is advantageous to use HDKR since it 

produces results that are closer to the measured values. 

3.3 Cell temperature model and Solar PV output prediction 

 

The efficiency, η, of a photovoltaic (PV) array is a function of cell temperature and array 

irradiation. The study opted for Hove Model illustrated in equation 33, in order to model the 

cell temperature because it is easy to use, it requires computations at nominal operating cell 
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temperature (NOCT) conditions of which the manufacturers of the PVs already provides. 

Computation of the cell temperature by this model was now used to predict the electrical output 

of the PV array given by equation 33 developed by Hove. 

𝑷𝑷𝑽 =
𝜼𝑷𝑽

𝜼𝑺𝑻𝑪
.

𝑮𝑻

𝑮𝑺𝑻𝑪
. 𝑷𝑺𝑻𝑪 ……………………………………….. (33) 

Where,  

𝜼𝑷𝑽 is the PV efficiency 

𝜼𝑺𝑻𝑪 is the PV efficiency measured at standard test conditions (STC) 

𝑮𝑻 is the incident solar irradiance on the plane of the PV array 

 𝐺𝑆𝑇𝐶 is the incident solar irradiance at standard test conditions  

𝑷𝑺𝑻𝑪 is the rated power output of the PV array measured at STC 

 

3.4 Economic analysis consideration 

 

There are three fundamental classifications of the total costs incurred through the lifetime of 

the designed PV system. Those are initial costs (IC), operation and maintenance costs (O&M) 

and replacement costs (RC). IC involve all costs incurred in purchasing the components of the 

system and installing them while O&M include system components maintenance and the 

overall fuel costs to be used to run a diesel generator. Finally, RC involve the costs of a number 

of system parameters to be replaced due to reaching their lifespan before that of the PV array.  

The formula stated in equation 30 is thus used to calculate the net present cost (NPC) of each 

component as the sum of lifecycle discounted costs. 

Listed in table 4 are the used economic parameters for evaluating the economic model in this 

study as already described. 

Table 4: Economic parameters used in the model 

PV array lifespan 25 years 

Battery lifespan 7 years 

Inverter lifespan 15 years 

DG lifespan 6 years 

PV capital cost 0.3 $/W 

Battery cost 0.1 $/Wh 

Inverter cost 0.1 $/W 

DG cost 0.1 $/W 

DG maintenance 0.15 of capital cost per annum 
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Specific fuel consumption 0.35 litre/kWh 

Fuel cost 1.1 $/litre 

Inverter maintenance 0.05 of capital cost per annum 

Electricity price 0.1 $/kWh 

Discount rate 10% 

Battery maintenance cost 0.05 of capital cost per annum 

Installation cost 0.4 of capital cost per annum 

 

3.5 Sizing the system and optimization 

 

The PV array size, battery capacity, diesel generator rated power as well as the employed diesel 

generator energy dispatch strategy are the fundamental variables that control the energy 

performance of the system for a considered load and diurnal profile. For system optimization, 

several objective functions such as a system with high renewable fraction, low greenhouse gas 

emissions and low energy cost are considered.  For this current study, minimizing the cost of 

energy (low LCOE) was opted for as the main objective study employed for system 

optimization.  

With the employed objective function for the current study, selected combination of 

components sizes is done with reference to a guarantee that needed energy is delivered at all 

times in order to archive a desired degree of supply reliability. The combination resulting in 

the least energy cost is the chosen optimum system. The current study represents the designed 

system component sizes in dimensionless parameters in order to generalize the sizing curves 

for all magnitudes of daily loads with the same diurnal profile.  

As opposed to Hove and Tazvinga, 2012 [90], where dimensionless parameters 𝑨 𝑨𝟎⁄  (where 

𝑨 is the actual installed PV array area [m2] and 𝑨𝟎 is a hypothetical area conceptualized by 

Hove (2000) as the PV array area required for satisfying a daily electrical load constantly 

throughout the day) were used to characterize the PV size, the model developed by this study 

opted for the PV array  dimensionless input parameter 𝑷 𝑷𝟎⁄  instead as well as the battery size 

dimensionless parameters 𝑩𝒄𝒂𝒑 𝑳𝒅𝒂𝒚⁄ , where 𝑷𝟎 is the daily average power given by equation 

34, 𝑷 is the actual PV array power, 𝐵𝑐𝑎𝑝 is the installed battery capacity and 𝑳𝒅𝒂𝒚 is the daily 

load.  

𝑷𝟎 =
𝑫𝒂𝒊𝒍𝒚 𝒍𝒐𝒂𝒅

𝟐𝟒 𝒉𝒐𝒖𝒓𝒔
  ……………………………………….. (34) 
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The use of the 𝑷 𝑷𝟎⁄  dimensionless parameters for the PV array in this current study was 

taken as a further illustration of Hove 2000 model by relating the actual installed PV array 

area 𝑨 and the actual PV array power 𝑷  using the equations 35, 36 and 37. 

𝑷𝒑𝒗 = 𝑮𝑻𝜼𝒑𝒗𝑨…………………….………… (35) 

At standard test conditions, 

𝑷𝑺𝑻𝑪 = 𝑮𝑺𝑻𝑪𝜼𝑺𝑻𝑪𝑨 ………………………… (36) 

Thus, from equation 36, actual installed PV array area can be determined in terms of power 

as shown in equation 37. 

𝐀 =
𝐏𝐒𝐓𝐂

𝐆𝐒𝐓𝐂𝛈𝐒𝐓𝐂
  ………………………………….………. (37) 

Substituting equation 37 into equation 35 yields PV power output independent of the array 

area, which is the equation illustrated in equation 33. The normalized diesel generator 

variable is given by 𝑸𝑫𝑮/�̅� where �̅� is the average daily load illustrated mathematically as 

in equation 38 and 𝑸𝑫𝑮 is the diesel generator rated power output. 

�̅� =
𝐋𝐝𝐚𝐲

𝟐𝟒 𝐡𝐨𝐮𝐫𝐬
 ……………………………………………… (38) 

 

 

 

3.6  Energy management  

 

Summation of the power from the PV determined using equation 33, the rated power of the 

backup diesel generator as well as the stored energy by the batteries at each hour, gives the 

capacity of the developed hybrid system. The amount of output power of the PV array is the 

primary supply of the load. The PV output power may be sufficient to supply the demand alone 

but at times at which there is a deficit, the storage batteries supply the remaining or unmet load. 

If both the output power from the PV array and the one supplied by the batteries still cannot 

meet all the load, the backup diesel generator is turned on. If the load still cannot all be met, 

then there will be some unmet load, which can result in load shading or just a supply of critical 

loads depending on the system developer’s choice [91].  
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Magnitude of the load as well as the state of charge of the storage battery determines whether   

the electrical energy generated by the solar PV array and the diesel generator can be used to 

supply the total load, charge the battery as well as dumping the excess. The illustrated energy 

management system flowchart in figure 10 provides systematic energy flow in operation of the 

system[91].  

 

Figure 10: A brief description of the energy management system flowchart  

The energy management flowchart illustrated in figure 10 can be explained briefly as follows: 

The load can be classified differently as it can take any value in the following categories:        

𝐿 < 𝜂𝐼𝑛𝑣𝑄𝑃𝑉; 𝜂𝐼𝑛𝑣𝑄𝑃𝑉 ≤ 𝐿 ≤ 𝑄𝐵 + 𝜂𝐼𝑛𝑣𝑄𝑃𝑉; 𝐿 > 𝑄𝐵 + 𝜂𝐼𝑛𝑣𝑄𝑃𝑉; where L is the load, 𝑄𝐷𝐺 is 

the diesel generator rated power output, 𝑄𝑃𝑉 is the hourly average PV array output, 𝑄𝐵 is the 

energy supply by the battery and 𝜂𝐼𝑛𝑣 is the inverter efficiency. As a result, each load category 

yield a different energy as outlined by Hove et. al [90]. If 𝐿 < 𝜂𝐼𝑛𝑣𝑄𝑃𝑉, then PV power is 

enough to supply the load on its own, with the excess used to charge the batteries provided 

their state of charge (SOC) is less than the maximum charge of the battery, else the excess is 

dumped. 
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If 𝜂𝐼𝑛𝑣𝑄𝑃𝑉 < 𝐿 ≤ 𝑄𝐵 + 𝜂𝐼𝑛𝑣𝑄𝑃𝑉, the load is supplied by a combination of both PV array power 

and the battery bank. All of the PV array output is consumed by the load with the deficit 

supplied by the batteries. If 𝐿 > 𝑄𝐵 + 𝜂𝐼𝑛𝑣𝑄𝑃𝑉, the combine output power from the PV array 

and the battery is not enough to supply the total load, hence the backup diesel generator is 

brought in. Since the generator works at its rated power, it will supply the load and if there will 

be excess, it will combine with the power from the PV array to charge the batteries depending 

on their state of charge, otherwise it is dumped. If 𝑄𝐷𝐺 is not enough to supply the load, the 

deficit is supplied by PV output power with the excess if any used to charge batteries depending 

on their SOC. 

If the combination of the battery and diesel generator is not enough to supply the load, the 

deficit is supplied by the batteries provided their state of charge allows that and if not, the 

system will have to load shed.  

3.7 Model Inputs and Outputs 

 

The fundamental three input variables to this developed model are the dimensionless 

parameters 𝑷 𝑷𝟎⁄  (PV array  dimensionless input parameter), 𝑩𝒄𝒂𝒑 𝑳𝒅𝒂𝒚⁄  (the battery size 

dimensionless parameter) and 𝑸𝑫𝑮/�̅� (diesel generator dimensionless variable). The other 

input variables to the model are as illustrated in table 5.  

 

 

Table 5: PV array and Battery input parameters to the model 

Input parameters Unit Values 

PV Array 

Latitude Degree  Varies in the model 

depending on the chosen 

place 

Tilt Angle Degree Varied in the model to 

determine the optimal tilt 

Azimuth Degree 180 

𝐏 𝐏𝟎⁄  Dimensionless Model calculated 

Reference efficiency Percentage (%) 25 



48 
 

Temperature Coefficient  -0.35% 

Battery 

𝐁𝐜𝐚𝐩 𝐋𝐝𝐚𝐲⁄  Dimensionless  Model calculated 

Battery capacity, 𝐵𝑐𝑎𝑝 kWh Model calculated 

Minimum state of charge 

(SOC) 

Percentage (%) 20 

Maximum depth of 

discharge (DOD) 

 

Percentage (%) 80 

Battery Charging Efficiency, 
(ηBATT) 

Percentage (%) 95 

Battery voltage  Volts (V) 12 V 

Diesel Generator 

𝐐𝐃𝐆 �̅�⁄  Dimensionless  Model calculated 

 

The outputs of the model include among others the hourly energy balance of the micro-energy 

system, photovoltaic array power needed, inverter power and battery energy capacity. The 

model also output the energy supply reliability, the solar fraction, dumped PV energy and more 

importantly the Levelized Cost of Energy (LCOE). Table 6 provides summarized outputs table. 

 

 

Table 6: Outputs to the model 

Model Outputs 

Annual Global tilted Irradiation PV production 

Required PV Array Power 

Annual PV Power Output 

Annual reliability (partial) 

Annual load met 

Reliability, partial and strict 

Solar Fraction 

Levelised Cost of Energy (LCOE) 

Carbon dioxide (CO2) emission 
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Chapter 4 
 

4. Results and discussion 

This chapter present the system sizing, modelling, simulation as well as optimization results 

for the choice of the best solar mini-grid system with reference to the architectural structure 

combination. Included in the results are the generation from the diesel generator, solar PV array 

as well as the battery backup, consumed energy, Levelised cost of energy, greenhouse gas 

emissions and the net present value. Annual system production (comprising of PV production, 

diesel generator and battery bank) for the case study place, Sehong-hong, is also included in 

the results. 

Comparing traditional and time-step methods of system sizing 

System sizing using traditional approach 

PV array sizing 

Specifications of the chosen panel is illustrated as in table 7:  

Table 7: Selected solar panel specifications 

Panel Manufacturer Canadian Solar 

Cell type Poly-crystalline 

Number of cells 72 cells 

Maximum power rating STC (Pmax) 324 watts 

Open circuit voltage (Voc) 46.2 volts 

Short circuit current (Isc) 9.79 amps 

Maximum power voltage (Vmp) 38.1 volts 

Maximum power current (Imp) 9.2 amps 

 

Required daily energy from the solar array is determined using equation 33 as follows: 

𝐸𝑟 =
𝑑𝑎𝑖𝑙𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠′𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑖𝑒𝑠
=

879.23𝑘𝑊

0.8
= 1099.04 𝑘𝑊ℎ

𝑑𝑎𝑦⁄  

 

Using equation 34, the peak power of the PV is found as: 
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𝑃𝑝 =
𝐸𝑟

𝑇𝑚𝑖𝑛
=

1099.04

5.5
= 200𝑘𝑊𝑝 

The total current needed can be calculated is equation 35 as: 

𝐼𝐷𝐶 =
𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟

𝑠𝑦𝑠𝑡𝑒𝑚 𝐷𝐶 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
=

200000𝑊𝑝

48𝑣
= 4166.6𝐴 

In order to meet the desired voltage and current of the system, modules must be connected in 

series and parallel using equations 36 and 37 respectively as follows: 

𝑁𝑝 =
𝑤ℎ𝑜𝑙𝑒 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑚𝑜𝑑𝑢𝑙𝑒 𝑟𝑎𝑡𝑒𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡
=

4166.6

9.2
= 452.9 ≅ 453 𝑝𝑎𝑛𝑒𝑙𝑠 

𝑁𝑠 =
𝑠𝑦𝑠𝑡𝑒𝑚 𝐷𝐶 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑚𝑜𝑑𝑢𝑙𝑒 𝑟𝑎𝑡𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
=

48

48
= 1 

Therefore, the total number of modules 𝑁𝑚 = 453𝑥1 = 453 𝑝𝑎𝑛𝑒𝑙𝑠 in parallel. 

Battery sizing 

Specifications of the chosen battery is illustrated as in table 8:  

Table 8: Selected battery specifications 

 Manufacturer Edison 

Model LFP700Ah 

Battery 48 V 

Minimum SOC 20% 

Nominal Capacity 370 Ah 

Efficiency 95% 

 

Total average energy use is 879.23 kWh. Days of autonomy are selected with reference to [85]. 

Thus, amount of energy storage required is calculated using equation 38 as follows: 

𝐸𝑟𝑜𝑢𝑔ℎ = 𝐸𝑥𝐷 = 879.23𝑥3 = 2637.6𝑘𝑊ℎ 

For energy safety, 𝐸𝑠𝑎𝑓𝑒 =
𝐸𝑟𝑜𝑢𝑔ℎ

𝑀𝐷𝑂𝐷
=

2637.6𝑘𝑊ℎ

0.8
= 3297.11𝑘𝑊ℎ 

Therefore, the needed battery bank capacity is evaluated using equation 40 as follows: 

𝐶 =
𝐸𝑠𝑎𝑓𝑒

𝑉𝑏
=

3297.11𝑘𝑊ℎ

48𝑣
= 68689.8 𝐴ℎ 
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The total number of batteries needed is obtained using equation 41 as follows: 

𝑁𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 =
𝐶

𝐶𝑏
=

68689.8𝐴ℎ

370𝐴ℎ
= 185.6 ≅ 186 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 

Inverter sizing 

AC appliances total power  is 879.23 𝑘𝑊 

Inverter capacity (25 % bigger than AC appliances total power) is 1099 𝑘𝑊 

System sizing using the model (time-step approach) 

The actual system parameters such as PV array power required, battery capacity, inverter 

chargers, etc. are determined by the model using the dimensionless parameters 𝑃 𝑃0⁄ ,  

QDG L̅⁄  and 𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ . Depending on the system configuration under analysis, the model 

predicts amount of different system components needed. Figure 11 illustrate a system 

configuration (PV and battery backup) which has been analyzed and yielded system 

components as shown. The system components show among others the total number of PV 

panels needed, number of PV panels strings, number of string per inverter and the PV array 

power. The rated battery capacity, number of battery strings as well as the total number of 

batteries are also shown. PV inerter components and inverter chargers. 

 

Figure 11: Analyzed system configuration predicting different system components 
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Now, comparing the sizing results illustrated under traditional approach and the model (using 

time-step approach), the following observations were figured: 

The battery bank capacity needed under the traditional approach is found to be 68689.8 𝐴ℎ 

whereas under time-step approach is 14066 𝐴ℎ, which is approximately 5 times less than that 

in traditional approach. Thus, it is evident from this that the traditional sizing of the storage 

batteries required is 5 times larger than sized storage under time-step approach. This in turn 

reflects 5 times the cost associated with the battery sizing, a significant disadvantage of this 

traditional approach of sizing. Sizing of the Array from the two methods provide approximately 

the same required number of panels. 

Inverter sizing (time-step)  

From equation 34, the peak power was found to be 200 𝑘𝑊𝑝. For safety purposes, 25% of the 

peak power is chosen, giving the total power of 250 𝑘𝑊𝑝. This is the inverter size need under 

using a time-step method as opposed to 1099 𝑘𝑊 inverter determined by traditional method. 

The time-step approach method shows that the required inverter in not necessarily the same 

size as the total AC appliances total power since it is not possible for all AC appliances to be 

ON at the same time with reference to the time of use incurred in this method when developing 

the load profile. This approach has a significant implication on costs since the needed inverter 

will be smaller as opposed to the one determined under traditional approach.  Therefore, the 

time-step approach is found to be the cost-effective approach of sizing the solar photovoltaic 

systems. The comparisons were done for a PV and battery system and time-step approach being 

the determined best economical method for system sizing will be deployed in all other system 

configurations. 

Comparisons of different architectural configurations (at 100% reliability): 

Three solar configurations namely system 1 (comprising PV and diesel generator), system 2 

(PV and battery backup) and system 3 (PV, battery bank and diesel generator backup) were 

investigated and classified according to the cost of energy. Selection of the best system 

configuration was investigated initially by comparing the cost of energy (LCOE) for all the 

systems when each system provides needed energy 100% of the time (100% Reliability). In all 

the three system configurations, the diesel dispatch strategy employed is charge cycling 

control, where by the generator runs at its rated power to supply the load as well as charging 

the battery bank with the excess. 
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The best three systems (1, 2 and 3) architectures are summarized as shown in table 7 with 

baseline (diesel generator only) included for comparison purposes: 

Table 9: Summarized solar PV best system architectural configurations  

Capacity Baseline 

(Diesel-

generator 

only) 

System 1 

(PV+ Diesel 

generator) 

System 2 

(PV + Battery) 

System 3 

(PV + Battery + 

Diesel 

generator) 

 AC Primary Load (879.2 kWh/day; Sehong-hong place) 

𝑃 𝑃0⁄  - 23.5 15 11.2 

𝑄𝐷𝐺/�̅� 2.2 1.22 - 1.22 

𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄  - - 1.8 0.81 

PV inverters 

(kW) 

- 384 264 147 

Number of 

Inverter 

chargers 

- 8 3 2 

LCOE 

(USD/kWh) 

0.78 

 

0.70 

 

0.68 

 

0.62 

 

Solar fraction - 48.2% 100% 82.95% 

Reliability 100% 100% 100% 100% 

Carbon Emission 

(kg/year) 

991,964.95 372364.26 0 53622.56 

 

NPV (USD) 2,174,298.00 919,289.12 

 

870,796.08 670,695.69 

Dispatch 

strategy 

24 hours/day Cycle charging  Cycle charging 

 

Summarized simulation results illustrated in table 7 show that the cost of buying energy is 

lowest in system 3 (0.62 USD/kWh), with the solar fraction of 83%. Emitted carbon is 53 623 

kg/year. Thus, for an objective function of least cost of energy, system 3 will be selected. 

Likewise, system 2 is the second best based on LCOE (0.68 USD/kWh) though it becomes best 

when comparison is made based on carbon emission since it emits 0 kg/ year as well as bigger 
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solar fraction (100%).  Lastly, system 1 is the costliest of the three systems (0.7 USD/kWh) 

with the smallest solar fraction (48.2%) and largest carbon emission (372 364.3 kg/ year).  

For a chosen case study site, Sehong-hong, with daily load of 879.2 kW, the chosen best system 

(system 3) with a solar system configuration of PV array (𝑃 𝑃0⁄ = 11.2), battery bank 

(𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ = 0.8) and diesel generator (𝑄𝐷𝐺 �̅�⁄ = 1.22),  offers the lowest solar PV (147 

kW), storage (17 strings), inverter (147 kW) and LCOE (0.62 USD/ kWh) compared to the 

systems 1 and 2. The dispatch strategy chosen is the cycle charging for all the systems. System 

1 in particular, has the largest solar PV array size (𝑃 𝑃0⁄ = 23.5) so that it can be able to supply 

the whole load during sunshine hours since it doesn’t have a storing system.  

System 2 doesn’t have the diesel generator backup, hence the bigger storage (𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ =

2.21). The solar PV capacity as opposed to system 1 is reduced though it constitutes bigger 

storage, enough to store more energy to serve the load at times when PV doesn’t produce 

enough to supply the load or produces nothing at all. Reduced solar PV capacity (𝑃 𝑃0⁄ = 11.2)  

in system 3 as well as battery bank (𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ = 1.8) is brought by the fact that the system 

comprises PV array, battery bank as well as diesel generator backup (𝑄𝐷𝐺 �̅�⁄ = 1.22). 

Therefore, whenever PV array doesn’t produce enough to serve the load, the deficit is supplied 

by the battery. If the deficit is still there, the diesel generator will start and load will be supplied 

by the generator with excess power from the generator combined with power from the PV 

combined and used to charge the batteries.  

In this study, the objective function is the Levelised Cost of Energy at a specified reliability. 

Therefore, system 3 is chosen to as the best solar system configuration for Lesotho capable of 

providing needed energy at the lowest costs. Comparing system 3 and a diesel generator only 

configuration shows that 83% of the costs are saved in system 3 as opposed to a diesel only. 

With now best system chosen, optimization of the chosen system was performed with 

dimensionless sizes of battery and PV array required to achieve a desired level of reliability 

with a minimum Levelized cost of energy are illustrated in table 8.  

Table 10: Design space for selection of optimum designs meeting specific levels of reliability 

Supply Reliability LCOE (USD/kw) 𝑷 𝑷𝟎⁄  𝑩𝒄𝒂𝒑 𝑳𝒅𝒂𝒚⁄  

100% 0.77 13 2.210 99% 0.3 3.9 0.292 

98% 0.27 3.5 0.3 

97% 0.26 3.4 0.3 



55 
 

96% 0.25 3.2 0.31 

95% 0.24 3 0.33 

94% 0.225 2.89 0.33 

93% 0.22 2.8 0.34 

92% 0.212 2.77 0.34 

91% 0.21 2.6 0.343 

90% 0.20 2.55 0.343 

 

With 𝑄𝐷𝐺/�̅� fixed at 1.22, different combinations of 𝑃 𝑃0⁄  and 𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄  were selected at 

a defined reliability (from 90% to 100%) and the combination that resulted in the lowest LCOE 

at a defined reliability as shown in table 10 was selected and plotted as shown in figure 12. 

 

Figure 12: Energy cost at different reliabilities for Sehong-hong  

The reliability ranges of 90-100% was chosen with reference to the country’s recommended 

(minimum) 95% reliability of supply for any power supply system. From the optimization 

performance shown in figure 12, an optimal supply reliability was determined to be 99% (with 

LCOE of 0.30 USD/kWh) using an engineering intuition known as “reliability at the knee of 

the curve”. This is the cost effective point providing much needed benefits (high reliability) 

from the power system at the least cost. Figure 12 shows that it is uneconomical to design a 

system at 100% reliability since it approximately doubles the cost of energy with just 1% 

increase from the cost effective point of 99% reliability. This drastic rise in the energy cost at 
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100% reliability is brought by the fact that the storage needed to supply much needed energy 

at every second is too big since consideration of cloudy times of each day need to be considered 

so that the load will always be met without any failure.  

The Levelised Cost of Energy determined by the model (0.30 USD/kWh) was compared with 

the results from the conducted study in Lesotho by One Power for designing a mini-grid for 

a reference community known as Ha Makebe to perform resource allocation and sizing 

optimization of energy generation infrastructure based on statistical load estimates. The 

result of the LCOE determined by this model with found to be in line with the 0.35 USD/kWh 

found for Ha Makebe mini-grid [92] which has the same diurnal profile as Sehong-hong.  

Comparison of the annual energy production and consumption, excess energy, unmet load, 

solar fraction, LCOE and carbon emission for the three systems at 100% supply reliability for 

Sehong-hong was performed and results shown in table 9.  

Table 11: Comparison of the three systems in terms of energy production and consumption 

 System 1 System 2 System 3 

Total production 834.866 MWh/year 748.054 MWh/year 541.138 MWh/year 

 Annual solar PV 362.214 MWh/year 569.624  MWh/year 412.450 MWh/year 

 Backup 

generator 

472.652 MWh/year NOT USED 19.575 MWh/year 

 Battery bank NO USED 178.430 MWh/year 109.113 MWh/year 

AC Primary Load 320.918 MWh/year 320.918 MWh/year 320.918 MWh/year 

Annual excess power 513.948 MWh/year 427.136 MWh/year 220. 220 MWh/year 

Unmet Load 9.23 MWh/year 20.54 MWh/year 0 

Solar fraction 48.20% 100.00% 82.95% 

LCOE 0.7 USD/kWh 0.68 USD/kWh 0.62 USD/kWh 

Carbon Emission  472364.26 kg/year 0 77354.08 kg/year 

Annual reliability 

(partial) 

100.00% 100.00% 

 

100.00% 

 

NPV 919,289.12 USD 870,796.08 USD 

 

670,695.69 USD 

 

 

As shown in table 9, the total energy production of system 3 (solar PV + Battery bank + Diesel 

generator) is 541.138 MWh/year comprising of 412.450 MWh/year produced by the 
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photovoltaic array. PV array contributes 76.2% of the total energy produced followed by the 

20.2% (109.113 MWh/year) contribution from the battery bank and the remainder being the 

contribution from the diesel generator backup amounting to 3.6% (19.575 MWh/year) of the 

total production. The total load (320.918 MWh/year) is met in system 3 leaving an excess of 

220. 220 MWh/year and also the system provide the lowest Levelised cost of energy (0.62 

USD/kWh) at a partial and strict reliability of 100.00%. 

Likewise, system 2 (solar PV + Battery bank) has the total energy production of 748.054 

MWh/year which constitutes 76.1% (569.624 MWh/year) produced by the photovoltaic array 

and 23.9% (178.430 MWh/year) contribution from the battery. There is 20.54 MWh/year of an 

unmet load in system 2, which is 6.4% of the total AC primary load and an energy excess of 

427.136 MWh/year and the system provide the Levelised cost of energy of 0.68 USD/kWh at 

a strict reliability of 100%. Lastly, system 1 (comprising PV and diesel generator) entails a 

total energy production of 834.866 MWh/year with 43.3% (362.214 MWh/year) contributed 

by the PV array and the remaining 56.7% (472.652 MWh/year) contributed by the diesel 

generator backup. This system has an unmet load of 9.23 MWh/year (which is 1.1% of the total 

AC primary load) and an energy excess of 513.948 MWh/year. The Levelised cost of energy 

in system 1 is 0.70 USD/kWh.  

Economically system 3 is cheaper with the net present value of 670,695.69 USD, with a 

100.00% system reliability of supply. The Levelised cost of energy is lowest for system 3 (0.62 

USD/kWh) with a solar fraction of 82.95% and zero annual load unmet. Thus, system 3 is the 

best architectural configuration with Levelised cost of energy being an objective function. 

Carbon emission is zero in system 2 since the combination in that system doesn’t include a 

diesel generator, hence 100.00% solar fraction. Therefore, system 2 is the best architectural 

combination if carbon emission is used as an objective function.  

Table 10 illustrates the summarized yearly performance of the three systems as well the 

Levelised cost of energy for the three systems at 100% supply reliability. 

Table 12: Performance comparison for the three system configurations 

Systems LCOE($/kWh) Solar Fraction (%) Carbon Emission (kg/MWh) 

1 0.70 48.20 472 

2 0.68 100 0 

3 0.62 82.95 77 
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Table 10 results show that system 3 (PV + Battery + Generator) offers the best economic option 

with the LCOE of 0.62 $/kWh and a second best solar fraction of 82.95%. The system is also 

ranked second in terms of carbon emission (77 kg/MWh) and from table 8, system 3 meet all 

the load (zero unmet load) with an excess of 220.220 MWh/year of electricity. 

 

 

 

 

 

Chapter 5 

 

5. Conclusions 
 

This study presented the optimized architectural configurations of stand-alone solar mini-grids 

comprising of the solar PV, battery bank, solar inverters, solar chargers and diesel generator in 

Lesotho. Using an excel based Microsoft program, integrated modelling, simulation, 

optimization as well as control methods have been used in this present study to decide on an 

ideal recommended solar mini-grid best architectural combination in terms of performance as 

well as the Levelised cost of the system. Simulation results outlined that the best system 

configuration (solar PV + battery bank + diesel generator) manage to supply all its daily load.  

Comparison of the two approaches used for sizing solar PV systems showed that time-step 

approach is the most cost-effective way of sizing the PV systems. The battery bank capacity 

needed is approximately 5 times less than that in traditional approach, reflecting 5 times the 

cost associated with the battery sizing, which is a significant advantage of time-step approach 

of sizing. Sizing of the Array from the two methods provide approximately the same required 

number of panels. The time-step approach method shows that the required inverter in not 

necessarily the same size as the total AC appliances total power since it is not possible for all 

AC appliances to be ON at the same time with reference to the time of use incurred in this 

method when developing the load profile. This approach has a significant implication on costs 

since the needed inverter will be smaller as opposed to the one determined under traditional 
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approach.  Therefore, the time-step approach is found to be the cost-effective approach of 

sizing the solar photovoltaic systems. The comparisons were done for a PV and battery system 

and time-step approach being the determined best economical method for system sizing will 

be deployed in all other system configurations. 

The best chosen system (system 3) architecture investigated in Sehong-hong area having a 

daily load of 879.2 kW required solar PV capacity (𝑃 𝑃0⁄ = 11.2, battery bank (𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ =

0.81) as well as diesel generator backup (𝑄𝐷𝐺 �̅�⁄ = 1.22) to attain 100% supply reliability with 

the cost of energy found to be 0.62 USD/kWh. To generalize the study findings to all parts of 

the country involves scaling up or down the dimensionless parameters 𝑃 𝑃0⁄ , 𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄  and 

𝑄𝐷𝐺 �̅�⁄  depending on the load of that particular area.  

Optimization of the chosen system determined the cost effective supply reliability of 99% (with 

LCOE of 0.30 USD/kWh, 𝑃 𝑃0⁄ = 3.9 and 𝐵𝑐𝑎𝑝 𝐿𝑑𝑎𝑦⁄ = 0.292). This reliability was found to 

provide much needed benefits (high reliability) from the power system at the least cost. The 

100% supply reliability used when the three systems were compared so as to determine the best 

system with reference to the lowest LCOE was found to be uneconomical since it doubles the 

cost of energy (0.62 USD/kWh) with just 1% increase from the cost effective point of 99% 

reliability. The chosen diesel generator dispatch strategy in this study is charge cycling. 

The Levelised Cost of Energy determined by the model (0.30 USD/kWh) was compared with 

the results from the conducted study in Lesotho by One Power for designing a mini-grid for 

a reference community known as Ha Makebe to perform resource allocation and sizing 

optimization of energy generation infrastructure based on statistical load estimates. The 

result of the LCOE determined by this model with found to be in line with the 0.35 USD/kWh 

found for Ha Makebe mini-grid which has the same diurnal profile as Sehong-hong.    

For further research, the use of ground measured solar radiation data is highly recommended 

for proper results comparisons. The model does not compare different diesel generator dispatch 

strategies which influence optimal-system component sizing and operational parameters, hence 

the model should be improved to cater for that as a further research.  Also the developed model 

itself do not determine the battery life for sizing and economic analysis of storage systems for 

any architectural configuration with storage.  

With regard to stated conclusions, the following recommendations were made: 
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 With the abundance of solar radiation in Lesotho, PV mini-grids have a 

considerable market either in remote and peri-urban areas. Policies 

implementations should be effected by the government to meet this market 

demand and promotes mini-grids deployment and address operational problems. 

 Institutions of higher learning that offer training in renewable energy 

technologies should be resourced and encouraged to train local experts on the 

design installation, operations and maintenance of PV mini-grid systems. 
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