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ABSTRACT 

Lesotho needs a feed-in tariff policy that can help accelerate integration of renewable energy in its 

electricity grid. In this study a method to determine the feed-in tariff for grid connected solar 

Photovoltaic (PV) systems was developed. The necessity to set different tariffs for different 

locations in terms of the solar PV array yield 𝑌஺, and different tariffs for different installed 

capacities were examined. Location specific tariffs were examined because given a particular solar 

module, the array yield 𝑌஺ could vary with location because of different ambient temperature and 

radiation, while size specific tariffs were examined because solar PV systems have different 

specific costs for different system sizes. In order to determine the cost reflective feed-in tariff, the 

Levelized Cost of Electricity (LCOE) was used as the objective function. With this approach the 

feed-in tariff was set as the price for selling electricity that is reasonably above the unit cost of 

production. A custom spreadsheet model was used to calculate the solar PV array yield 𝑌஺ over 

Lesotho. This array yield was used to divide Lesotho into two regions, low yield regions, and high 

yield regions. Representative systems were chosen and the feed-in tariff for different solar PV 

installed capacities in both regions were determined. The study found that the feed-in tariff varies 

with location and system size as follows; 

System Category FiT ($/kWh) 

Low Array Yield Region High Array Yield Region 

30 kWp Roof Mount 0.1778 0.1616 

500 kWp Roof Mount 0.1597 0.1451 

30 kWp Ground Mount 0.1740 0.1581 

500 kWp Groun Mount 0.1453 0.1321 

10 000 kWp Ground Mount 0.1138 0.1034 

 

The study recommends a feed-in tariff that is both location and size specific. The feed-in tariff 

depends on duration of the tariff with shorter periods resulting in higher feed-in tariff. A 20-year 

duration of the feed-in tariff is therefore recommended by this study. The method used in this study 

to determine the feed-in tariff included the impact of inflation in the analysis and therefore a fixed 

feed-in tariff (that is not indexed to inflation) is recommended. The energy regulator, and the 
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ministry responsible for energy policy setting can make use of this study in setting out feed-in 

tariff policy. 
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1. INTRODUCTION 

1.1. Background 

In 2018 Lesotho had a 24% electricity base load deficit and a 44% peak load deficit [1]. The 

generation capacity has stood at 74.7 MW since 1998 [2]. This while evidence shows that 

electricity demand has far outgrown the current generation capacity. For example the peak demand 

in 2015 was 155 MW, and 177.31 MW in 2019 [1], [2]. The electricity industry in Lesotho is 

dominated by two entities, the Lesotho Electricity Company (LEC) which is the transmitter and 

distributor of electricity, and the Lesotho Highlands Development Authority (LHDA) the main 

electricity generator through ‘Muela Hydropower Plant [3]. Besides the ‘Muela Hydropower Plant, 

there are other considerable electricity generating units that contribute to local electricity 

generation. The generating units have been shown in Table 1-1 [4] 

Table 1-1: Electricity Generating Units in Lesotho 

Place of Installation Technology Capacity (MW) 

‘Muela Hydropower 72 

Semonkong Hydropower 0.18 

Mantsonyane Hydropower 2 

Moshoeshoe 1 International Airport Solar Power 0.28 

 

Adoption of solar power has been touted as one of the means by which local electricity generation 

can be increased to decrease the capacity shortage [3]. 

A solar photovoltaic (PV) grid tie system consists of solar modules, junction boxes and an inverter 

that is connected to the electricity grid [5]. The global installed capacity of grid tie solar PV 

systems reached 100 GWp in 2012, with Europe being the leader in installed capacity representing 

71% of these installations, and Asia Pacific at 15.8% [6]. 94 GWp of capacity was added to the 

global capacity in 2015 alone, highlighting the fast growth of solar PV installations [7]. The main 

driver of this trend is mostly attributed to the implementation of Feed-in Tariff policy (FiT) [6]. 

Another driver of this trend has been the cost of electricity produced from solar PV, which has 

dropped significantly in the past two decades mainly driven by falling prices and increased 

efficiency of solar modules, as well as advanced research in semiconductor technology [8]. 
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Between 2010 and 2016, the Levelized Cost of Electricity (LCOE) fell by more than 60% across 

the world [9]. From 2017 to 2018 the weighted average LCOE fell by 13%, which saw a 77% 

decline in LCOE from 2010 to 2018 [7]. 

1.1.1. Overview of Efforts to accelerate adoption of Renewable Energy in Lesotho 

Some efforts have been made in Lesotho to increase the share of renewable energy in the energy 

mix. Some of these efforts include the 2015 publication of the Lesotho Energy Policy 2015-2025 

which includes policy statements on adoption of renewable energy. In 2015 a call for expression 

of interest was released by the Department of Energy to construct, own and operate a 20 MWp 

solar power plant, and negotiate a Power Purchase Agreement (PPA) with LEC. Further to these 

efforts, a consultant was engaged to compile an Independent Power Producer (IPP) framework by 

the Lesotho Electricity and Water Authority 2015 [10]. These efforts will now be discussed in 

detail below; 

Lesotho Energy Policy 2015-2025: The energy policy was published in 2015 by the Department 

of Energy, under the Ministry of Energy and Meteorology. With regard to renewable energy, the 

objectives of the policy are to improve energy security by cutting down on fossil fuels and 

electricity that are bought from abroad, to increase access to modern energy services especially in 

rural areas, to reduce emissions in the energy sector [11]. The policy aims at the following [11]; 

 To develop PPA and IPP frameworks that would allow participation of private developers 

in electricity generation,  

 to ensure guaranteed access or priority rule for electricity generation units, 500kW or less 

in capacity, to connect at low voltage and 

 to develop a cost-reflective pricing mechanism that will ensure financial sustainability and 

promote investment by private developers in the energy sector. 

In Section 2.2 the importance of the priority rule and a price setting mechanism for electricity 

generating units are discussed as options for the Feet-in Tariff (FiT) policy. 

2015 Call for Interest of Expressions: In 2015 the Department of Energy released a call for 

expression of interest for developers to construct, own and operate a 20 MW solar PV plant and 

negotiate a PPA with the Lesotho Electricity Company. In 2016 the project was awarded to One 

Power Lesotho which plans to construct the facility in Mafeteng district [12]. 
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2015 Independent Power Producer Framework: The Lesotho Electricity and Water Authority 

(LEWA) engaged a consultant in 2015 to develop an IPP framework. The objectives of the 

assignment were as follows [13]; 

 to develop an IPP framework and related legal instruments within the renewable energy 

arena, 

 to develop a comprehensive financial and economic model for determining renewable 

energy feed-in tariff, 

 to develop a PPA template that can be used by private developers or IPPs in negotiation 

with the off taker, 

 to develop licensing documents for different types of generating units, 

 to develop guidelines for the development of power. 

There are several renewable energy resources in Lesotho, like hydro and wind, however the focus 

of this study is solar PV. 

1.2. Problem Statement 

Lesotho’s electricity demand far exceeds its local generation capacity. As outlined by LEWA’s 

2018-2019 annual report, Lesotho’s peak electricity demand reached 177.31 MW within this 

reporting period, while the local generation capacity at ‘Muela stayed at 74.7 MW [2]. In order to 

meet the capacity shortage Lesotho imports electricity from South Africa and Mozambique [2]. In 

2008 Lesotho experienced blackouts which were reportedly caused by the fact that ‘Muela 

Hydropower Plant did not meet Lesotho’s Electricity demand, and that South Africa’s electricity 

utility company, Eskom was cutting power in order to meet a balance of power demand and supply 

on their own system [14]. Lesotho has a poor electrification rate at 34%, compared to its Southern 

African Development Community (SADC) peers; with Eswathini being at 66% and Botswana at 

61% [12]. All these can be attributed to lack of sufficient local generation and hence the need for 

efforts to accelerate adoption of renewable energy. The electricity capacity shortage in Lesotho 

can be closed by harnessing renewable energy sources, like solar PV but there are several problems 

facing the energy industry in Lesotho as stipulated below; 

 There is no adopted FiT that is calculated on a cost-reflective basis.  
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 Setting a similar FiT for different locations would lead to developers in regions with poor 

solar resource being disadvantaged in terms of profitability, while developers in regions 

with good solar resource may be overcompensated. Similarly, setting a similar FiT for 

different capacities would put smaller systems at a disadvantage in terms of profitability 

because of economies of scale. 

1.3.Aim and Objectives 

As already mentioned, efforts have been made to accelerate adoption of renewable energy in 

Lesotho by publishing the Lesotho Energy policy and compiling an IPP framework. The 

contribution of this study in these efforts is to determine a feed-in tariff for solar PV systems that 

reflects the costs of construction and operation, while compensating the developers of such 

systems. Hence the objectives of the study are as follows; 

 To prescribe different FiT for different locations and different system sizes 

 To determine the FiT for different eligible capacities 

 To evaluate the necessity to set different tariffs for different locations and different system 

sizes 

1.4.Justification 

The Lesotho Energy Policy 2015 – 2025 includes policy statements and strategies that aim to 

improve access to renewable energy services. The statements on renewable energy, power 

generation, tax incentives and Renewable Energy Feed-in-Tariff (ReFIT) are some of the 

statements aimed at accelerating adoption of renewable energies. However, the policy does not 

have clear directive and guidance on these topics. The IPP framework, as comprehensive as it may 

be, still leaves some gaps; it assumes a uniform FiT and hence does not make recommendations 

on location-specific tariff. These gaps have been found to leave an area of research in determining 

a FiT for grid-connected solar PV systems, especially on setting different tariffs for different 

locations based on resource availability. This study is necessary because; 

 In Lesotho there is need for policy instruments to accelerate the adoption of renewable 

energy, particularly solar PV 

 There is a need for a feed in tariff that will ensure economic sustainability of solar energy 

projects, and hence attract private investment in the sector 
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1.5. Research Question 

The objectives of this research have already been mentioned in Section 1.3. This study is expected 

to provide answers to these research questions; 

 What is the suitable FiT for grid connected solar PV systems in Lesotho? 

 Should there be different FiT for locations with different available solar resource? Should 

there be different FiT for different eligible capacities? 

1.6.Organization of the Paper 

This paper contains six chapters which are organized as follows; 

Chapter - 2: Literature Review; In Chapter 2, a literature review has been presented that covers 

topics under feed-in tariff, its definition and options to consider in the feed-in tariff policy. Solar 

PV technology has also been reviewed including its costs, how the solar resource is harvested and 

how its performance is measured. 

Chapter - 3: Materials and Methods: In Chapter 3 of the materials and methods, the procedure to 

determine the feed-in tariff has been defined from both the financial and technical perspectives. 

The methodology that would aid in determining the necessity for different tariffs for different 

regions has also been defined. 

Chapter – 4: Results: Chapter 4 presents classification of regions based on the determined Annual 

Array Yield, 𝑌஺, the results of the determined feed-in tariffs for different regions, and for different 

types of systems. Performance indices that compare the modelled system for this research with 

other systems have also been presented in this chapter. 

Chapter -5: Discussion: In the discussion section the results have been discussed together with 

their implications on the existing energy policy and IPP framework. The limitations of this study 

have also been highlighted in this chapter. 

Chapter – 6: Conclusion: The study has been concluded by making recommendation on the tariffs 

for different yielding regions, classified as low yield and high yield regions. Further 

recommendations have been made on several tariff design options including location specificity, 

size specificity, duration of the FiT agreements and inflation indexation. These tariff design 

options will be covered in more detail Section 2.2. 
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2. LITERATURE REVIEW 

2.1. Defining FiT 

Feed-in-Tariff is a policy that is designed and implemented to accelerate the adoption of renewable 

energy [15], [16]. In the reviewed literature, the definition of FiT circles among four main features 

that enable it to achieve its goals; it is a policy that requires an electricity utility to purchase 

electricity produced from eligible renewable energy sources at a premium price, that is a price 

higher than the market price of electricity [17]–[20]. The policy guarantees payment for every unit, 

in kWh or MWh, of electricity fed into the utility grid [16], [17], [19], [21]. The policy specifies 

the duration of the agreement to purchase electricity from eligible producers typically spanning 15 

– 20 years [17]–[20]. Lastly, the policy provides guaranteed access to the grid for renewable energy 

generating units [16], [22], [23]. 

FiT was first introduced in Netherlands in 1989, followed by Germany in 1990, Italy in 1992, 

Denmark in 1993, Spain and Greece in 1994, Latvia in 1998, France in 2000 and Austria in 2002 

[19]. Germany is mostly famous for its Renewable Energy Act (EEG) of 2000 through which 

producers of electricity were paid a fixed rate for the electricity that they fed into the grid for a 

period of 15 or 20 years [24]–[27]. The country saw an increased share of renewable energy in its 

electricity generation mix from 6.6% in 2000 to 33.3% in 2017, with the installed capacity of solar 

PV increasing from 2.9 GWp in 2006 to 42.3 GWp in 2017 [28]. The United Kingdom adopted 

FiT in April 2010 which resulted in 77.7 MWp newly installed capacity from 28,550 individual 

systems within one year of its adoption [29]. In China, FiT came into force in July 2011, which 

grew the installed capacity of solar PV to 77 GWp in 2016 [30]. The importance of FiT in 

increasing the share of renewable energy in electricity generation mix, particularly solar PV is 

further emphasized by a case of Japan which started implementation of its first phase of FiT from 

November 2009. This implementation resulted in the doubled figure of installed solar PV capacity 

by 2011 to 4.9 GWp. The second phase of the FiT was started in July 2012 for non-residential 

sector only with the objective to reach between 20% and 35% of electricity from renewables by 

the end of 2030 [6]. 

Today FiT is implemented in many countries around the world. In 2012, the number of countries 

implementing FiT had grown to 66, from less than 5 in 1990 [31]. Some of the notable countries 

implementing FiT are Germany, Spain, Denmark, Cyprus [32], [33], Australia[34], Japan [6], 
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China [30] and the United Kingdom [29]. Figure 2-1 shows the number of countries that adopted 

FiT from 1990 to 2012 for both developing and developed country categories; 

 

Figure 2-1: Global Growth of FiT by Country Type Source [31] 

 

In Africa, FiT is implemented in Algeria, Kenya, Uganda, Tanzania and Zimbabwe [35], [36]. 

However it is seen as ineffective due to poor institutional arrangements, inadequate FiT level and 

hindrances in implementation [36]. A study by Huenteler highlighted one of the challenges for 

developing countries in implementing FiT to be the uncertainty in assigning roles to international 

donors and national governments, especially the role of balancing the FiT payments in markets 

with uncertain revenue streams [37]. Other country specific reasons exist as to why some 

developing counties have failed to implement successful FiT policies. For example, despite the 

efforts by Algeria to diversify its generation portfolio to include renewable and reduce reliance on 

fossil fuels, its FiT programme, first introduced in 2004, has not succeeded because of the strong 

reliance on fossil fuels that have a significant role in the economy [36], [38] By 2017 only 60 

MWp combined installed capacity for PV and wind were achieved through the FiT programme 

since the start of its implementation [38]. In 2019 Kenya had only realized 0.66% of its target 

1,551 MW that was planned to be achieved through its FiT policy that was first adopted in 2008 

[39]. One of the reasons pointed out for this shortcoming was ineffective policy design, brought 

forth by lack of skills and competencies that were not readily available [39] 
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South Africa is particularly an interesting case. The country abandoned its FiT programme and 

adopted a tendering scheme in 2011 [36], [40]. As much as there was high interest from developers 

in the FiT programme, the problem was in its implementation. The National Energy Regulator of 

South Africa (NERSA) approved the renewable energy feed-in tariffs (ReFITs) in 2009, with 

tariffs set at 15.6 US cents/kWh for wind, 26 US cents/kWh for concentrated solar power and 49 

US cents/kWh for solar PV, prices which were seen as generous by developers [41]. This was after 

NERSA, through stakeholder and public consultations received comments on profitability of the 

projects through FiT, which was initially supported for 15 years [40]. There was however 

uncertainty remaining in the regulatory environment which caused delays in finalizing agreements, 

specifically power purchase and grid connection agreements with Eskom, the national utility. 

NERSA released a consultation paper in March 2011, with significant cuts in tariff prices to the 

shock of investors. The tariff cuts have been depicted in Table 2-1 [40]; 

Table 2-1: 2009 vs 2011 ReFIT Rates in South Africa 

Technology 2009 ReFIT ZAR 

c/kWh 

2011 ReFIT 

ZAR c/kWh 

Percentage Change 

Wind 125 93.8 -24.9 

Landfill Gas 90 53.9 -40.1 

Small Hydro 94 67.1 -28.6 

CSP trough with storage 210 183.6 -12.6 

CSP trough w/o storage 314 193.8 -38.8 

CSP tower with storage 231 139.9 -39.4 

Grid connected PV (≥ 1 MW) 394 231.1 -41.3 

Biomass solid 118 106 -10.1 

Biogas 96 83.7 -12.9 

 

ReFIT was completely abandoned in South Africa in 2011 when the Department of Energy 

received advice that the programme was not in line with public finance and procurement laws [41]. 

Despite the failures seen in South Africa, FiT has been touted in most parts of the world as having 

had a positive impact in driving growth of renewable energy adoption [20], [25], [42]–[44]. 
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Competitive auctioning or tendering, and quotas/renewable portfolio standards (RPS) are the two 

other prominent mechanisms besides FiT that are used to promote the adoption of renewable 

energy [25], [31]. Under a tendering scheme, the legislator reserves a certain quantity of installed 

capacity that is to be procured through a bidding process [19], [21], [25]. There are disadvantages 

however that are related to procuring renewable energy in this manner. Firstly, there is risk of loss 

to investors because the bid prices are usually set low to make the bid competitive. Secondly, long 

lead times from the bidding process to project completion, and finally operation, when investors 

can realize income render the projects not sustainably profitable [21]. The disadvantage of RPS is 

that the policy is restricting as it forces the utility companies and consumers to generate a specified 

portion of the electricity consumption from renewable sources [6], [43]. Because FiT guarantees 

access to the grid and periodic payments which ensures future income, and that it is not exposed 

to fluctuations in fossil fuel prices, it minimizes the risk of long term investment and improves the 

investment attractiveness of renewable energy sources [31]. FiT has driven growth of renewable 

energy technologies through new installations, realizing 87% of global PV capacity by 2014 [37]. 

This if further supported by a comparative study between FiT and RPS by Sun and Nie which 

concluded that FiT is more efficient in increasing the deployment of renewable energy sources 

[43]. 

2.2.Tariff Design Options 

Tariff design options define the basic rules that govern how electricity producers can sell electricity 

to the off-taker, while also seeking to establish a comprehensive FiT scheme [19]. Most of the 

studied sources of literature on tariff design option list different basic tariff design options, 

however this paper will discuss eligibility, tariff duration, inflation indexation, tariff degression, 

size-specific tariffs, tariff calculation methodology, purchase obligation as well as location-

specific tariff. These options are chosen because they are basic and would not bring complexities 

for a country that has not had a FiT policy before. Tariff design options are important because they 

have an influence on the tariff price.  
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2.2.1. Eligibility 

Eligibility of the renewable power plants to be included under the FiT scheme is commonly 

determined by technology type and installed plant size. Policy makers choose the types of 

renewable energy technologies that can be included under the FiT scheme mainly influenced by 

availability of the resource under question [21]. Plant size or installed capacity is also commonly 

used to define eligibility by giving the minimum and maximum plant capacities that will be eligible 

for FiT scheme [22]. Germany’s EEG lists many technologies including solar PV, solar thermal, 

hydro tidal and wind as eligible technologies [19]. In Spain, the legislation includes technologies 

with precise definitions in solar, wind, waste, hydro, geothermal and wave energy [19] 

2.2.2. Duration 

It is important for the FiT scheme to state the duration of support during which FiT payments will 

be made to investors. Long FiT periods are desirable because they facilitate good financing 

conditions with low interest rates, resulting in lower levelized payments [19]. Typically, FiT 

support duration ranges from 20 to 25 years, which is usually based on the expected life span of 

many installations [21]. However there still exist shorter support periods ranging from 15 to 20 

years. Schemes with long time periods, 20-25 years are usually encouraged to consider the impact 

of inflation when determining the level of payment [21]. Since the start of its implementation, 

Germany’s EEG guaranteed a support duration of 20 years for all renewable sources. Support 

duration in France varies between 15 and 20 years across different renewable energy technologies. 

In South Africa the FiT scheme guaranteed support for all renewables for a period of 20 years [19], 

[21]. 

2.2.3. Inflation Indexation 

Adjusting the FiT to inflation, also known as inflation indexation means the FiT payment is 

adjusted up partially or fully according to the annual inflation where the scheme is being applied. 

Inflation indexation is included in the FiT scheme in order to protect the real value of a renewable 

energy investment from exposure to economic activities over its economic lifetime [22]. 

According to Mendoca et al., inflation indexation is particularly necessary in countries with high 

level of inflation as the real value of the investment in a long term scheme will be significantly 

lower than the initial value if indexation is not applied [21]. Some of the countries that practise 
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inflation indexation are Ireland, Canada and Spain [21]. In Ireland, the legislator fully adjusts FiT 

payments to the annual inflation rate. In Canadian province of Ontario, the legislator adjusts only 

20% of the tariff payments to the annual inflation [45]. 

2.2.4. Tariff Degression 

Tariff degression means the tariff levels for new plants are reduced by a certain percentage each 

year after the start of FiT scheme implementation [23]. Tariff degression affects only new 

installations. Once a plant is installed, the tariff that applies to it is not affected by this option [21]. 

Policymakers apply tariff degression because they anticipate technological advances, economies 

of scale and learning process [19], [23]. The learning process is the relationship between 

technology costs and overall industrial output in which when doubling cumulative output, the total 

costs decrease by a certain percentage known as learning rates [23]. Tariff degression affects 

technological advances in that when tariff is reduced each year, manufacturing sector is forced to 

continually improve on their products in order to pass the reductions to the buyers of the 

technology [19].  

2.2.5. Size Specific Tariff 

Policymakers have the choice to set different tariff payments based on the plant size. This is mainly 

because of the significantly different installed costs for different plant capacities [46]. For solar 

PV, the common practice is to differentiate plant sizes by typical installed capacities to represent 

domestic rooftop, commercial rooftop and utility ground mount installations [21]. 

2.2.6. Tariff Calculation Methodology 

Tariff setting methodologies generally follow two main approaches, which are cost-based 

approach and value-based approach [19]. Value-based approach takes the value of the firm in terms 

of the avoided costs of power generation, if the same amount of electricity was being generated 

from a conventional plant, as the benchmark for tariff setting [19], [22]. Cost-based approach takes 

the technology specific costs of generation - investment costs and operational costs - as the 

benchmark for tariff setting [19]. In the cost-based approach policymakers usually apply a 

reasonable return on investment as a profitability margin [21]. The cost-based approach has been 

reported as historically more efficient and effective for renewables than the value-based approach 

[22]. In setting FiT for renewable sources, Germany uses the cost-covering remuneration in which 
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the tariffs are set to allow investors to fully recover the costs of generation [19]. The methodology 

assumes interest on capital at a rate of 8% per annum, annual inflation of 2%. An annuity method 

is then applied to produce periodic payments from the determined once-off payment [21]. In 

France, a profitability index method is applied in determining the FiT [21]. The profitability index 

is defined as the ratio between the net present value of an investment and its investment costs. The 

legislator in France applies the weighted average cost of capital (WACC) as the discount rate, as 

opposed to the targeted IRR, a depreciation period of 15 years is assumed [19], [21]. South Africa’s 

NERSA uses a levelized cost of electricity approach. This approach aims for full cost recovery plus 

a reasonable return on invested capital [21]. NERSA makes the following economic assumptions 

for calculating the FiT; debt to equity ratio of 70:30, inflation of 8%, tax rate of 29% and real 

WACC of 12% [47]. 

2.2.7. Purchase Obligation 

A purchase obligation forces the offtaker to purchase all electricity that is produced by the 

renewable power plant regardless of the demand of electricity. This feature increases investment 

security by ensuring that all electricity will be purchased from the power plant immediately after 

its start of operation [19]. A purchase obligation is particularly important for non-dispatchable 

renewable energy sources like wind and solar where the amount of electricity produced cannot be 

controlled to match the demand [21].  

2.2.8. Location Specific Tariff 

In order to avoid unreasonably high profits for producers at high quality resource sites and to assist 

producers at low quality resource sites to achieve profitability, policymakers have the option to set 

tariffs for different locations based on the quality of the renewable resource. This means sites with 

high quality resource receive lower FiT payments than sites with low quality resource [19]. Since 

2000, Germany has been using location specific FiT scheme for its wind industry, while France 

started implementing location specific FiT scheme for wind in 2001 and for solar PV in 2010 [19]. 
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2.3.Review of Solar PV Costs 

The cost of solar PV plants has fallen significantly in the past decade driven mostly by falling solar 

module prices. A 2019 analysis by IRENA showed that the prices of solar modules have fallen by 

more than 90% between 2009 and 2018, which has been a major influencing factor in the global 

weighted average installed cost of solar PV plants, falling from USD 4,621 to USD 1,210 in the 

same period [7]. Figure 2-2 shows the global weighted average installed costs of solar PV plants 

together with the 5th and 95th percentiles from 2010 to 2018. 

 

Figure 2-2: Global Weighted Average Installed Costs for Solar PV Source [7] 

In terms of LCOE, the global weighted average LCOE for utility scale solar PV plants fell from 

USD 0.37 in 2010 to USD 0.09 in 2018, with prices in China and India being lower than the 

average at USD 0.067 and USD 0.063 respectively[7]. Figure 2-3 shows the global weighted 

average LCOE together with 5th and 95th percentiles. 
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Figure 2-3: Global Weighted Average LCOE Source [7] 

 

The National Renewable Energy Laboratory (NREL) tracks and benchmarks the solar PV costs 

for residential, commercial and utility-scale systems in the United States. A report for the first 

quarter of 2018 showed that the installed cost of utility scale fixed tilt solar PV plants was as low 

as USD 1.06/Wdc [48]. The results of the report on installed solar PV costs have been summarized 

in Table 2-2. 

Table 2-2: Installed Costs for Q1 2018 in the US Source [48] 

System Type Description Size Installed Cost  

Residential Rooftop systems for 

residential sector 

3 - 10 kW USD 2.70/Wdc 

USD 3.11/Wac 

Commercial Rooftop systems installed in 

commercial centers 

10 – 2,000 kW USD 1.83/Wdc 

USD 2.10/Wac 

Utility Scale Ground mounted utility scale 

systems (Fixed tilt) 

>2,000 kW USD 1.06/Wdc 

USD 1.44/Wac 
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The report further showed a sharp fall in installed costs for solar PV plants from 2010 to 2018. In 

the residential sector, installed costs fell from USD 7.34/Wdc to USD 2.70/Wdc, USD 5.43/Wdc 

to USD 1.83/Wdc in the commercial sector, while the prices for fixed tilt utility systems fell from 

USD 4.63/Wdc to USD 1.06/Wdc [48]. Figure 2-4 shows the comparison in installed costs from 

2010 to 2018 for different sectors; 

 

 

Figure 2-4: Installed Costs for solar PV Systems from 2010 to 2018 in the US Source [48] 

The falling installed costs of solar PV plants are mainly attributed to increased solar module 

efficiencies, and lower inverter prices among others [48]. The falling installed costs of solar PV 

systems have also influenced the LCOE, which has also been on a downward trend from 2010 to 

2018 as show in Table 2-3; 
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Table 2-3: 2010 & 2018 LCOE ranges for Solar PV systems in the US Source [48] 

System Type 2010 LCOE (USD/kWh) 2018 LCOE (USD/kWh) 

Residential 0.42 – 0.55 0.12 – 0.16 

Commercial 0.32 – 0.41 0.09 – 0.12 

Utility Scale 0.24 – 0.28 0.04 – 0.06 

 

Operating and maintenance (O&M) costs are an important factor to consider because of their 

impact on the life cycle cost of solar PV plants. The O&M costs include costs incurred for 

scheduled preventative maintenance as well as corrective costs incurred for replacement of 

components [49]. Data from the International Energy Agency (IEA) World Energy Outlook 2016 

showed that among other varying parameters that feed into the FiT, namely capital costs, capacity 

factor, WACC and the economic lifetime, the O&M costs can cause the base FiT price to change 

by between -5% and +5% meaning the FiT is sensitive to change in the O&M costs. Figure 2-5 

the sensitivity of LCOE to several input parameters, including O&M costs [50] 

 

Figure 2-5: Sensitivity of LCOE to Input Parameters Source [50] 

The NREL benchmark study for solar PV costs for the first quarter of 2018 shows that O&M costs 

varied on an annual basis from USD 9.10/kW to USD 12.00/kW for different system types [48]. 

Figure 2- 6 shows the O&M costs for residential, commercial and utility scale systems; 
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Figure 2-6: O&M Costs for Residential, Commercial and Utility Scale PV Systems Source [49] 

2.4. Radiation Received on a Tilted Collector 

The sun continuously emits radiant energy in all directions at the rate of 3.845 × 10ଶ଺ W, out of 

which the earth receives 1.7 × 10ଵ଻ W [51]. In terms of power density or irradiance, the earth 

receives 1367 W/mଶ outside its atmosphere, a figure known as the solar constant, denoted Gsc 

[52]. Before reaching the surface of the earth, some of this radiation is absorbed, some is scattered 

while some is reflected [52]. The surface of the earth then receives radiation in two major 

components. The first component is called beam radiation Ib, which is the direct radiation received 

without being absorbed or scattered. The second component is the diffuse radiation Id, which is 

the radiation received on the surface of the earth after being scattered in the atmosphere. The sum 

of beam and diffuse components is known as the global radiation, commonly measured as total 

radiation received on a horizontal surface, termed global horizontal radiation [53]. The angle of 

incidence is important to consider because it is used to determine the beam radiation that is incident 

on a flat surface with an arbitrary tilt. The relationship between angle of incidence θ, and beam 

radiation incident on a tilted surface 𝐼௕் is given by [54]; 

 𝐼௕் = 𝐼௕௡ cos 𝜃 2.1 

Where 𝐼௕௡ is the beam radiation on a flat surface perpendicular to the incident radiation. 
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2.4.1. Angle of Incidence, θ 

The geometric relationship between a flat surface on earth and incident solar radiation is important 

because it determines at any instant how much of the global radiation is collected by the surface. 

A set of angles describing this relationship are as follows, based on references [51], [53]; 

Latitude, φ: Latitude is the angular location from the equatorial plane to the location of the 

collector, north or south of the equator. Locations in the north of equator have positive latitude and 

south of the equator have negative latitude values. 

Declination angle, δ: Declination angle is the angular distance from the sun rays at solar noon, 

and the equatorial plane. The declination angle ranges from 0° to 23.45° in the northern hemisphere 

and 0° to -23.45° in the southern hemisphere. The declination angle is calculated using Equation 

2.2  

 
𝛿 = 23.45sin ൤

360

365
(284 + 𝑁)൨ 

2.2 

where N is the day number in year. 

Slope/Tilt, β: Slope or tilt is the angle between the surface and the horizontal. Tilt angle of 0° 

means the surface is horizontal, while tilt angle of 90° means the surface is vertical. 

Surface Azimuth, γ: This is the angle between the horizontal projection of the normal to the 

surface, and true south, with south = 0°, and westward angles positive. 

Hour angle, ω: Hour angle is the angle between the local meridian and the position of the sun, 

measured east or west of the meridian. The hour angle is negative in the morning and positive in 

the afternoon. 

Using the above definitions, the angle of incidence is defined as the angle between the normal to 

a surface and the beam radiation incident to that surface [53]. Equation 2.3 expresses the angle of 

incidence in terms of latitude declination, surface tilt, surface azimuth and hour angle [55]; 

 𝜃 = 𝑐𝑜𝑠ିଵ(𝑠𝑖𝑛𝛿𝑠𝑖𝑛𝜑𝑐𝑜𝑠𝛽 − 𝑠𝑖𝑛𝛿𝑐𝑜𝑠𝜑𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛾 + 𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜑𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝜔

+ 𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝜑𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛾𝑐𝑜𝑠𝜔 + 𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝛾𝑠𝑖𝑛𝜔) 

2.3 

Figure 2-7 shows the schematic representation of latitude φ, declination angle δ, surface tilt β, 

surface azimuth γ, hour angle ω and the angle of incidence θ; 
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Figure 2-7: Representation of Solar Geometric Angles; Source [56] 

For a horizontal surface, the angle of incidence becomes the zenith angle θz and is expressed by 

Equation 2.4 [54]; 

 cos 𝜃௭ = sin 𝜑 sin 𝛿 + cos 𝜑 cos 𝛿 cos 𝜔 2.4 

 

2.4.2. Hourly Radiation on a Tilted Collector, IT 

Most measured radiation data is available as global radiation and diffuse radiation on a horizontal 

surface [57]. However for analysis of short and long term performance of solar collectors and 

photovoltaics, radiation on tilted surfaces is required [58]–[60]. Hence why models have been 

developed to estimate radiation on tilted surfaces from that on horizontal surfaces [57]. There are 

two main classes of such models, namely isotropic models and anisotropic models [58]. The two 

classes differ in how they treat the three parts of diffuse radiation incident on a tilted collector, 

which are isotropic, circumsolar and horizon brightening parts [53]. Isotropic models assume that 

diffuse radiation is spread uniformly across the sky dome [57], while for anisotropic models, above 

the diffuse radiation on the sky dome, they also consider diffuse radiation on the solar disk, that is 

the circular region where the sun is positioned [53], [58]. The two classes are derived from the 
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equation that expresses the total radiation on a tilted surface as a sum of beam radiation, diffuse 

radiation and reflected radiation as [57], [61]; 

 𝐼் = 𝐼்,௕ + 𝐼்,ௗ + 𝐼்,௥ 2.5 

Where, 

𝐼்,௕ is the hourly beam radiation on a tilted surface 

𝐼்,ௗ is the hourly diffuse radiation on a tilted surface 

𝐼்,௥ is the hourly reflected radiation on a tilted surface 

 

Some of the reviewed isotropic and anisotropic models have been presented in the following 

sections; 

Liu and Jordan: In 1963 Liu and Jordan developed an isotropic model that assumed both diffuse 

and ground-reflected radiation are isotropic [53]. According to this model the total radiation on a 

tilted surface is therefore given by Equation 2.6 [53], [57]; 

 
𝐼் = 𝐼௕𝑅௕ + 𝐼ௗ ൬

1 + cos 𝛽

2
൰ + 𝐼𝜌௚ ൬

1 − cos 𝛽

2
൰ 2.6 

Where; 

𝐼௕ is the beam radiation on a horizontal surface 

𝐼ௗ is the diffuse radiation on a horizontal surface 

𝐼 is the total radiation on a horizontal surface 

𝛽 is the slope or tilt of a surface 

𝜌௚ is the ground albedo 

𝑅௕ is the ratio of beam radiation on a tilted surface to that on a horizontal surface given by 

Equation 2.7 [62]; 

 
𝑅௕ =

𝐼்,௕

𝐼௕
=

cos 𝜃

cos 𝜃௭
 2.7 

Where 𝜃௭ is the zenith angle. 
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The three components of total radiation, which are beam radiation 𝐼்,௕, diffuse radiation 𝐼்,ௗ and 

reflected radiation 𝐼்,௥ from Equation 2.5 are represented by the Liu and Jordan model in Equation 

2.6 as follows [53]; 

 𝐼்,௕ = 𝐼௕𝑅௕ 2.8 

 
𝐼்,ௗ = 𝐼ௗ ൬

1 + cos 𝛽

2
൰ 2.9 

 
𝐼்,௥ = 𝐼𝜌௚ ൬

1 − cos 𝛽

2
൰ 2.10 

 

Hay and Davis: Hay and Davis developed an anisotropic model in 1980 by assuming the diffuse 

radiation is made up of isotropic and circumsolar components [58]. This model estimates the 

fraction of radiation that comes from the circumsolar components but does not consider the horizon 

brightening component. According to this model, the total radiation on a tilted surface is given by 

[53]; 

 
𝐼் = (𝐼௕ + 𝐼ௗ𝐴௜)𝑅௕ + 𝐼ௗ(1 − 𝐴௜) ൬

1 + cos 𝛽

2
൰ + 𝐼𝜌௚ ൬

1 − cos 𝛽

2
൰ 2.11 

Where 𝐴௜ is the anisotropy index. The rest of the terms retain the meaning as in Equation 2.6. 

HDKR model: In 1990 Reindl improved the Hay and Davies model by adding a term that estimates 

radiation as a result of horizon brightening, as proposed by Klutcher [53]. The resulting model for 

total radiation on a tilted collector is thus given by Equation 2.12; 

 
𝐼் = (𝐼௕ + 𝐼ௗ𝐴௜)𝑅௕ + 𝐼ௗ(1 − 𝐴௜) ൬

1 + cos 𝛽

2
൰ ൤1 + 𝑓sinଷ ൬

𝛽

2
൰൨

+ 𝐼𝜌௚ ൬
1 − cos 𝛽

2
൰ 

2.12 

Where f is a modulating factor that accounts for cloudiness [53]. The rest of the terms retain the 

meaning as in Equation 2.6. 

Perez model: The Perez model is an anisotropic radiation model and it conducts a detailed analysis 

of all three components of the diffuse radiation [60]. The resulting model is given by Equation 

2.13; 
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𝐼் = 𝐼௕𝑅௕ + 𝐼ௗ(1 − 𝐹ଵ) ൬

1 + cos 𝛽

2
൰ + 𝐼ௗ𝐹ଵ

𝑎

𝑏
+ 𝐼ௗ𝐹ଶ sin 𝛽

+ 𝐼𝜌௚ ൬
1 − cos 𝛽

2
൰ 

2.13 

where 𝐹ଵ is the circumsolar coefficient and 𝐹ଶ is the horizon brightening coefficient [60]. The 

terms a and b are calculated as; 

 𝑎 = max (0, cos 𝜃),  𝑏 = max (cos 85°, cos 𝜃௭) 2.14 

𝐹ଵ and 𝐹ଶ are functions of zenith angle 𝜃௭, brightness coefficient ∆ and clearness 𝜀, all three which 

describe the sky condition[53]. The clearness 𝜀 is given by; 

 

𝜀 =

𝐼ௗ + 𝐼௕,௡

𝐼ௗ
+ 5.535 × 10ି଺𝜃௭

ଷ

1 + 5.535 × 10ି଺𝜃௭
ଷ

 2.15 

where 𝐼௕,௡ is the normal beam radiation and 𝜃௭.is in degrees.  

Brightness coefficient ∆ is given by; 

 
∆= 𝑚

𝐼ௗ

𝐼௢,௡
 2.16 

where m is the air mass and 𝐼௢,௡ is the extraterrestrial normal incidence radiation [53]. 𝐹ଵ and 𝐹ଶ 

can be estimated using Equations 2.17 and 2.18 [53]; 

 
𝐹ଵ = max ൤0, ൬𝑓ଵଵ + 𝑓ଵଶ∆ +

𝜋𝜃௭

180
𝑓ଵଷ൰൨ 2.17 

 

 
𝐹ଶ = ൬𝑓ଶଵ + 𝑓ଶଶ +

𝜋𝜃௭

180
𝑓ଶଷ൰ 2.18 

 

The irradiance coefficients 𝑓ଵଵ, 𝑓ଵଶ, 𝑓ଵଷ, 𝑓ଶଵ, 𝑓ଶଶ and 𝑓ଶଷ used in Equations 2.17 and 2.18 have 

been presented in Table 2-4; 
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Table 2-4: Irradiance coefficients for Perez Model Source [53] 

Range of 𝜺 𝒇𝟏𝟏 𝒇𝟏𝟐 𝒇𝟏𝟑 𝒇𝟐𝟏 𝒇𝟐𝟐 𝒇𝟐𝟑 

1.000-1.065 -0.008 0.588 -0.062 -0.060 0.072 -0.022 

1.065-1.230 0.130 0.683 -0.151 -0.019 0.066 -0.029 

1.230-1.500 0.330 0.487 -0.221 0.055 -0.064 -0.026 

1.500-1.950 0.568 0.187 -0.295 0.109 -0.152 0.014 

1.950-2.800 0.873 -0.392 -0.362 0.226 -0.462 0.001 

2.800-4.500 1.132 -1.237 -0.412 0.288 -0.823 0.056 

4.500-6.200 1.060 -1.600 -0.359 0.264 -1.127 0.131 

6.200-∞ 0.678 -0.327 -0.250 0.156 -1.377 0.251 

 

In their study that compared models for global tilted radiation, Danandeh and Mousavi, the authors 

of reference [55] concluded that models work differently for different latitudes and therefore there 

is no single model that is suitable for all countries. The reviewed studies that compare tilted 

radiation models draw different conclusions, however different experimental setups are also 

observed. For example authors of reference [60] compared five models with measured global tilted 

and global horizontal radiation data in Hannover, Germany and Colorado, USA. The study 

concluded that the Perez model provides the best estimates of global tilted radiation for surfaces 

facing south. Authors of reference [58] compared three isotropic models to three anisotropic 

models, and evaluated the two classes with measured data in Bhopal, India. The study compared 

Liu and Jordan, Koronakis, Badescu, Hay and Davies, Reindl et al. and HDKR models at a fixed 

angle of 23.26° facing south. The study concluded that the Hay and Davies model gave the highest 

estimate of all models, and that the preferred model was the Badescu model. Another study that 

compared the tilted radiation models is in reference [62]. The authors compared Hottel and Woertz, 

Hay and Davies two models by Perez and a model by Hay, Davis, Temps and Coulson. The authors 

used data from Albany, New York and San Antonio Texas to compare the results of each model 

for hourly tilted radiation with the measured data. The study concluded that all anisotropic models 

had the best and similar performance, with the Perez model being the best performing model. All 

these studies have generally agreed that the isotropic models under-predicts tilted radiation, while 

the anisotropic models, particularly the Perez model over-predicts tilted radiation [60], [62]. 
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In Lesotho two models have been used in two studies. The author in reference [63] used the Liu 

and Jordan model to determine radiation incident on surfaces with different orientation and slopes 

in three places in Lesotho, while the authors in reference [59] determined the monthly global tilted 

radiation on surfaces facing the equator at different inclinations at Maseru, Lusaka and Harare. 

The tilted radiation model used for the second study was the anisotropic Hay model. The authors 

in reference [59] further suggested that both Hay model and Liu and Jordan models are equally 

suitable for estimation of tilted radiation in Lesotho and in generally in Southern Africa, both 

resulting in mean percentage error of within 3%. 

The tilt angle of the flat solar collector with respect to the horizontal is an important determining 

factor of solar energy output for a given period [56]. Optimizing a tilt angle is determining an angle 

that will give the maximum array yield for a specified period [64]. There are many studies 

determining the optimum tilt angle for different locations. The authors in reference [56] determine 

the optimal tilt angle in Belgrade for different study periods; daily, fortnightly, monthly and 

annually. Danandeh and Mousavi determine the optimum tilt angle for different cities in Iran using 

different global tilted radiation models [55]. In Lesotho a study was carried out to determine the 

monthly average daily radiation on surfaces with different orientations for tilt angle equal to 𝜑 +

15°, 𝜑, and 𝜑 − 15°, where φ is the angle of latitude. The study was carried out for two locations, 

namely Oxbow and Ts’akholo [63]. The author made the following conclusions; 

 That the optimum tilt angle for all orientations for November, December and January is 

𝜑 − 15°. 

 That for May, June July, the optimum tilt angle is 𝜑 + 15° for azimuth less than 130°, and 

𝜑 − 15° for higher azimuths. 

 That for azimuth less than 150° the optimum tilt angle for maximum annual yield is equal 

to the latitude itself. 

2.5.Solar Energy Output 

A solar module converts some of the incident radiation on its surface to electricity, typically with 

6-20% efficiency [65]. Typically, solar modules are evaluated for performance using controlled 

environmental conditions. The IEC 61853-1, Standard Test Conditions (STC) evaluates solar 

modules under incident irradiance of 1000 W/m2, cell temperature of 25°C, air mass of AM 1.5 

and wind speed of zero [66]. However these conditions are rarely ever met under field operation 
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[66]. Several factors affect the field performance of solar modules. These factors are cell 

temperature, losses due to soiling, shading and other capture losses as well degradation. These 

factors are discussed in the following subsections. 

2.5.1. Cell Temperature 

Increasing cell temperature reduces the power output and efficiency of solar modules [67]. This 

reduction in performance is caused by high carrier concentration, which results in high number of 

recombination [65]. There are generally two groups of models correlating ambient temperature to 

the performance of solar PV modules. One group correlates the cell operating temperature Tc to 

the environmental variables, such as wind speed WS, ambient temperature Ta, irradiance IT, as well 

as solar module material properties. The other group correlates the dependence of solar PV 

Standard Test Conditions (STC) efficiency ηSTC to cell operating temperature Tc.[65]. Dubey et al. 

reviewed different correlation models for solar module efficiency and ambient temperature and 

notes that most models reveal a linear relationship between module power output and cell 

temperature. The study further reveals that most models reduce to the expression depicted by 

Equation 2.19 [65] 

 𝜂௖ = 𝜂ௌ்஼[1 − 𝛽(𝑇஼ − 𝑇ௌ்஼)] 2.19 

Where; 

𝜂௖ is the cell field efficiency 

𝜂ௌ்஼ is the efficiency under STC 

𝛽 is the module temperature coefficient 

𝑇஼ is the cell operating temperature 

𝑇ௌ்஼  is the STC temperature 

 

The Sandia National Laboratories model presented in Equation 2.20 determines the average 

temperature of a module given the environmental parameters and empirically determined 

coefficients [68]; 

 𝑇௠ = 𝐼் ⋅ (𝑒௔ା௕⋅ௐௌ) + 𝑇௔ 2.20 

Where; 
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𝑇௠ is the average temperature of the back surface of the module 

𝐼் is the solar irradiance incident on the solar module 

𝑇௔ is the ambient temperature 

WS is the wind speed 

a is the coefficient that imposes upper limit for temperature of the module at low wind speed 

and high irradiance 

b is the coefficient that establishes the rate for drop in module temperature with increasing wind 

speed. 

 

2.5.2. Losses 

Capture losses can be caused by presence of snow on the solar array, cell temperature that is above 

25°C, dust or partial shading[69] [70]. Several studies have reported annual losses due to show as 

high as 3.5% in Japan, 2.7% in Germany and 3.3% in Austria [70]. Another cause of capture losses 

is soiling [71]. Soiling is the presence of contaminants on the surface of solar modules, like bird 

droppings, plant debris, industrial fumes and dust [72]. The impacts of soiling depends on the tilt 

angle, with modules tilted at less than 30° being most affected [70]. Figure 2 - 8 shows the annual 

losses in different countries due to soiling. Other reported causes of capture losses are shading, 

lack of maximum power point tracking (MPPT) device and high module temperature [52]. 

 



27 
 

 

 

Figure 2-8: Global impact of soiling Source [72] 

 

2.5.3. Annual Degradation:  

Degradation is another important factor that affects the field performance of solar modules. 

Degradation of solar modules over time is the reduction in power output over time [73]. Solar 

modules are subject to degradation typically a rapid decline in the first year of operation, and a 

gradual long term degradation thereafter [70]. Hot and humid regions are reported as having the 

highest degradation rates [74]. Many studies have reported different annual degradation rates for 

many solar cell technologies. In their performance analysis of a 99.84 kWp grid connected system 

in its first six years of operation, Roumpakias and Stamatelos report an annual degradation rate 

between 1% and 4% [75]. Limmanee et al. found that after four years of operation, solar modules 

made from thin film silicon had an annual degradation rate of up to 6.1%, while other types of 

modules, including crystalline silicon, had an annual degradation rate ranging from 1.2% to 1.8% 

[74]. In their study of more than 2000 degradation rates reported in literature, Jordan and Kurtz 

found an average degradation rate of 0.8% per annum, with the median value of 0.5% [73]. Figure 

2-9 shows a histogram constructed from the reported annual degradation rates for all photovoltaic 

technologies, including thin film and crystalline silicon. 
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Figure 2-9: Histogram of Annual Degradation Rates Source [73] 

 

Consequently the power output of solar modules is given by Equation 2.21 [76]; 

 
𝑃௉௏ =

𝜂஼

𝜂ௌ்஼
⋅

𝐼்

𝐺ௌ்஼
⋅ 𝑃ௌ்஼ 2.21 

Where; 

𝑃௉௏ is the power output of solar modules 

𝜂஼  is the field efficiency of the solar modules 

𝜂ௌ்஼ is the rated efficiency of the solar modules 

𝐼் is the total irradiance on a tilted collector 

𝐺ௌ்஼ is the reference irradiance (1000 𝑊/𝑚ଶ) 

𝑃ௌ்஼ is the rated power of the solar array 

 

The power at the output of the inverter 𝑃ூே௏ can then be determined by solar power output 𝑃௉௏, 

inverter efficiency 𝜂ூே௏ and the efficiency of wiring as 𝜂௅ைௌௌ [77]; 

 𝑃ூே௏ = 𝑃௉௏ ⋅ 𝜂ூே௏ ⋅ 𝜂௅ைௌௌ 2.22 
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2.6. Performance Indices 

The IEC standard 61724 states normalized performance indicators or indices that can be used to 

compare different solar PV systems [5], [74]. These performance indices are reference yield YR, 

array yield YA, final yield YF, performance ratio PR, collection losses LC and system losses LS [52]. 

These indices account for the performance of a system taking into account the energy production, 

solar energy resource and losses for the period of analysis [78]. Figure 2-10 shows a graphical 

depiction of the performance indices. 

 

Figure 2-10: A Figure of Reference, Array and Final Yields, Source [52] 

The performance indices are defined as follows; 

2.6.1. Reference Yield, YR 

The reference yield is the total in-plane radiation HT divided by the irradiance under Standard Test 

Conditions (STC) conditions of 1000 W/m2. It gives the number of hours within the observed 

period that the sun would have been emitting irradiance at 1000 W/m2 [71]. The equation for 

reference yield is given as [78]; 

 
𝑌ோ =

𝐻்

𝐺ௌ்஼
 2.23 

Where 𝑌ோ is the reference yield, 𝐻் is the total in-plane radiation and 𝐺ௌ்஼ is the irradiance at 

STC. 
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2.6.2. Array Yield, YA 

Array yield is the actual energy output from the array EDC divided by the array rated power PSTC. 

The array shows the actual energy production for each installed unit power of the array over an 

observed period [52]. The equation for array yield is [78]; 

 
𝑌஺ =

𝐸஽஼

𝑃ௌ்஼
 2.24 

2.6.3. Final Yield, YF 

The energy out of the inverter into the grid EAC divided by the array rated power PSTC gives the 

final yield YF for an observed period [71]. The equation for final yield is given as [78]; 

 
𝑌ி =

𝐸஺஼

𝑃ௌ்஼
 2.25 

 

2.6.4. Performance Ratio, PR 

The performance ratio is a measure of how much of the reference radiation the system can convert 

to energy injected into the grid [52]. It is a dimensionless quantity of how much losses occur in 

the system due to inverter operation, tripping circuit breakers and other system failures [71]. The 

equation for performance ratio is given as [78]; 

 
𝑃𝑅 =

𝑌ி

𝑌ோ
 2.26 

2.6.5. Collection Losses, LC 

Collection losses occur in a solar PV system due to inefficient operation of the PV array. Causes 

of collection losses are modules operating at cell temperature above 25°C, modules being soiled 

or shaded, mismatch in current or voltage among the strings and ohmic losses [52], [71]. The 

equation for collection losses is given as [78]; 

 𝐿஼ = 𝑌ோ − 𝑌஺ 2.27 

Where YR and YA are reference and array yield respectively. 
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2.6.6. System Losses, LS 

System losses occur during the conversion of array DC energy to AC energy [71]. The main caused 

of system losses are inverter efficiency which is less than 100%, cable losses and under-sized 

inverter that does not match DC power output [52]. The equation for system losses is given as 

[78]; 

 𝐿ௌ = 𝑌ி − 𝑌஺ 2.28 

Where YF and YA are final and array yields respectively. 

 

2.7. Bilinear Interpolation 

Bilinear interpolation is a technique popular in geographical information systems (GIS) and image 

processing [79], [80]. In GIS it is used to estimate the value of a point in a two dimensional grid, 

based on the values of its four closest neighbors, and using their weight determined by the distance 

from the point of interest [79], [81]. Figure 2-11 shows bilinear interpolation in a grid of two 

dimensions on the x-axis and y-axis; 

 

Figure 2-11: Bilinear interpolation in and (x,y) grid Source [80] 

From Figure 2-11, bilinear interpolation can be used to estimate the value of point X at an arbitrary 

location (𝑥, 𝑦) using the values of the points at discrete locations (𝑥ଵ, 𝑦ଶ), (𝑥ଶ, 𝑦ଶ), (𝑥ଵ, 𝑦ଵ) and 

(𝑥ଶ, 𝑦ଵ) with values 𝑓ଵଶ,  𝑓ଶଶ,  𝑓ଵଵ and  𝑓ଶଵ respectively, by solving a system of linear equations as 

presented Equation 2.29 [80]; 
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2.29 

a, b, c, and d are coefficients. Using the coefficients given by Equations 2.30 to 2.33; 

 𝑎 = 𝑓ଵଵ − 𝑏𝑥ଵ − 𝑐𝑦ଵ − 𝑑𝑥ଵ𝑦ଵ 2.30 

 
𝑏 = ൬

𝑓ଵଵ − 𝑓ଶଵ

𝑥ଵ − 𝑥ଶ
൰ − 𝑑𝑦ଵ 2.31 

 
𝑐 = ൬

𝑓ଵଵ − 𝑓ଵଶ

𝑦ଵ − 𝑦ଶ
൰ 2.32 

 
𝑑 =

𝑓ଵଵ − 𝑓ଵଶ − 𝑓ଶଵ + 𝑓ଶଶ

(𝑥ଵ − 𝑥ଶ)(𝑦ଵ − 𝑦ଶ)
 2.33 

 

When the coefficients have been determined, the value of X can then be determine by Equation 

2.34 [80]; 

 𝑓(𝑥𝑦) = 𝑎 + 𝑏𝑥 + 𝑐𝑦 + 𝑑𝑦 2.34 

 

3. MATERIALS AND METHODS 

3.1. Data Used 

In order to determine the FiT for Lesotho and assess the necessity for setting different tariffs for 

different locations, the Typical Meteorological Year (TMY) data was used from European 

Commission Photovoltaic Geographical Information System (PVGIS) in reference [82]. TMY data 

was first developed by Sandia National Laboratory by choosing meteorological data for twelve 

months that are representative of the long term data available in the database [83]. Other studies 

that have used TMY data include a study by Martin and Ruiz to calculate angular losses of PV 

modules in 10 site in Europe [84] This data was chosen because it is free and can be downloaded 

all points in 0.25° latitudinal and longitudinal grid. It is available in hourly time, which is suitable 

for the analysis of this study. 
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3.2. Gridding 

Since one of the objectives of the study is to determine the necessity to set a different feed-in tariff 

for different locations in Lesotho, it therefore becomes necessary to know the annual array yield 

𝑌஺ at any given location within Lesotho. The procedure taken in order to achieve this was to divide 

the area covering Lesotho from 27° to 30° East, and 28° to 31° South into grid points spaced at 

0.25° on both the longitude and the latitude. This resulted in 169 grid points, at which to determine 

the annual array yield. The grid points, with their (x,y) values representing their coordinates were 

then added to Surfer software together with their respective z values representing the array yield 

𝑌஺ to produce a contour map than can then be used for dividing the country into different regions. 

A more comprehensive discussion on this exercise of zoning can be found in the succeeding 

Section 3.6. 

3.3. Determination of Incident Radiation 

3.3.1. Equations and Models 

The necessity to determine radiation on tilted flat surface from global horizontal radiation was 

discussed in Section 2.4.2. Isotropic and anisotropic models used for this purpose were also 

discussed. To determine the hourly incident radiation on tilted surface IT, Liu and Jordan model as 

depicted by Equation 2.6 was used. This model was chosen mainly for two reasons; that it is simple 

yet comprehensive as it includes all three components of total radiation. Secondly it has been used 

in Lesotho by Gopinathan to study solar radiation on variously oriented surfaces [63]. In one of 

Gopinathan’s papers where he studied radiation that is intercepted as a function of slope and 

azimuth in Lesotho, he commented that the Liu and Jordan model is suitable for use in Lesotho 

and that the mean percentage error (MPE) for this model falls within 3% [59]. Equation 2.6 was 

therefore used to determine the incident radiation on a tilted collector at each of the 169 grid points 

covering Lesotho. 

3.3.2. Inputs and Assumptions 

The values for global radiation I and diffuse radiation Id were extracted directly from the TMY 

data. The value for beam radiation was determined by subtracting the diffuse component from the 

global radiation as; 

 𝐼௕ = 𝐼 − 𝐼ௗ 3.1 
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The tilt angle 𝛽 was optimized for all latitudes from -28° to -30° by adding 5° to the absolute value 

of the latitude angle as; 

 𝑂𝑝𝑡𝑖𝑚𝑖𝑧𝑒𝑑 𝑡𝑖𝑙𝑡 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) = |𝜑| + 5° 3.2 

The author of reference [85] used the value of ground albedo 𝜌 as 0.2 for Lesotho, for the reason 

that there is no data available for ground albedo. The same approach was taken in this study to use 

a ground albedo of 0.2. 

3.4.Determination of Energy Output 

In order to determine the electrical energy that is injected in the grid, it is necessary to know the 

power output of solar modules, cable losses both on DC and AC wiring, inverter efficiency at any 

given time, and hence determine the final yield 𝑌ி. The total energy that is injected into the grid 

𝑆௧, which is an input to Equation 3.9 can then be determined.by multiplying the final yield and the 

installed capacity of the plant 𝑃ௌ்஼. 

3.4.1. Equations and Models 

Solar Energy Output: The computed incident radiation as described in Section 3.3 was used as the 

radiation that is received on the solar modules 𝐼் in Equation 2.20. At each of the grid points, this 

equation was used to determine the power output at the terminals of the solar modules 𝑃௉௏ . Using 

this power output, the energy that is delivered from the solar modules for each installed kWp over 

a year was determined. This is called array yield 𝑌஺ as discussed in Section 2.6 of performance 

indices. The energy that is injected into the grid by the inverter 𝑃ூே௏ was estimated using Equation 

2.22 for the inverter power. The efficiency of the inverter was estimated using Equation 3.3 that 

is discussed later in this section. Since one of the focus of this study is comparing system 

performance for different location, this was only done considering the environmental conditions 

that affect how much power is available for harvesting. Performance of components like inverters, 

transformers and wiring were assumed to be the same. Hence a global value for the ratio 𝑌஺
𝑌ி

ൗ  

was adopted. 

The inverter power 𝑃ூே௏was then used to determine the electrical energy that is injected into the 

grid per installed kWp, which is the final yield 𝑌ி. 
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Solar Module Field Efficiency: The field or operating temperature of the solar modules 𝜂஼  was 

discussed in Section 2.5.1. Equation 2.19 was employed in determining the field efficiency of the 

solar modules. As an input to this equation, the module temperature 𝑇஼ was determined using the 

SANDIA laboratories model for module operating temperature because it includes the effects of 

irradiance, wind speed and type of installation (open rack, closed roof mount, etc.) on the 

efficiency of the solar PV modules. This model has proved to be accurate with an error of ±5°C, 

which results with about 3% error in power output [86]. 

3.4.2. Inputs and Assumptions 

As discussed in tariff design options in Section 2.2, policymakers have the option to set different 

tariff levels for different solar PV system capacities. Following this option, different system 

capacities were modelled to represent different types of installations as depicted in Table 3 – 1. A 

similar approach is taken by policymakers in Germany and the United States of America [21], 

[48]. 

Table 3-1: Modelled System Capacities 

Modelled Capacity Represented System Type 

30 kWp Roof Mounted Residential and small scale commercial roof 

top system of up to 100 kWp 

30 kWp Ground Mounted Residential and small scale commercial 

systems mounted on the ground with capacity 

of up to 100 kWp 

500 kWp Roof Mounted Commercial scale roof mounted systems with 

capacity between 100 kWp to 1,000 kWp 

500 kWp Ground Mounted Commercial scale systems mounted on the 

ground  

10,000 kWp Ground Mounted Utility scale systems that are installed on the 

ground 
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The following assumptions were made to some inputs in the determination solar PV output; 

Modelled PV array: The PV array was modelled using the Canadian Solar Superpower CS6K – 

300MS. The values for cell temperature coefficient 𝛽, the module rated efficiency 𝜂ௌ்஼  were taken 

from the manufacturer datasheet. A summary of the datasheet has been provided in Table 3–2. 

Table 3-2: Specifications for Canadian Solar Superpower CS6K 300MS Source [87] 

Solar Module 
 

Name Canadian Solar Superpower CS6K – 300M 

Performance Under STC  

Maximum Power Pmax 300 W 

Open Circuit Voltage Voc 39.7 V 

Maximum Power Point Voltage Vmp 32.5 V 

Short Circuit Current Isc 9.83 A 

Maximum Power Point Current Imp 9.24 A 

Efficiency 18.33% 

 

Annual Degradation: An annual degradation d of 0.5%, which was found to be a median value in 

reference [73] was assumed. Annual degradation is used to reduce the electrical energy that is 

injected into annually by an assumed value to cater for the declining performance of the solar 

modules over the years in operation. 

Losses: The impact of impurities on the surface of solar modules and their impact on the 

performance of solar PV systems were discussed in Section 2.52. An annual value for 

miscellaneous losses was assumed to be 1.0%. 

Inverter Efficiency: The model used a KACO Powador 60.0 TL grid tie inverter. The specifications 

for the inverter as shown in Table 3-3; 
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Table 3-3: Specifications for KACO Powador 60.0 TL Source [88] 

DC Input  

Operating Range 200 V – 950 V 

No Load Voltage 1 000 V 

Max. Input Current 3 × 36A 

AC Output  

Rated Output 49 990 VA 

Rated Current 3 × 72.2A 

Rated Frequency 50 Hz/60 Hz 

Number of Grid Phases 3 

Mechanical Data  

Dimensions (H×W×D) 1 360×840×355 

Weight 173 kg 

 

The inverter efficiency was modeled with a curve fitting method based on the efficiency curve on 

its data sheet. A similar method has been used by reference [89]. From this method, the inverter 

efficiency was found to follow the following equations; 

 
𝜂ூே௏ = ቐ

1200.4𝑥ଷ − 145.09𝑥ଶ + 6.5411𝑥 + 0.8495, 0.01 ≤ 𝑥 ≤ 0.055

5.2196𝑥ଷ − 2.9834𝑥ଶ + 0.5723𝑥 + 0.9399,          0.055 < 𝑥 ≤ 0.301

0.0109𝑥ଶ + 0.0022𝑥 + 0.9783,                                     0.301 < 𝑥 ≤ 1

 
3.3 

The parameter 𝑥 in Equation 3.6 represents the relative output of the inverter, defined as the 

instantaneous power output divided by rated power output; 𝑥 =
𝑃ை௎்

𝑃ோ஺்ா஽
ൗ . 

The original efficiency curve from the manufacturer data sheet has been depicted in Figure 3–

1. The resulting curve from this inverter efficiency model has been depicted in Figure 3–2. 
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Figure 3-1: Inverter Efficiency from Datasheet Source: [88] 

 
 

Figure 3-2: Modelled Inverter Efficiency Source: Author 

 

3.5. Bilinear Interpolation 

It is a desire especially for private developers to know the characteristics of the prospective 

development sites in terms of how much solar energy is available for harvesting. Our method for 

gridding and determining the annual array output 𝑌஺ at 0.25° intervals on latitudes and longitudes 

leaves vast amount of area in between the grid points un-catered for. The technique of bilinear 

interpolation hence becomes instrumental in determining the annual array yield 𝑌஺ in between the 

90%

91%

92%

93%

94%

95%

96%

97%

98%

0.01 0.21 0.41 0.61 0.81

E
ff

ic
ie

nc
y 

Relative Output

Efficiency vs Output



39 
 

grid points. A model was constructed in such a way that a user can input the coordinates for a 

desired location and the annual array yield be automatically computed. 

3.6. Zoning 

For the reason that different locations have different solar resource and other factors that can affect 

the performance of solar modules, it is not unusual that the annual array yield would differ for 

different geographical regions. Setting a similar tariff for all regions implies that developers may 

be over-compensated in high yielding regions, while it would be the direct opposite for low 

yielding regions. In order to avoid this setback, high yielding regions should ideally have lower 

tariff than the low yielding regions. In this study, Lesotho was divided into two regions, one as 

high yield region and the other as low yield region. The reason for choosing to divide into only 

two regions is that Lesotho is not a geographically sizeable country and that two regions are easily 

manageable for policy making. The procedure to achieve this was to take the highest and lowest 

values of annual array yield within Lesotho, represented by 𝑌஺_ெ஺௑ and 𝑌஺_ெூே respectively. The 

mid-point between these two values 𝑌஺_ெூ஽ was found using Equation 3.4; 

 
𝑌஺_ெூ஽ = 𝑌஺_ெூே + ൬

𝑌஺_ெ஺௑ − 𝑌஺_ெூே

2
൰ 

3.4 

Further to have two classifications of high yield regions and low yield regions Equations 3.5 and 

3.6 were applied; 

 
𝑌஺_ு = 𝑌஺_ெூ஽ + ൬

𝑌஺_ெ஺௑ − 𝑌஺_ெூ஽

2
൰ 

3.5 

 
𝑌஺_௅ = 𝑌஺_ெூே + ൬

𝑌஺_ெூ஽ − 𝑌஺_ெூே

2
൰ 

3.6 

Where 𝑌஺_ு is the value of array yield representing high yield regions and 𝑌஺_௅ is the value of array 

yield representing low yield regions. 

Since the final yield 𝑌ி is used as the input into the financial model to determine the feed-in tariff, 

the same procedure was taken to determine the final yield for high and low yield regions, 𝑌ி_ு and 

𝑌ி_௅ respectively. 
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3.7.Determination of Feed-In-Tariff 

To determine the cost-reflective tariff, an LCOE methodology presented in reference [90] was 

employed. By this method the general approach is to determine the price for selling electricity 

that is reasonably above generation costs which will provide returns to invested equity capital. 

In order to achieve this goal, the policymaker sets a target IRR for equity, which is assumed to 

be the maximum that equity investors would want for their invested capital. A feed-in-tariff is 

then determined by setting a price that will give the equity NPV equal to zero. Any interest rate 

below the target IRR would then yield a positive equity NPV. While constructing a financial 

model for this study, the NREL Cost of Renewable Energy Spreadsheet Tool [91] and the 

Regulatory Framework for the Development of Renewable Energy Resources in Lesotho by the 

LEWA [13] were studied. Both these policy instruments use the approach to set a feed-in-tariff 

based on a targeted equity IRR. Another study was also considered in constructing the financial 

model, which is a comparative study of the cost of electricity under different ownership structures 

in the United States [92]. 

3.7.1. Equations and Models 

The FiT remuneration depends on the payment model that is used. There are two main types of 

payment models for FiT, namely market dependent and market independent models [44]. In market 

independent models, the producers are paid a fixed price that is not influenced by electricity market 

price, while in market dependent models, the remuneration price is set based on the electricity 

market price plus a specified premium [44]. Between these two, the market independent models 

are more predominant than market dependent models [23]. The market independent models use 

the Levelized Cost of Electricity (LCOE) approach to determine the FiT , in which the price of 

selling electricity is based on the cost of generation with an option to adjust the price for inflation 

[44]. Inflation adjusted FiT prohibits the decline in real value of project revenue over its lifetime, 

useful especially in developing countries with high level of inflation [21], [44]. 

In order to determine a cost reflective FiT, the payments are based on the cost of generation [22], 

often referred to as the LCOE [17] LCOE is defined as the unit cost of energy that will result in 

project revenue over its economic life being equal the Total Life Cycle Cost (TLCC) when a certain 

discount rate r is applied to the base year [90]. TLCC are the costs incurred for operation and 
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maintenance of an asset in its lifetime [90]. The expression for TLCC is given by Equation 3.7 

[90]; 

 
𝑇𝐿𝐶𝐶 = ෍

𝐶௧

(1 + 𝑟)௧

்

௧ୀ଴

 3.7 

 

Where: 

𝐶௧ is the total cost in period t; investment costs, O&M costs, replacement costs, salvage value 

T is the period of analysis 

r is the annual discount rate 

 

By breaking down total costs 𝐶௧ into its individual components and equating the expression for 

TLCC to the revenue, the equation for LCOE becomes Equation 3.8 [93]; 

 
෍ ൬

𝐿𝐶𝑂𝐸௧

(1 + 𝑟)௧
× 𝑆௧(1 − 𝑑)௧൰

்

௧ୀ଴

= ෍
(𝐼௧ + 𝑂௧ + 𝑀௧ + 𝐹௧ + 𝑇௧)

(1 + 𝑟)௧

்

௧ୀ଴

 3.8 

Where; 

𝐿𝐶𝑂𝐸௡ is the levelized cost of electricity 

T is the period of analysis 

r is the annual discount rate 

𝑆௧ is the annual energy production 

𝑑 is the degradation rate 

𝐼௧ is the investment costs 

𝑂௧ is the operation costs 

𝑀௧ is the maintenance costs 

𝐹௧ is the fuel cost 

𝑇௧ is the corporate income tax 

 

The total revenue over the lifetime of a project and its total life cycle costs are represented by the 

left hand and right hand side of Equation 3.8 respectively  [90]. When LCOE is adjusted to a 
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desired FiT so that the lifetime revenue surpasses the lifetime costs, the difference between the 

revenue and costs in Equation 3.8 becomes the profit as given by Equation 3.9 [94], [95]; 

 
෍ ൬

𝐹𝑖𝑇௧

(1 + 𝑟)௧
× 𝑆௧(1 − 𝑑)௧൰

்

௧ୀ଴

− ෍
(𝐼௧ + 𝑂௧ + 𝑀௧ + 𝐹௧ + 𝑇௧)

(1 + 𝑟)௧

்

௧ୀ଴

= ෍
𝑃௧

(1 + 𝑟)௧

்

௧

 3.9 

Where; 

𝑃௧ is the annual gross profit for year t 

𝐹𝑖𝑇௧ is the unit price of electricity 

The rest of the terms retain the same meaning as in Equation 3.8. 

The inputs for Equation 3.9 for calculation of FiT are as follows; 

Investment costs, It 

Investment costs are costs that are incurred by the project before operation, or other investments 

made during its lifetime for maintenance, replacement or reinforcement. Investment costs include 

feasibility, engineering, purchase of equipment, land acquisition, grid connection and interest 

during construction [96]. 

Operating Costs, Ot and Maintenance Costs, Mt 

Operating and maintenance costs for a project are expenses incurred for day-to-day running of the 

project and its maintenance and replacement of parts. Operating and maintenance costs include 

labour, scheduled and unscheduled maintenance, insurance and communication [96]. 

Fuel Costs, Ft 

Fuel is part of the variable costs [96] Fuel like diesel is required for running of some energy plants, 

but it is not required for solar PV plants [93], [96]. 

Income Tax, Tt 

Corporate income tax is a share of company income that is paid to the government [97]. 

Annual Operating Profit, Pt 

The operating profit Pt is the difference between the revenue received from selling electricity and 

the costs in a year [94]. 
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Annual Electricity Generation, St 

Annual electricity generation St is the rated electricity output of the renewable plant in a year [93]. 

Annual electricity generation is discussed in detail in Sections 2.5 and 2.6. 

Annual Degradation Rate, d 

Degradation rate is the percentage decline in performance of solar modules over time [73]. 

Degradation of solar modules is discussed in detail in Section 2.6.3. 

Annual Discount Rate, r 

Discount rate is the opportunity cost of money invested as capital in a project [98]. The cost of 

capital is important in calculating FiT because it is common for renewable energy projects to 

secure financing through equity and loan [99]. For interest rate r in Equation 3.9, the Weighted 

Average Cost of Capital (WACC) is often used as the discount rate to reflect costs of loan capital 

and equity capital [99], [100]. Equation 3.10 depicts the formula for calculating WACC; 

 
𝑊𝐴𝐶𝐶 =

𝐸

𝐸 + 𝐷
× 𝑘ா +

𝐷

𝐸 + 𝐷
× 𝑘஽ 3.10 

Where; 

E is equity amount 

𝑘ா is the rate of return on equity 

D is the debt amount 

𝑘஽ is the interest rate on debt 

 

Using the LCOE method to calculate FiT, policy makers base the FiT on LCOE plus a certain 

premium that will allow for a predetermined internal rate of return (IRR) for equity investors [21]. 

To understand IRR a brief discussion of the Net Present Value (NPV) is necessary. NPV is the 

value of an asset or a project, measured by its discounted future cash flows, both negative and 

positive, versus the life cycle costs [101]. NPV is one of many matrices used for project evaluation. 

If NPV is positive (above zero), it means the project is worth investing in, otherwise other 

alternatives should be considered  [102]. Equation 3.11 gives an approach to determine the NPV 

of a project [101]; 
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𝑁𝑃𝑉 = ෍

𝐶௧

(1 + 𝑟)௧

்

௧ୀଵ

 3.11 

Where; 

T is the number of periods for analysis, 

𝐶௧ is the cash flow for period t, 

r is the interest rate 

In Equation 3.11, the interest rate r which yields NPV = 0 is known as the IRR [101]. Figure 3 - 

3 shows a demonstration of the NPV and IRR. In this illustration the IRR is the value of interest 

rate which crosses the horizontal axis, at NPV = 0. In this case the IRR is 15.37%. 

 

Figure 3-3: Illustration of the Internal Rate of Return Source [102] 

 

Equation 3.9 which determines the feed-in-tariff based on the life cycle cost of generation was 

applied. The interest rate r that is applied depends on the cash flow in question. Cash flow to the 

projects, which is the Cash Available for Debt Service (CADS), after deducting corporate income 

tax, is evaluated using interest rate as the weighted average cost of capital (WACC). Cash flow to 

equity investors is evaluated using the targeted IRR. For determination of WACC, Equation 3.10 

was applied. For evaluation of cash flow to the project and to equity investors using the NPV 

approach, Equation 3.11 was applied. 
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3.7.2 Inputs and Assumptions 

Financing Structure: A project finance structure was used in which money lenders are paid from 

the income that is generated by the project [103]. It is common for large scale infrastructure 

projects to apply this type of financing. Two main sources of capital are loan from lenders and 

equity from investors [92]. For this study, a loan to equity ratio of 70:30 was assumed. 

Discount Rate: As discussed briefly in Section 3.7.1, a discount rate that is applied to cash flow 

depends on the cash flow in question. The following financial assumptions were made regarding 

interest rates; 

Table 3-4: Assumed Interest Rates  

Interest Rate Assumed Value 

Annual Interest Rate on Loan 9% 

Cost of Equity (Target equity IRR) 16% 

WACC 11.10% 

 

The 16% cost of equity was used as the maximum assumed return on investment that private 

investors would look for from a project. With this cost of equity, the unit price of electricity was 

then assumed which would give an equity NPV of zero. Any lower cost of equity lower than the 

assumed one would yield a positive equity NPV. 

Company Tax Income: In Lesotho the income tax collected from business is called Company 

Income Tax (CIT). A CIT rate of 25% is applied on gross income for all businesses with the 

exception of manufacturing and subsistence farming [104]. 

Investment Costs: In Section 2.3 the costs for installation of solar PV plants were discussed. It was 

pointed out that the global weighted average cost for installing utility scale solar PV plants was as 

low as USD 1,210/kW. NREL’s 2018 quarter 1 solar PV costs benchmark report reveals that the 

cost of installing utility scale solar PV plants was as low as USD 1,440/kWac. The report further 

breaks down the investment costs into soft costs, balance of system hardware, inverter and modules 

[48]. In this study, a similar approach to break down the investment costs was followed for 

different types of installations as shown in Table 3 – 5; 
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Table 3-5: Breakdown of Installed Costs 

 

30 kW 
Roof 
Mount 

500 kW 
Roof Mount 

10,000 kW 
Roof Mount 

30 kW 
Ground 
Mount 

500 kW 
Ground 
Mount 

10,000 kW 
Ground 
Mount 

Feasibility ($/W) 0.03 0.03 0.03 0.03 0.03 0.03 
Engineering & 
Development ($/W) 0.15 0.12 0.1 0.12 0.11 0.1 

Solar Modules ($/W) 0.8 0.8 0.6 0.8 0.8 0.6 

Inverter ($/W) 0.15 0.11 0.08 0.15 0.08 0.08 
Mounting Structure 
($/W) 0.11 0.09 0.08 0.1 0.08 0.06 

Other BoS ($/W) 0.6 0.5 0.4 0.6 0.4 0.3 

Licensing ($/W) 0.02 0.02 0.02 0.02 0.02 0.02 

TOTAL 1.86 1.67 1.31 1.82 1.52 1.19 
 

Depreciation: A straight line depreciation that yields a salvage value of zero for the duration of 

the economic life of the project was assumed. 

Other Economic and Financial Inputs and Assumptions: Other assumed economic and financial 

inputs have been summarized in Table 3 – 6; 

Table 3-6: Economic and Financial Assumptions 

Economic/Financial Parameter Assumed Value 

Loan Tenor 18 years 

Duration of FiT 20 years 

O&M annual escalation 1.5% 
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4. RESULTS 

The results of the study are presented in this section. First the performance indices that are used to 

compare performance of systems for different locations are presented. The results for proposed 

feed-in tariff and other financial results are also presented. In the results, discussion and conclusion 

sections, the terms high yield and low yield are used to refer to high and low annual array yield 𝑌஺ 

as per classification in Section 3.6. 

4.1. Performance Indicators 

The performance indicators for the modelled systems are necessary to present in order to compare 

the modelled system with other systems in Lesotho or elsewhere in order to verify the model. In 

this section, the performance of indicators that are presented. The performance indicators will be 

presented for both high yield and low yield regions. The representative values for high yield and 

low yield regions were determined using the method as described in Section 3.6. The array yield 

and final yield will thus be presented as the representative values for both regions. Table 4-1 

presents the results of the performance indicators; 

Table 4-1: Results for Performance Indicators 

Performance Indicator High Yield Region Low Yield Region 

Array Yield 𝑌஺ Range (kWh/kWp) 1,826-1,992 1,660-1,826 

Representative annual Array Yield 𝑌஺ (kWh/kWp) 1,909 1,743 

Representative annual Final Yield 𝑌ி (kWh/kWp) 1,885 1,713 

Capacity Factor (%) 21.52 19.55 

 

The resulting contour map of annual array yield 𝑌஺, constructed using the software Surfer, has been 

shown in Figure 4-1; 
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Figure 4-1: Map of Annual Array Yield, YA for Lesotho Source: Author 

The map in Figure 4 – 1 shows the annual array yield YA for different locations in Lesotho. This map 

can be used to determine areas for potential solar PV development by looking at how much a system 

installed at one location can potentially yield in a year. The areas shaded in green have relatively low array 

yield, while areas shaded in brown have relatively high array yield. Since a value for annual array yield 

cannot be directly extracted from this map, bilinear interpolation becomes useful in such cases, where 

coordinates of a potential development site can be fed into the model and the resulting annual array yield 

of the site be obtained. 

4.2. Zoning 

Using the method described in Section 3.6, Lesotho was divided into two regions based on annual 

array yield 𝑌஺. One region is the high yield region represented by 𝑌஺_ு and the low yield region 

which is represented by 𝑌஺_௅. Annual array yield was used for classification of the two regions, 

while the corresponding final yields were used as input into the financial model used to determine 

the feed-in tariff in the respective regions. Table 4-2 shows the representative values for annual 

array and final yields for high and low yield regions; 
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Table 4-2: Table of Array and Final Yields for High and Low Yield Regions 

Region Array Yield Range 

(kWh/kWp) 

Array Yield, 𝐘𝐀 

(kWh/kWp) 

Final Yield, 𝐘𝐅 

(kWh/kWp) 

High Yield 1,826-1,992 1,909 1,885 

Low Yield 1,660-1,826 1,743 1,713 

 

4.3. Financial Results 

The results for the feed-in tariff for high and low yielding regions, cash flows and other financial 

indicators are presented in this section. First a summary of the feed-in tariffs is presented in 

Table 4-3; 

Table 4-3: Results for FiT 

System Category FiT ($/kWh) 

Low Array Yield Region High Array Yield Region 

30 kWp Roof Mount 0.1778 0.1616 

500 kWp Roof Mount 0.1597 0.1451 

30 kWp Ground Mount 0.1740 0.1581 

500 kWp Groun Mount 0.1453 0.1321 

10 000 kWp Ground Mount 0.1138 0.1034 

 

4.3.1. Financial Results for Utility Scale Systems 

The feed-in tariff for 10 000 kWp solar PV system which represents all ground mounted systems 

equal or larger in capacity than 1,000kWp was found to be USD 0.1034 in high yield regions and 

USD 0.1138 for low yield regions. The capital requirement for this system is USD 1,190/kWp. 

The project cash flow and equity cash flow for 10 000 kWp solar PV system have been depicted 

in Figure 4-2 and 4-3. The resulting Project NPV and IRR from the model were found to be USD 

29,000 and 11.14% respectively. For equity cash flows, the resulting NPV and IRR were USD 0 

and 16% respectively. The results for equity cash flow are not surprising because they were 

deliberately targeted in order to determine the feed-in tariff. These results for NPV and IRR also 

apply for low yield region. The results show that for this utility scale category, the annual cash 
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flow for the project ranges from USD 1.1790 million to $1.664 million, while it ranges from 

USD 0.27 million to USD 1.194 for equity cash flow. 

 

Figure 4-2: Cash flows for the Project for Utility Scale Systems Source: Author 

 

 

Figure 4-3: Cash flows for Equity for Utility Scale Systems Source: Author 
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4.3.2. Financial Results for Commercial Scale Systems 

A 500 kWp system in the financial model represents all commercial system, ground mount and 

roof mount from 100 kWp to 1 000 kWp. The feed-in tariff for ground mount commercial systems 

was determined to be USD 0.1453 for low yield region and 0.1321 for high yield regions. For roof 

mounted systems the feed-in tariff was determined to be USD 0.1451 and USD 0.1597 for high 

yield and low yield regions respectively. The model shows that ground mounted systems require 

less capital than the roof mounted system, with their capital requirement at USD 1,520/kWp, while 

roof mounted systems would require USD 1,670/kWp. The resulting net present values for project 

NPV for ground mount and roof mount systems USD 1,835 and USD 2,035 respectively. Figure 

4-4 and 4-5 show project cash flow and equity cash flow respectively for ground mount systems. 

The project cash flow ranges from USD 75 318 to USD 106 247 per annum, while the cash flows 

range from USD 17,259 to USD 76,263 per annum. 

 

Figure 4-4: Cash flow for Project for Commercial Scale Systems Source: Author 
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Figure 4-5:Cash flows for Equity for Commercial Scale Systems Source: Author 

 

The cash flows for roof mount systems are not far from cash flows for ground mount systems. 

Cash flows for the project ranges from USD 83,750 to USD 117,761 per annum. On the other hand 

cash flows for equity range from USD 18,963 to USD 50,000 per annum. Figures 4-6 and 4-7 

show the cash flows for project and equity respectively for roof mount commercial scale systems. 
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Figure 4-6:Cash flow for Project for Commercial Scale Systems Source: Author 

 

 

Figure 4-7: Cash flows for Equity for Commercial Scale Systems Source: Author 
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4.3.3. Financial Results for Residential and Small Scale Commercial Systems 

In this section of the results the financial results for residential and small scale commercial systems 

are presented. The representative system for this category is a 30 kWp system for both ground and 

roof mount systems, representing systems of up to 100 kWp in installed capacity. The feed-in tariff 

for high yield region was determined to be USD 0.1581 and USD 0.1616 for ground mount and 

roof mount systems respectively. For low yield region these values were found to be USD 0.1740 

and USD 0.1778 for ground mount and roof mount systems respectively. The capital requirements 

for 30 kWp ground mount system was found to be USD 1,820/kWp and for roof mount systems it 

was found to be USD 1,860/kWp. The cash flow for this system in roof mount category both for 

the project and equity have been shown in Figures 4-8 and 4-9 show the cash flow for project and 

for equity for residential scale systems in roof mount category. The results show that the Project 

NPV would be USD 136 for roof mount systems and USD 133 for ground mount systems. The 

resulting cash flow for roof mount category for the project ranges from USD 5,530 to USD 7,803 

per annum, while equity cash flow in the same category ranges from USD 1,300 to USD 5,600 per 

annum. 

 

Figure 4-8:Cash flow for the Project in Roof Mount Residential Scale Systems Source: Author 
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Figure 4-9: Cash flows for Equity in the Roof Mount Residential Scale Systems Source: Author 

 

In this residential and small scale commercial systems, the financial results show that the project 

cash flow for ground mount systems would range from USD 5,411 to USD 7,635 per annum. Cash 

flow for equity in the same category would range from USD 1,272 to USD 5,479 per annum. 

Figures 4-10 and 4-11 show cash flows for the project and equity respectively; 
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Figure 4-10: Cash flow for Project in the Ground Mount Residential Scale 
Systems 

Source: Author 

 

 

Figure 4-11: Cash flow for Equity in the Ground Mount Residential Scale 
Systems 

Source: Author 
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5. DISCUSSION 

The financial results show that by setting different tariffs for locations with different resources, the 

same economic impact can be achieved. For example, looking at the utility scale system, setting 

USD 0.1034 for high yield region and USD 0.1138 for low yield regions as the feed-in tariff yields 

a project NPV of USD 29,000 in both cases. Another perspective of looking into this issue is to 

observe at how certain regions, would perform if only one tariff was adopted for all regions. In 

order to perform this evaluation we used the maximum annual final yield 𝑌ி which is 1,970 

kWh/kWp. The resulting feed-in tariff was found to be USD 0.0989. Using this value of feed-in 

tariff for the lowest yielding region, which is 1,628 kWh/kWp results in a project NPV of USD -

1.86 million and equity NPV of USD -1.43 million. This means the projects in low yielding regions 

would not attract investment and defeat the whole purpose of the feed-in tariff policy. 

In order to ensure economic and financial sustainability of projects under feed-in tariff, setting the 

feed-in tariff based on an assumed IRR for equity investors can make this achievement. This means 

in the financial model, a certain IRR is set which is assumed to be the maximum hurdle rate for 

equity investors. A tariff that will give the equity NPV as zero is then set at the desired feed-in 

tariff. Since the IRR would be the maximum that equity investors look for, any discount rate or 

interest rate below the IRR would yield a positive NPV, which would make the project worth 

investing in. 

5.1.Policy Implications 

Policymakers have to be aware of the importance of setting different tariffs for differently yielding 

regions as already discussed. The same reasoning applies for setting different tariffs for different 

eligible capacities. Ground mount and roof mount systems have different specific investments 

costs (in $/KW). As already seen, in the case of this study, looking at the commercial scale systems, 

the investment costs for ground mount systems is USD 1,520/kWp while it is USD 1,670/kWp for 

roof mount systems. Again in order to achieve the same economic impact for these differing 

systems, different tariffs need to be considered. 

5.2.Limitations 

The main limitation of this study is the use of TMY data. While it is desirable to use ground 

measured data for studies like this one, the reason for using TMY data is for its availability in a 

0.25° × 0.25° grid, data which is otherwise not available. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

To conclude, this study makes the following recommendations; 

The study recommends the following feed-in tariffs for grid connected solar PV systems; 

Table 6-1: Recommended FiT for Grid Connected Solar PV Systems 

System Category FiT ($/kWh) 

Low Array Yield Region High Array Yield Region 

30 kWp Roof Mount 0.1778 0.1616 

500 kWp Roof Mount 0.1597 0.1451 

30 kWp Ground Mount 0.1740 0.1581 

500 kWp Groun Mount 0.1453 0.1321 

10 000 kWp Ground Mount 0.1138 0.1034 

 

Location-Specific FiT: A location specific feed-in tariff for solar PV systems is recommended 

based on the annual array yield. A methodology to divide Lesotho into two regions has been 

presented in this study. However the methodology to do so should not be limited only to the one 

presented here, but other methodologies may be explored. 

Size-Specific FiT: Capital costs may differ significantly for common types of installations. In this 

study two types of installation were presented which are ground mount and roof mount 

installations. Setting a different tariff for different types of installation is recommended that can 

achieve the same economic impact for different systems. 

FiT Duration: 20 years for feed-in tariff is recommended. This is the most commonly used duration 

for solar PV plants across the globe. Shorter periods may see much higher feed-in tariffs, while 

longer periods may go beyond the useful economic life of components in the solar PV system. 

Inflation Indexed Tariff: For manageability, a fixed feed in tariff is recommended. However the 

impacts of inflation must be carefully considered by indexing other variables like the annual O&M 

costs to inflation in the financial model. 
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Other recommendations: It is recommended that a maximum capacity for solar PV systems that 

will fall under FiT scheme be set. This will allow other mechanisms, particularly tendering 

schemes to be part of the energy procurement policies. 
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