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Abstract  
Electricity demand in Lesotho has been constantly rising over the past years and has greatly 

surpassed the main domestic generation of 72 MW hydropower station in ‘Muela, which only 

supports a monthly average of 58% of the load and the deficit is imported from South Africa and 

Mozambique through fixed bilateral contracts. Although these contracts are regarded as 

uninterruptable as transmission paths are secured in advance, they come with heavy reliability 

premium costs endured by electricity utility, Lesotho Electricity Company (LEC). With the 

abundant renewable energy sources in Lesotho, Independent Power Producers (IPPs) could be 

invited to erect wind farms and solar photovoltaics (PV) plants to increase local energy security 

and diversify LEC power sources.  

Because electrical power networks must be secure, reliable, and cost-effective, the study developed 

a power dispatching approach that includes solar PV and wind generators to aid 'Muela meet 

demand and be backed by imports. According to the analysis, main grid imports are minimized by 

22.3% with the introduction of 50 MW Ha-Ramarothole solar PV and by 40.2% with wind farms 

(24 MW Masitise and 34 MW Lets'eng) working with 'Muela. A 59.7% minimization is obtained 

by combining solar PV at 50 MW, wind farms at 58 MW, and 'Muela at 72 MW. Furthermore, the 

study used the Monte Carlo approach to simulate generation adequacy analysis in order to establish 

the monthly average expected demand not supplied (EDNS) and loss of load probability (LOLP). 

The EDNS never drops below 0 MW, while the LOLP only reaches a minimum of 52% for all 

scenarios evaluated, according to generation adequacy analysis of all local generators. 

Finally, the study assessed the influence of renewable energy absorption on LEC in terms of costs 

in procuring power locally and from imports using the South African Power Pool (SAPP) Markets: 

Day Ahead Market (DAM), Forward Physical Market (FPM) weekly and monthly. Since DAM 

yearly cost of energy is approximately half that of FPM weekly and monthly, it has been shown to 

be the most cost-effective market to procure under for renewables penetrations. Additionally, the 

cost of electricity anticipated to be incurred while purchasing from solar at 50 MW, ‘Muela, and 

DAM is around LSL 45 million less expensive than the fixed bilateral contracts. As a result, 

minimization of imports and their cost can be effectively accomplished with DAM because the 

total cost of energy (local prices plus DAM pricing) significantly reduces the potential expenses. 
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1. Introduction  

1.1 Background 
Acceleration in integrating renewable energy sources (RES) to electrical grids can be attributed to 

the whole world striving to achieve maximum energy security and economic development while 

also promoting environmental sustainability [1]. As of 2019, solar photovoltaic (PV) and wind 

have taken the lead as compared to other renewables with capacities of 760 GW and 743 GW [2], 

respectively. However, the power generated by intermittent renewable energy sources is variable 

and non-deterministic as it depends upon geographical and climate conditions [1]. Therefore, their 

variability and uncertainty creates challenges to the power planning and operation of the power 

system network [3]–[5]. 

Nevertheless, the basic requirements for electrical power networks are security, reliability and 

cost-effectiveness. Specifically, the normal operation and planning in conventional power systems 

is generally based on efficiently and economically meeting the future load forecast with 

considerations of random variations in the load and chances of major contingencies in the supply 

system [6]. Economical operation in power system networks is very crucial as it enables minimum 

operational costs and affordable tariffs to consumers while maximizing profits on the invested 

capital. This economic operation of the power system network can be achieved through economic 

load dispatch (ELD) which optimally allocates generating units to effectively match the load 

demand at all generating levels with minimum generating or operating costs and satisfying all 

system reliability constraints [5].   

Adding on, the fundamental static economic dispatch (SED) optimally distributes the constant load 

demand among committed units while minimizing generational and operational costs satisfying 

all unit system equality and quality constraints to ensure power system network reliability [7]–[9]. 

Nonetheless, considering the variable load demand in practical networks, SED induces a practical 

difficulty as power cannot be altered to meet the demand. The dynamic economic dispatch (DED), 

an extension of SED, takes into consideration the dynamic costs involved as a result of changing 

from one-generation level to another and hence overcoming this difficulty [7]–[9]. Hence, DED is 

an optimization approach in power systems which aims at achieving an optimal scheduling of 

power available from generators to effectively and efficiently match the predicted load demand 

while minimizing generation costs and satisfying all system constraints [7], [9]–[11].     
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Integration of large-scale wind and solar generators to the grid implies a new source of uncertainty 

must be added to the operation and planning problem. Therefore, wind and solar generators are 

often treated as non-dispatchable or variable units which only inject the power to the grid network 

when available depending on climate conditions [5]. Furthermore, the unpredictable wind velocity 

and weather dependent solar irradiation, make it difficult to correctly predict output power, which 

consistently leads to under and over generation of power scheduling [5], [11]. For this reason, there 

is a need to determine the generation adequacy of these systems to analyze the power system’s 

security of supply.  

Generation adequacy refers to the generator's ability to meet system demand while simultaneously 

taking into account generators’ unavailability, load volatility, and renewable energy generators 

(REGs) output variation [12], [13]. Although there are numerous indices that may be used to assess 

the adequacy of a country's or utility's power system, the basic ones are loss of load expectation 

(LOLE) or loss of load probability (LOLP) and loss of energy expectation (LOEE) or Expected 

demand not supplied (EDNS) [12], [14], [15]. The LOLE is the average number of days or hours 

over a given time period (usually a year) when daily peak load or hourly demand is expected to 

exceed available generation capacity. While, the predicted energy not provided by the generating 

system due to the load demand exceeding the available generating capacity is measured by the 

EDNS index. As such, this energy can be met by spinning reserves, battery storage or imports from 

external grids in an interconnected grid. 

1.2 Problem Statement 
The generation, supply and distribution of electricity in Lesotho has always been dominated by 

and reliant on two wholly state-owned entities: the Lesotho Electricity Company (LEC), which is 

the monopoly transmitter, distributor, and supplier of electricity, as well as the Lesotho Highlands 

Development Authority (LHDA), which is the main power producer through the 'Muela 

hydropower station [16]. In Lesotho, the energy demand has been constantly increasing over the 

past years and has greatly surpassed the domestic generation, which has been stagnant since 1998. 

The domestic electricity generation is mainly derived from a 72 MW hydropower station in ‘Muela 

and other small generating utilities all over the country with a total of 2.6 MW [17]. Even so, the 

current installed capacities fail to meet the total energy demand which rose about 16% from 153 

MW in 2015-2016, to an  escalation of 177 MW in 2019 [17]. Since the local generating capacity 
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fails to meet the peak load and even the base load of about 100 MW, the deficit is met by importing 

power from Southern African Power Pool (SAPP) using bilateral contracts between South Africa 

(with Eskom) and Mozambique (with Electricidade de Mozambique (EDM)) [18].   

The use of these bilateral contracts enables LEC to secure transmission paths in advance. Although 

these contracts are regarded as uninterruptable, they come with heavy reliability premium costs 

endured by the electricity supplier. On top of that, both contracts from Eskom and EDM are 

reviewed annually and subject to the volatile market conditions which can result in increased 

expense or an obstruction of the electricity supply to Lesotho [18]. As a result, in an effort to offset 

these costs, LEC may decide to set high charges for consumers and end users of electricity. Since 

Lesotho has about 50% poverty rate [19], setting heavy tariffs on consumers means that a bulk of 

households connected to the grid will fail to purchase electricity for their essential energy needs. 

Hence, there is a need to embark on exploring the feasibility of local generation mainly from 

renewable energy sources like solar PV and wind as a way to increase energy security and 

minimize heavy dependence on imports that come with higher energy costs. 

1.3 Research Questions and Objectives    

The current research project aims to implement a power dispatching approach for locally 

committed IREGs (wind and solar PV) and imports into the existing national grid. The emphasis 

will be on generation adequacy of these generators (‘Muela hydropower, Wind and solar PV farms) 

as they are dispatched to successfully match the dynamic local demand considering the LOLP and 

the EDNS.  

The research will be guided the following questions: 

i) How to meet the load demand using local generation, mainly from renewables?  

ii) Is local generation using renewables more cost effective than imports? 

iii) What is the most economical way to combine local renewable sources and imports? 

 

The objectives of the study are: 

i) To assess the generation adequacy analysis of locally committed renewable energy 

generators and ‘Muela hydro power plant. 
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ii) To optimally schedule the locally committed generating unit outputs supported by 

imports in order to match the load demand at minimum cost while ensuring continual 

and reliable power supply. 

iii) Analyze the cost implications for LEC in procuring power both locally and in SAPP 

markets considering the prices volatility. 

 

1.4 Justification  
Despite the crisis of energy security, Lesotho also faces a great challenge of low electricity access 

rate. The overall electricity access rate in Lesotho does is around 51% of population. In addition, 

the households’ electrification is not equally proportioned over the country, with access rates 

estimated at 76% in urban areas and 32% in rural areas, as presented in the 2019 World Bank data 

[20]. As a response to meet the ever-escalating electricity demand and also increase energy access 

in Lesotho, the government has set out strategies to introduce penetration of renewables into the 

national grid. Such initiatives include the Grid Development Plan for 2017-2036 which has 

allocated M 150 million per annum and 80 % of it is budgeted for the grid expansion and 20 % of 

it would be allocated for off-grid electrification [21].  Lesotho also targets to achieve 375 MW 

from renewables by 2030, as drafted in the Lesotho Country Action Agenda [22]. Further, in 

January 2019, the Government of Lesotho was awarded a grant from the African Development 

Fund (ADF) towards Consultancy Services for Renewable Energy Grid Integration Study [23]. 

The objective of this initiative is intended towards analyzing the impacts on the transmission and 

distribution networks of the LEC when integrating variable renewable energy generation (VREG) 

and to establish the optimum absorption level, quantitatively and relative to intermittent nature of 

renewable energy generation in the LEC power system portfolio in the medium to long-term.  

Since renewables are intermittent and depend on climate conditions, they can only inject power to 

the grid only when it is available. On that account, with the available renewables in Lesotho, the 

study presents a simple methodology to investigate the level of energy security (through generation 

adequacy analysis) that will be brought by these resources (wind and solar PV) as they will be 

featured into the national grid. Also, the study intends to assess how power can be dispatched to 

successfully match the ever increasing and fluctuating power demand considering their dynamic 

hourly output characteristics and how they can be supported through imports. In the same manner, 
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with increase in local energy security, this study will determine how LEC can still benefit from 

importing energy on Day, Week, and Month Ahead Markets offered by the SAPP despite their 

volatility in prices. This will assist in minimizing tariffs for customers together with operation and 

generating costs for the supplier while also achieving maximum profits. Hence, the study acts as 

an informative research document on power system operations and power planning and also, to 

the policy makers in accelerating the electricity access and security in Lesotho. 

 

1.5 Report Structure  
The thesis report is structured into five major chapters. The first chapter discusses the energy 

situation as well as challenges in Lesotho and background information on how power is dispatched. 

There is also the problem statement formulated together with the objectives of the thesis. From 

there, chapter two dwells into the literature review of methodologies or fundamental equations 

used for predicting wind and solar outputs and how they are given priority of dispatch. 

Furthermore, detailed overview of methodologies and constraints taken into account when 

dispatching power are reviewed. The third chapter discusses the methodology adopted for this 

study, data used and constraints observed. Having developed the methodology, results are obtained 

and discussed, and conclusions are drawn in the last two chapters of the thesis, respectively. 
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2. Literature Review/Theory 

2.1 Overview of Electric Power System Network Operation 

The electric power system is a complex network consisting of power generating facilities, 

transmission lines, transformers, buses, loads, etc. The simplified diagram of the power system 

network and how it operates can be represented by Figure 1, which shows the generating stations, 

transmission and distributions networks [24]. 

 

 

(a) Power grid network Schematic diagram 

 

(b) Main Functions of Power system network  

Figure 1: Outline of (a) Power System network and (b) its main functions[24] 

 

Generating facilities are responsible for producing power at bulk from raw materials (coal, water, 

wind, solar, etc.), which is then transmitted using high voltage (HV) transmission lines. 

Transmission substations inside the generation plants use generation step-up transformers to 

increase voltage (e.g. from 11 kV to 220 kV) so that power can be transmitted over long distances 

with minimum losses due to resistance and therefore, allowing power to be carried efficiently over 

long distances. Apart from that, transmission network also links up adjacent national grids and 

creates opportunities for interconnections across multiple countries. These interconnections are 

essential for power trade, which enables sharing of resources in case of system stress, increases 

socio-economic benefit as well as enhancing security of power supply [24]. The high voltage 

power from the transmission lines is reduced to lower voltages (e.g. 220 kV to 33 kV) through the 

step-down transformer at the substation as it will be distributed through short distribution lines or 
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cables. Distribution transformer steps down the voltage (e.g. from 33 kV to 480 V) in order to 

distribute electricity to the required load or end users (industries, commercial buildings, household 

etc.) at low and medium voltages.  Subsequently, the medium and low voltage distribution circuits 

are utilized as an economical way for interconnecting distribution lines with transmission lines.  

Operation and planning of the power grid is generally based on reliability, security and delivering 

power economically [25]. Therefore, transmission and distribution system operators employ 

sophisticated monitoring and control systems to safeguard and ensure predictable operations for 

the power system network. The control centers are on 24 hours alert to accomplish several key 

functions such as: economically matching electricity production with the varying load, maintaining 

synchronization of the power network, and sustaining reliability of the grid by bringing online or 

taking offline key components of the system in response to anticipated or present threats. In 

addition, these centers utilize Supervisory Control and Data Acquisition Systems (SCADA) and 

Distributed Control Systems (DCS) to remotely monitor the optimal power flow and control 

equipment such as switches, circuit breakers, relays, transformers and generators [24]. Hence, 

maintaining and improving the reliability, flexibility, efficiency and sustainability of the electric 

power grid.  

2.2 Solar Photovoltaic (PV) Power Output  
Solar radiation and ambient temperature are the two most influencing parameters on the produced 

power of PV systems, and their performance is strongly dependent on environmental conditions 

[26]–[28]. Also, the PV system efficiency varies depending on the different solar cell 

manufacturing technologies. Hence, solar cell datasheets provided by the manufacturer offer 

information such as the maximum rated power (𝑃௥௔௧௘ௗ), optimum operating voltage (𝑉௠) , 

optimum operating current (𝐼௠) , open-circuit voltage (𝑉௢௖), and the short-circuit current (𝐼௦௖). An 

example of a solar cell (YL250C-30b) data sheet showing these parameters is depicted on Table 

1: YL250C-30b solar cell data [27]. These parameters are based on standard test conditions (STC) 

being with solar irradiation of 1000 𝑊/𝑚ଶ and ambient temperature of 25 ℃.  The I-V curves 

and P-V curves of the YL250C-30b solar cell at constant temperature 25 ℃, and varying solar 

irradiance are shown in Figure 2.  Furthermore, I-V and P-V curves under constant irradiance 

(1000 𝑊/𝑚ଶ) and varying temperature are shown in Figure 3.  
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Table 1: YL250C-30b solar cell data [27] 

 

Figure 2:I-V curves and P-V curves of the YL250C-30b solar cell at constant temperature 25 

℃, and varying solar irradiance [27] 

 

Figure 3: I-V and P-V curves under constant irradiance (1000 W/m^2) and varying temperature 

[27] 
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On the contrary, because of the varying solar radiation and ambient temperature, PV systems 

output varies instantaneously and this output can simply be modelled according to equation (1), 

where 𝜂௣௩ is the photoelectric efficiency of the PV system in (%), A୮୴ (𝑚ଶ) is the area of the PV 

array, 𝐺் (1000 𝑊/𝑚ଶ) is the incident solar radiation and 𝑇௖  (℃) is the cell operation temperature 

[27]–[29]. The output power of a solar panel is a function of radiation and ambient temperature, 

as shown by equation (1). Any solar system's output power appears to be calculable as long as the 

temperature of the solar radiation panels is precisely forecasted. 

 

𝑃௣௩ = 𝜂௣௩𝐴௣௩𝐺்[1 − 0.005(𝑇௖ − 25)]                                            (1) 

 

Another model for PV generator output is presented in [30], which uses the equation (2)  

𝑃௣௩ = 𝜂௚𝐴௣௩𝐺்                                        (2) 

where 𝜂௚ is the PV generator efficiency and it is given by equation (3). The parameters 𝜂௥, 𝜂௣௖ , 𝜉 

and 𝑇௖௥௘௙  represent the reference module efficiency, power conditioning efficiency (this efficiency 

is equal to 1 if a perfect maximum power point tracker is used), the generator efficiency 

temperature coefficient, the reference cell temperature, respectively.  

  

𝜂௚ = 𝜂௥𝜂௣௖ൣ1 − 𝜉൫𝑇௖ − 𝑇௖௥௘௙൯൧                                       (3) 

For these approaches, the cell temperature, 𝑇௖, is given by equation (4), where 𝑇ேை஼் is the normal 

cell operating temperature (NOCT), 𝑇௔,ேை஼் = 20℃ is the ambient temperature at NOCT 

conditions and 𝐺ேை஼் = 800 𝑊/𝑚ଶ is the NOCT solar radiation with respect to wind speed of 1 

m/s.  

𝑇௖ = 𝑇௔ + ൬
𝑇ேை஼் − 𝑇௔,ேை஼்

𝐺ேை஼்
൰ 𝐺்                                (4) 
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2.2.1 Basic Structure of a Grid Connected PV System 
Figure 4 illustrates the basic structure of a grid connected PV system. The PV cells, which are the 

power source, are connected in series or parallel to maximize the benefit of solar radiation. Another 

important component is the DC/DC converter, which is mostly controlled during the coupling of 

the Maximum Power Point Tracking (MPPT) control unit. The maximum power point for the 

functioning of the PV system is provided by an MPPT algorithm, which is achieved utilizing the 

Perturbation and Observation approach [29], [31]. This system uses the switches as a tracker to 

conserve energy to the greatest extent possible under all working environmental conditions. A 

DC/DC boost converter also guarantees that the output voltage is always higher than the grid peak 

voltage. The DC/AC three-phase bridge inverter circuit on the one hand, is connected to a grid via 

a typical step-up transformer. Furthermore, a DC/AC converter and a control unit offer an AC 

voltage that satisfies the grid's connection and synchronization requirements [31], [32]. 

Figure 4: Block Diagram of a Grid connected PV system [32] 
 

2.3 Wind Power Output  
Wind turbines transform the kinetic energy of the wind into electrical energy, allowing them to 

create electricity using the natural power of the wind. The turbine's blades rotate as a result of the 

wind, generating mechanical energy. In the engine house at the top of the towers, this mechanical 

energy is transformed into electricity via a generator. Afterwards, the electricity is then distributed 

to end users or pumped into the grid. This process can be illustrated in Figure 5. 
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Figure 5: General description of wind energy conversion[33] 

 

For a wind turbine with rotor blades of swept area A (𝑚ଶ), exposed to wind (stream of air) with 

average wind speed 𝑣 (𝑚/𝑠) and density 𝜎 (𝑘𝑔/𝑚ଷ), then the wind power can be expressed using 

equation (5) while the power captured by the blades can be expressed using equation (6) [33], [34].   

𝑃௪௜௡ௗ =
1

2
𝜎 𝐴 𝑣ଷ                                                                      (5) 

𝑃௪௜௡ௗ,௧௨௥௕. =
1

2
 𝜎 𝐴 𝑣ଷ𝐶௣(𝜆, 𝛽)                                                                  (6)                       

The term 𝐶௣(𝜆, 𝛽) is called the power coefficient or coefficient of performance and it is a nonlinear 

function of the blade pitch angle 𝛽  and tip-speed ratio 𝜆. Lanchester and Betz proved that wind 

turbine can only convert  a maximum of 59.26% of the wind kinetic energy to mechanical energy 

[34]. So 𝐶௣ = 0.5926 is the rotor power coefficient known as the Lanchester- Betz limit.  

The power delivered by the wind turbine can be represented by equation (7) [35] where 𝑣௧ 

represent the wind speed at time t, 𝑃௥௔௧௘ௗ is the rated wind power output and 𝑃௧  is the hourly power 

output, vୡ୳୲ି୧  is the turbine cut in speed, vୡ୳୲ି୭୳୲ is the turbine cut out speed and v୰ୟ୲ୣୢ is the 

turbine rated speed. The quantity 𝑞(𝑣௧)  is the power output of the wind turbine when operating at 

the speed between the rated and the cut in speed.  

𝑃௧ = ቐ

0,                               𝑓𝑜𝑟 𝑣௧ < 𝑣௖௨௧ି  𝑎𝑛𝑑  𝑣௧  > 𝑣௖௨௧ି௢

𝑞(𝑣௧),                                          𝑓𝑜𝑟 𝑣௖௨௧ି௜௡ ≤  𝑣௧ ≤ 𝑣௥௔௧௘ௗ

𝑃௥௔௧௘ௗ,                                       𝑓𝑜𝑟 𝑣௥௔௧௘ௗ ≤ 𝑣௧ ≤ 𝑣௖௨௧ି௢௨௧

          ( 7)               
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It can be estimated using various parametric functions formed from polynomial expressions [36]. 

These parametric models can be linear [37], quadratic [30], binomial [38], cubic [39], Weibull 

based [40] etc. Essentially, the quadratic model is good for simulating the power curve of a pitch-

controlled wind turbine, but not so much for stall-controlled or fixed blades, yaw-controlled wind 

turbines with a variable power range [41]. Nonetheless, because the machine's behavior is 

qualitatively similar, although with lesser accuracy, the model will be applied to these 

circumstances as well: this means that power outputs greater than 𝑃௥௔௧௘ௗ  should be ignored, and a 

lower energy output should be considered [41]. All These models are explicitly discussed in [35].  

These parametric models are used to model the wind turbine power output curve for all region 1, 

2, 3 and 4 as shown in Figure 6. When the wind speed falls below a certain minimum, known as 

the cut-in speed, the power production is zero in region 1. There is a rapid increase in power 

produced in region 2 between the cut-in and the rated speed. However, in the third region the wind 

turbine produces a constant output (rated) until the cut-off speed is reached. The turbine is turned 

off above this speed (region 4) to safeguard its components from severe winds, that is why it 

produces no electricity in this region. 

 

 
Figure 6: Typical pitch controlled wind turbine power output curve [35]. 
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2.3.1 Extrapolation of Wind Speed 

The World Meteorological Organization (WMO) recommends that data be logged at 

meteorological stations 10 meters above ground level (a.g.l), because the height of the turbine's 

rotor affects energy estimations [42]. The wind speed increases as the height above ground level 

rises, resulting in an increase in turbine output power. Turbines are built higher to capture more 

wind and to be higher than barriers (hills, buildings, tall trees, operational turbines, and so on) and 

ground roughness (mostly plants and vegetation) [43],[44]. Therefore the data collected at any 

height can be extrapolated to other heights of the turbine hub. The accuracy of converting observed 

wind speed to wind speed at hub height and at the turbine location is determined by parameters 

such as the vertical wind profile at the site, mast position relative to the turbine, and extrapolation 

method [35]. 

The extrapolation of wind speed is primarily done in two ways. The first method is based on the 

basis of the roughness height (𝑍଴) of the terrain and finds the wind speed at the height (𝑍ோ) with 

the known wind speed 𝑣(𝑍) at height 𝑍 as shown by equation (8) [45], [46]. 

                          𝑣(𝑍) = 𝑣(𝑍ோ)
௟௡ቀ௓

௓ೀ
ൗ ቁ

௟௡൫
௭ೃ

௭ೀ
ൗ ൯

                                                     (8)                                              

The second method predicts the wind speeds 𝑣(𝑍)  at any given height 𝑍 considering the reference 

wind speed 𝑣(𝑍ோ) at a reference height 𝑍ோ, using equation (9), where m represents the shear 

coefficient which is a number between 0 and 1 [45].  

𝑣(𝑍) = 𝑣(𝑍ோ)(𝑍 𝑍ோ⁄ )௠                                                          (9) 

 

2.4 Integration of Intermittent Solar and Wind Under Specified Grid 

Code and Priority of Dispatch  

The actual flow of electric power from the power plant to the customers is controlled by power 

system operators. Above all, the reliability and security of the electricity grid are the main concerns 

of system operators. Regarding the widespread adoption of intermittent renewables (solar PV and 

wind farms), system operators are usually worried by the impacts of these renewables to stability 

and security of the grid. For this reason, to stimulate the injection of renewable electricity into the 
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grid, open and non-discriminatory access is essential to assist renewable energy deployment. In 

most nations throughout the world, this is normally made compulsory by legislation (sometimes 

referred to as "obligation to take") [47]. Since, renewable energy costs have decreased [48] and 

grid operators have become less concerned about integrating renewables into the system, there is 

a growing consensus that renewables should be dispatched first due to their near-zero variable 

costs [47]. Alternatively, to minimize future synchronization and system balance concerns, 

technical standards for grid connection should be conveyed explicitly and openly to generators and 

enforced by system operators. 

Moreover, the inherent resource constraints of renewable energy resources in terms of their 

usefulness under various atmospheric, environmental, and climatic circumstances limit their 

integration [49]. Again, their integration depends on the ease with which power can be transferred 

from the generator to the grid. Grid integration as well necessitates in-depth technical analysis to 

ensure proper grid operation stability and control (for example, through frequency stability, 

voltage magnitudes and stability, power balance, and congestion management), flexibility, and 

reliability in the presence of a significant share of wind and solar [49]. Essentially, grid codes are 

sets of technical analysis conditions which a power plant must meet in order to be connected (and 

sell energy) to the grid, as imposed by the power system operators. More detailed studies for grid 

codes are provided in studies such as [50], which outlined grid code requirements for integration 

of renewables in Spain. Another study by Sourkounis and Tourou [51], examined the grid 

requirements for wind generators in Europe. Furthermore, a study by Mokeke and Thamae[1] 

investigated the impacts of integrating intermittent renewable energies into the Lesotho’s national 

grid under the specified grid code requirements.  

Accordingly, the grid codes are given to independent power producers (IPPs). These IPPs are 

privately developed, built, operated, and owned power plants that generate electricity and sell it to 

utilities, end users, or wholesale power traders [52]. They have a significant amount of private 

capital and are legally obligated to generate and sell power to a utility or other off-taker under 

long-term Power Purchase Agreements (PPAs). The PPA contract clearly defines the terms for 

buying and selling of power between the generating plant and off-taker. To this effect, it outlines 

the terms of power sale including the date the project will commence, the power delivery schedule, 

billing and payments terms, including termination terms [52]. 
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European countries such as Germany and Denmark are admired for their well-structured 

Renewable Energy Acts and Policies which promote uptake and prioritize dispatch for renewable 

energies as they are usually accompanied by feed-in tariff schemes [53]. Significantly, the feed-in 

tariff system (minimum price standard) requires distribution network operators (DNO) to 

interconnect RES power plants and pay the plant operator a predetermined payment per kWh. In 

this case, the degree of remuneration is cost-based, with technology, plant capacity, and other 

factors influencing it. This remuneration is fixed for a set length of time (for example, 20 years), 

giving investors some assurance in terms of budgeting and recouping costs [54]. Also, other states 

in Latin America and Caribbean regions still offer priority of dispatch to renewables, guaranteed 

purchase and interconnection from IPPs as well as priority of interconnection for renewable power 

producers  [55]. When power grid operators enter into interconnection agreements with renewable 

energy projects, these policies compel them to offer grid-connection services and related technical 

assistance, as well as to purchase and dispatch the total quantity of electricity generated by the 

projects. The priority of dispatch ensures that renewable energy generators are dispatched first 

ahead of non-renewable generators  [55]. Guaranteed and priority interconnection reduces 

development risk by lowering the uncertainty surrounding project completion timeframes. Also, 

guaranteed purchase rules reduce the possibility of a project's failure to achieve a PPA. Revenue 

fluctuation and overall project risk are minimized by rules that ensure no curtailment or provide 

financial compensation for curtailment. Without a doubt, priority of dispatch lowers the chances 

of a generator being unable to secure transmission capacity [54] ,[[55]. 

 

2.5 Power Procurement in Electricity Markets and Economic Aspects 

of Electrical System Network 

The main objective of economic operation of the power system network is to generate sufficient 

electrical energy at best-suited stations and then distribute it to consumers or end-users at an 

economic price while maintaining quality and reliability. Due to the diversified nature and 

activities of end-users (e.g. households, industries, agriculture, etc.), the load demand varies from 

instant to instant as shown in Figure 7, [56]. Because of this, generation of power must always be 

controlled to efficiently meet the base load, peak load as well as the varying load economically 
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with minimum interruptions [25], [56].In essence, the base load refers to the unvarying minimum 

load a power system must always deliver at any point in time, whereas the peak load generally 

means the various peak demands of the load above the base load. 

Figure 7: Daily variation of power demand [56] 

 

The efficient and optimum economic operation of power systems plays an integral role in deciding 

the electricity price in both regulated and deregulated markets [25], [57]. Regulated electricity 

markets refer to utilities having complete control over operating, generating and transmission 

facilities, and sells electricity directly to consumers. And yet, in regulated states, utilities must set 

prices according to the public utility commissions. On the other hand, deregulated electricity 

markets, give way to competitors to purchase or procure and sell electricity by allowing all market 

participants to invest in generating facilities and transmission lines. Since an interconnected power 

system network can provide national link between all markets participants, including generation 

and demand, it is possible to provide an optimal generation portfolio available thereby achieving 

cheapest possible generation [24], [25], [57]. Most importantly, in electricity markets, all 

participants have a great opportunity to opt for trade with the most competitive participant.  
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2.6 General Optimization and Economic Load Dispatch (ELD) 

2.6.1 Optimization Description  

The term "optimization" simply refers to the process of making the best or most efficient use of a 

situation or resource. Different fields study optimization problems, and various steps need to be 

taken to arrive at an optimal solution. Normally, engineering professionals are typically asked to 

design and operate systems that exceed specified goals while meeting numerous design and 

operational constraints. The process of optimization is sought to find such designs and operating 

modes. It specifies the activities or items that must be implemented in order to get optimal results. 

As a primary objective, optimization seeks to determine the maximum or minimum value of 

variables specified in a feasible range or space [25], [58]. It is important to recognize the problem 

parameters, which can either be continuous or discrete. To solve a problem, the objective function 

and the constraints must be known. In the end, it is necessary to choose and employ an optimizer 

that will solve the problem efficiently with satisfactory results. 

2.6.2 Economic Load Dispatch Problem Description 

Economic Load Dispatch (ELD) is an important optimization procedure applied in the operation 

and planning of the power system network. The aim of ELD is to optimally assign all the 

committed generating units to meet the varying load demand at minimum operation and generating 

costs while satisfying all the specified operational constraints [59] [25], [60]. Since the 

fundamental economic dispatch problem depends upon the generating unit cost function, then it is 

necessary to first understand the relationship between cost and power output of the generating 

units. Although the generation cost of energy (in MWh) varies widely due to the nature of unit 

technology, the cost and power relationship can be summarized using generator economic curves: 

Input-output curve and Incremental cost curve [25], [57]. Error! Reference source not found.(a) 

illustrates a typical input-output curve for a generating unit. The curve can be extrapolated from 

field data considering variation of fuel consumption and power output that is within the operating 

limits (minimum and maximum power in MW). For majority of generators, generation costs 

constitute to fuel costs. However, other components of generation costs include operations and 

maintenances (O&M) as well as emission costs. Hence, the fuel or generation costs of a generating 
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unit can be represented by a continuous and monotonically increasing quadratic polynomial 

function shown in equation (10) as follows: 

                       𝐶௜(𝑃 ௜) = 𝑎௜ + 𝑏௜𝑃 ௜ + 𝑐௜𝑃 ௜
ଶ                                                                              (10)    

where  𝐶௜(𝑃 ௜) 𝑖𝑛 ($/ℎ)  is the operating or generating cost for the 𝑖௧௛generator with output-power 

𝑃 ௜ 𝑖𝑛 (𝑀𝑊) and 𝑎௜, 𝑏௜ 𝑎𝑛𝑑 𝑐௜ are the coefficients which can be obtained from unit design data. 

The power output of each generator should be limited within the inequality constraint: 

𝑃 ௜
ெ௜௡ ≤ 𝑃 ௜ ≤ 𝑃 ௜

ெ௔௫                                                                                    (11) 

where 𝑃 ௜
ெ௜௡ and  𝑃 ௜

ெ௔௫ are minimum and maximum power limit for each generator, respectively 

[25]. 

 
(a) Input-output curve of a typical generating unit (b) Incremental Cost Curve 

Figure 8: Generator economic curves [25] 

 

Incremental cost curve, shown in Error! Reference source not found. is obtained from taking 

the derivative of the cost function,  𝐶௜(𝑃 ௜) with respect to power output of each generator, 𝑃 ௜ , as 

shown in equation (12) [56]. This curve represents the marginal costs of each unit, which is the 

cost of generating one more power from that unit. Hence, it indicates the increase in cost rate per 

increase in one megawatt output.  

𝑑 𝐶௜(𝑃 ௜)

𝑑𝑃 ௜
= 𝑏௜ + 2𝑐௜𝑃 ௜                                                        (12) 
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The classic ELD problem assumes that a given collection of units will generate constant power for 

a specified time interval and that the cost of supplying this energy will be minimized subject to 

limits on the static behavior of the generating units [61]. The objective function minimizes the 

total generation costs or operational costs for the active power of each committed unit subject to 

power equality and inequality constraints [59], [61]. Equality constraint generally outlines that: 

total power generated from all units should be equal to the sum of power demand and the 

transmission losses. While inequality constraint states that: power output of each generating unit 

must be greater or equal to the minimum power permitted and should be less or equal to the 

maximum power permitted. Hence, this constraint ensures that the generated power from each unit 

is within the specified limits. Additional system constraints specifying the minimum or proper 

amount of reserve capacity required are often added to this basic problem. This basic problem can 

be referred to as the static ELD (SELD) problem which only optimizes the total operating costs or 

fuel costs in general in a specified time without considering the fundamental relation of systems 

and variation of load demand in different operating times [61]. Because of the wide range of 

customer load demand and the dynamic nature of power networks, it was necessary to look into a 

more practical means of optimally dispatching generated electricity that can meet the ever varying 

load in instant of time.  

In practice, ELD problems are also called dynamic ELD problems, a continuation of the basic ELD 

problem. The main feature of practical ELD is the ability to match the ever changing load demand 

with a controlled generation. In practical ELD, the generation schedules for the committed units 

are designed to meet the predicted load demand over a time horizon at the lowest operating cost 

while taking into account more practical constraints such as generator ramp rate limits, prohibited 

operating zones (POZ), and in some cases, multiple fuel options for certain generators [62] [61] 

[63]. The ramp rate limitation is a dynamic requirement that is critical for the generators' longevity 

as it monitors operations and generation of online units to be within specified range. Because of 

the physical limitations of power plant components, a thermal or hydro power plant may have 

prohibited operating zones (e.g. vibrations in shaft bearings are amplified in certain operating 

regions). If there is a prohibited zone, the unit is only permitted to operate above or below that 

zone and hence, results in disjoint convex regions [64]. A typical cost function which considers 

the POZs is shown in Error! Reference source not found.. Considering all these practical 

constraints, the resulting ELD problem becomes a non-smooth or non-convex and highly complex 
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optimization problem that requires well defined mathematical formulations and robust algorithms 

to solve. 

 

Figure 9: Cost function considering POZs [65] 

 

2.7 Overview of Methods for ELD Incorporating Renewables 

Integration of large-scale renewables (wind and solar) generators to the power network system 

suggests that a new source of uncertainty must be added to the operation and planning problem, 

making it more complex. Due to increasing penetration levels of renewables, it can be anticipated 

that the ELD problem can be approached by dispatching within smaller intervals so as to update 

all the operating set points while observing the updated forecasts [66]. On top of that, the challenge 

of finding the global optimal solution, minimizing the time to solve the problem makes it more 

challenging.  Furthermore, for large scale and highly non-convex systems, the repeated failure of 

obtaining the global optimal solution of the non-convex ELD can result in significant monetary 

losses [66]. Numerous attempts have been made to solve the ELD problem through mathematical 

programming and optimization techniques, incorporating different kinds of constraints or multiple 

objectives. These approaches can generally be divided into two groups: Deterministic and 

Heuristic techniques [67], [68]. 

With advancements and review of these methodologies, another set of techniques were defined, 

which were referred to as hybrid methods as they emanate from a combination of either one of the 

groups or both. All the approaches have been very much useful in finding a balance between the 
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generation supply and the customer electricity consumption. Even so, each of its kind has some 

minor drawbacks or limited ability to effectively find the required optimal solution depending on 

the nature of objective function as well as operational constraints introduced.  

2.7.1 Overview of Deterministic Methods 

Deterministic global optimization (DGO) comprises numerical optimization methods that seek to 

find the best solution within a pre-defined tolerance from the global optimum [69]. In deterministic 

optimization problems, the objective function or feasible domain may have discrete or continuous 

variables with convexity as their characteristic feature [70]. In theory, DGO provides the 

theoretical guarantee that the solution returned is within the tolerance of the global optimum, or 

that the problem is not feasible. In addition, optimality gaps, also known as the difference between 

the bounds on the objective value, converge when it falls within the predefined tolerance [69], 

[70]. Because these optimization methods do not require stochastic rules to guide exploration of 

the search space, they are deterministic in nature. The search can instead be guided to convergence 

in a finite number of iterations by a sequence of deterministic bounding operations. A couple of 

examples for the deterministic approaches used for ELD problems are: Lambda (λ) iteration 

method [71] and Branch and Bound (B&B) technique [72]. 

In order to apply the 𝜆 -iteration method to an ELD problem, each generator's output power must 

be mapped to a value of marginal costs or 𝜆. Generators collectively generate a total output of 

power for any common marginal cost. Then initially beginning with 𝜆 − values set below and 

above the optimal value (corresponding to too little and too much power output), the optimal value 

is bracketed iteratively [73]. The standard 𝜆 −method solves the non-convex ELD problem by 

iteratively solving the approximated convex problem when applied to a practical non-convex ELD 

situation. However, there are two significant disadvantages: 1) In large-scale mixed-generation 

systems, the method exhibits oscillating behavior, and 2) the method has limited ability to deal 

with the discontinuities created by prohibited operation zones [74]. As compared with the 

conventional 𝜆 −iteration method, the Distributed Augmented 𝜆 −iteration method proposed in 

[74] has the advantage of giving the optimal dispatch in the presence of prohibited operating zones 

and effectively avoid the oscillatory behavior that the conventional 𝜆 −iteration method often 

exhibits. Moreover, the fast λ − Iteration Method is proposed in [75] to solve the non-convex 

ELD problem with consideration of prohibited operating zones and ramp rate limits for generating 
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units. Nevertheless, the introduced method has limited ability to deal with generating units 

consisting of multiple fuel cost functions.  

The B&B method enumerates all possible solutions to a problem by storing partial solutions 

referred to as sub-problems in a tree structure. Nodes in the tree that have not been explored are 

partitioned into smaller regions that can be solved recursively (i.e. branching), and pruning off 

regions of the search space that are demonstrably suboptimal (i.e. bounding) [76]. Following the 

exploration of the tree to its fullest extent, the best solution in the search is found. The study by 

Alowade et al [77] attempts to formulate the non-convex ELD problem as a rank-relaxed semi-

definite programming problem, which is solved by B&B technique combined with convex 

iteration. A Bi-Level B&B method [78], which combines spatial and simple B&B techniques, is 

used for economic dispatch with disjoint prohibited zones considering network losses. A spatial 

B&B algorithm is used to solve the quadratically constrained quadratic programming (QCQP) 

problem at the higher level and a simple B&B algorithm to solve mixed-integer quadratic 

programming (MIQP) at the lower level. For this approach, the global solution is obtained within 

some predefined convergence tolerance. One of the greatest advantages of B&B methods is the 

ability to arrive at global optimal solution. However, applications of B&B techniques are limited 

to small sized systems with minimum constraints as addition of more grid constraints and 

generation sources, can increase computational time exponentially [79]. 

It has been stated that B&B and Lambda Iteration methods are just examples of deterministic 

techniques that have been used in past years to solve the ELD problem, other examples for 

deterministic techniques include: Lagrangian relaxation and linear, non-linear, and dynamic 

programming [80]. In summary, all these deterministic approaches have proven to be very 

effective and have given satisfactory results with strict proof of convergence and require very few, 

if any, problem-based parameters. There is, however, a requirement with these methodologies: the 

problem or objective function should satisfy certain mathematical requirements: complex calculus-

based gradients should be deduced, or formulations may be approximated through linearity and/or 

convexity [80]. Convexification of the non-convex parts is essential in understanding the convexity 

of the objective function or feasible domain. If the formulated problem is convex, effective 

numerical methods can be used to solve the optimization problem. In practice, nonetheless, many 

optimization problems for ELD involve non-convex functions due to multiple constraints 
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considered, that require to be analyzed by robust and efficient methodologies to guarantee global 

optimality. Deterministic methods may not yield an optimal solution to non-convex or large-scale 

optimization problems within reasonable time because of the complexity of the problem. Hence, 

limiting their extensive applications in real or practical ELD problem. These kind of limitations or 

drawbacks viewed in deterministic methods have motivated the implementation of heuristic 

approaches for the ELD problem. Consequently, in the electric power business, traditional 

deterministic decision making is increasingly giving way to stochastic decision making, which 

explicitly accounts for the unpredictability in the power output of renewable energy generators 

[81]. 

2.7.2 Overview of Heuristic Techniques 
The heuristics share the common characteristic of combining rules with randomness in order to 

mimic natural phenomena [62]. They are based on single-solution update and the population-based 

search [82]. In single-solution update, a number of successive iterations and calculations are 

performed and each time updating the solution only if the new one satisfies a predefined criterion. 

In contrast, the population-based search deals collectively with a set of solutions rather than a 

single solution. The intelligent heuristic methods have been introduced recently to solve problems 

in power systems networks such as network planning, distribution fault tracking, ELD [67], etc. 

Furthermore,  such methods include: stimulated annealing (SA) [83], genetic algorithm (GA), 

evolutionary programming (EP) and particle swarm optimization (PSO), differential evolution 

(DE) [8], [67], [84]–[86] etc. 

The GA is an example of population-based algorithm, where every solution corresponds to a 

chromosome and each parameter represents a gene. This method is a stochastic global search that 

replicates natural biological evolution metaphors like selection, crossover, and mutation [87]. GA 

evaluates the fitness of each individual in the population using a fitness (objective) function. The 

reliability of this approach stems from its capacity to estimate the global optimum for a particular 

problem by using the best solutions in each generation to enhance other solutions, so improving 

the entire population generation by generation [88]. This algorithm has been widely used in power 

system optimization problems, including the economic dispatch problem, for example 

methodologies included in [89] and [90]. In [89] the GA was employed to solve economic dispatch 

problem incorporating thermal generators and wind farms. For this approach, the non-linear and 
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quadratic cost functions of thermal units were considered while the stochastic nature and wind 

variability was modelled using the Weibull distribution function. A case study of Abu Dhabi 

presented in [90] formulated the economic dispatch model to optimize the thermal plants and solar 

generators. The approach delves into the usage of GA to minimize the operation costs of power 

production and serve the purpose of integrating renewable energy into the traditional power grid 

of United Arab Emirates. 

Additionally, the PSO algorithm is a population-based optimization method that uses an array of 

particles in order to find the optimum solution [59]. Swarms are composed of particles, each of 

which is an individual. Solution spaces are formulated in PSO as search spaces where each position 

in the search space is a potential solution of the problem. In the search space (solution space), 

particles cooperate to find the best solution, with each particle moving in accordance to its velocity. 

Its implementation in power systems has yielded promising results for ELD optimization 

problems. The paper [91], establishes a practical or dynamic economic dispatch model to 

implement the minimization of the total generation cost of wind-hydro hybrid power systems. A 

probabilistic mathematical model of the wind farm output with regards to wake effect is presented 

here as the wind generation cost model. By employing a penalty function method and correction 

strategy, the proposed economic dispatch model is converted to an unconstrained optimization 

problem, which is then solved by the PSO algorithm with immunity (IA-PSO). 

The study, [92], presents a short-term optimal hourly of hydro–wind–thermal hybrid scheduling 

based on PSO approach. The suggested model reduces the hybrid power system's generating costs 

to meet load needs over a predetermined time horizon while satisfying the network's different 

constraints on hydraulic, wind, and thermal electrical systems. In [93], an enhanced PSO strategy 

is proposed in an attempt to reduce fuel costs, as well as startup and start down costs, under the 

constraints of prohibited operating zones, hydro and thermal generation limits, and the water flow 

equation. In the original PSO, a concept of "Craziness function" was incorporated to give diversity, 

ergodicity, and stochastic behavior in the algorithm, improving its efficiency and limiting 

premature convergence. Another modified PSO algorithm is introduced in the research [94], for 

optimal power sharing among wind, solar, and combined heat and power plants inside a micro-

grid context. In this method, the probabilistic stochastic programming model is used to model the 

load uncertainty and random nature of demand in addition to minimizing the overall costs of the 
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power schedule. PSO is one of the algorithms that has been utilized in the past since it is simple to 

construct and has less parameters to establish. 

Other heuristic approaches employed to solve the ELD problem in power systems include: SA [95] 

for wind-thermal power system and also chaotic fast convergence  EP (CFCEP) utilized in [96] 

for solar–wind–thermal energy and hydroelectric energy storage. The heuristic techniques are 

considered stronger, efficient and more effective as largely compared with deterministic 

techniques, since they are capable of dealing with problems where non-differentiable objective 

functions and many nonlinear constraints as well as large-scale systems are taken into 

consideration. Furthermore, they are seen to more suitable than deterministic methods in handling 

non-convex problems, which are more practical problems. However they still also experience 

drawbacks as they are very sensitive to parameters and they can only guarantee a global optimal 

solution with a certain probability in a given feasible region [70]. GA may not provide an optimal 

global solution, but only a reasonable one due to a premature convergence [65]. Moreover, GA 

has significant flaws that result in longer calculation times and less guaranteed convergence, 

especially when dealing with an epistatic objective function with highly correlated parameters 

[62]. To make the annealing schedule precise, SA requires multiple runs, which would 

substantially reduce the algorithm's computation efficiency [65]. Furthermore, the premature 

convergence of PSO and EP may trap the algorithm into the local optimum, which may reduce its 

optimization ability [97].  

2.7.3 Overview of Hybrid Techniques 
Several advancements have occurred in combining flexible and soft computations with 

optimization techniques to solve the non-convex ELD problem. Hybridization can be seen as a 

method of improving one method and minimizing its shortcomings by incorporating the strengths 

of another method. For example, in [98], the paper introduces a novel heuristic technique for 

leading infeasible solutions to the feasible space using self-adaptive DE and a real-coded GA  for 

resolving the dispatch problem. To improve its performance, the proposed method also implements 

constraint-handling mechanisms, dynamic relaxation of equality constraints, and diversity 

mechanisms. Furthermore, in [99] a combination of evolutionary programming (EP), PSO and 

sequential quadratic programming (SQP), is presented. Also in [100], a PSO-SQP is proposed to 
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solve the non-convex ELD problem. These combined techniques employ the local search property 

of SQP in fine tuning the solution and hence, guaranteeing the optimum solution.  

 

2.8 Power System Reliability Assessment Through Generation 

Adequacy Analysis  

The two essential aspects of power system reliability assessment are system security and system 

adequacy [13], [14]. The ability of a system to respond to dynamic or transient disturbances within 

the system is referred to as security. As a result, security is linked to the system's reaction to any 

disturbances it may encounter. These include the effects of both local and regional disturbances, 

as well as the sudden loss of key generation or transmission facilities, all of which can cause the 

system to become dynamic, transient, or voltage unstable [12], [14]. Adequacy refers to whether 

or not the system has enough facilities to meet the consumer load demand or the system's operating 

constraints. These include the facilities needed to generate enough energy, as well as the 

transmission and distribution infrastructure needed to get the energy to the actual consumer load 

locations. As a consequence, adequacy is linked to static conditions that exclude system dynamics 

and transient disruptions [14]. Prior to the 1990s, the majority of reliability studies relied on 

analytical approaches [101]. The size of the system state space influenced the computational 

complexity of these approaches significantly [102]. Later, approaches based on Monte Carlo 

simulation were favored for simulation of power systems with a large number of different 

operating states, because their computing complexity is independent of the size of the system state 

space [14], [102].  

The ability to determine generation adequacy in an electrical system is an important tool for 

determining supply security [103]. It refers to the generator's ability to meet system demand while 

simultaneously taking into account common system restrictions such generation unavailability, 

load volatility, and REGs output variation [12], [13]. There are many possible indices which can 

be used to measure the adequacy of a power system for countries or utilities. However, Loss of 

load expectation (LOLE) and loss of energy expectation (LOEE), form the basic indices which are 

used to measure generating system adequacy, and they can be estimated using a variety of methods 

[12], [14], [15]. The mathematical expressions of these indices can be explained by equations:  
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a) Loss of load probability (LOLP) in days/year or hours/year: 

The loss of load probability (LOLP) or loss of load expectation (LOLE)  is the average number of 

days or hours over a specific time period (typically a year) that the daily peak load or hourly 

demand is predicted to surpass the available producing capacity. This indicator can be represented 

by equation (13) as shown below [14], [104],  where 𝜌௦ is defined as the probability of system 

state s and S is the set of all system states associated with loss of load. It should be noted that, 

when LOLP is in days/year, 𝜌௦ then depends on a comparison between the daily peak load and the 

available generating capacity and when in hours/year, it depends on a comparison between the 

hourly load and the available generating capacity. Although, LOLP index does not reveal the severity 

of the insufficiency, nor does it provide the frequency or duration of load loss, it is the most extensively 

employed probabilistic criterion in capacity planning research.  

𝐿𝑂𝐿𝑃 = ෍ 𝜌௦

௦∈ௌ

𝑇                                                            (13) 

 

b) Expected demand not supplied (EDNS) in MWh/year: 

The predicted energy not provided by the generating system due to the load demand exceeding the 

available generating capacity is measured by the expected demand not supplied (EDNS) index or 

loss of energy expectation (LOEE). The EDNS considers the degree of deficiencies as well as the 

number of occurrences and their duration, allowing for an assessment of the impact of energy 

shortages as well as their likelihood. The representation of EDNS can be represented by equation 

(14), where 𝐿௦ is the loss of load for system state, s. This index is used in most studies to mainly 

assess the impact of replacement of conventional systems with renewable energies [14], [104].  

𝐸𝐷𝑁𝑆 = ෍ 8760𝐿𝑠𝜌
𝑠

𝑠∈𝑆

                                                           (14) 

 

Other indices such as Loss of load frequency (LOLF) and Loss of load duration (LOLD) are the 

basic extension of the LOLP index, identifying the expected frequency of meeting a deficit as well 

as the expected duration of the inadequacies [14], [15]. They have extra physical properties that 

make them more sensitive to additional generation system parameters and give power system 
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planners more information. Other indices that can still be considered include Probability of Load 

Curtailment (PLC) [105] and Expected Bulk Power Interruption Index (BPII) [14]. 

As more renewable generation has been considered in power systems, various reliability studies 

have assessed the impacts of renewables using reliability indices. For example, Vallee et al.,[106] 

used the Weibull probability distribution to examine the influence of wind power integration on 

power system reliability. The study in [15] provides a generation adequacy evaluation that includes 

wind energy conversion systems (WECS) at different locations as an example of a modeling 

technique that captures this. Hourly wind speeds are simulated using an autoregressive moving 

average time series model, and sequential Monte Carlo simulation is employed to make time series 

modeling of wind speeds easier. Furthermore, authors in [15] investigate the impact of wind speed 

correlation on system reliability indices and finds that the degree of wind speed correlation 

between two wind farms has a significant impact on the reliability indices that arise. The research 

in [107] presents a probabilistic analytical approach for evaluating the reliability of power systems 

with high penetration of wind and solar PV renewable power generation. The loss of load 

approach, which is one of the most successful probabilistic analytical methods, is used in this 

article. In accordance with Power Development Plan 7 (PDP7), the study provided in [108] 

evaluated generation adequacy for the Vietnamese power system while considering renewable 

energy integration. The Loss of Load Expectation (LOLE, expressed in hours) index was used to 

assess the generation's effectiveness.   

2.9 Contributions of the Study 
The power dispatching problem from the above methodologies is formulated mainly on reducing 

conventional generators (e.g. coal and thermal) in order to accommodate renewable energy sources 

like solar and wind. Also, the analysis of generation adequacy for power systems network is 

primarily based upon introducing wind and solar sources to the network in order to eradicate these 

conventional systems. However, power generation in developing countries like Lesotho, is 

primarily based on hydroelectricity, as there are no conventional energy sources or generators, 

which is still insufficient to supply the country's ever-increasing and fluctuating demand. In 

consequence, solar PV and wind energy power plants have emerged as viable alternatives to 

supplement hydropower. Motivations behind increasing solar PV and wind generations lie behind 

SDGs, falling prices of high capacity renewable plants, inviting IPPs for investments, fight against 
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global warming as well as increasing local energy security.  Another option is to purchase power 

from other neighboring nations in order to improve energy security in developing and non-energy-

sufficient countries. However, prices from imports (e.g. Eskom and EDM) come with wheeling 

charges and in some cases are subject to fluctuating prices and dollar exchange rate risks. Both of 

these possibilities still require further investigation to identify the best method for electrical 

utilities to determine the best way to procure power from local IREGs, operating under priority of 

dispatch, by weighing the viability of existing renewables as compared to imports. 

Since solar and wind are intermittent, they cannot guarantee security of supply at all times. 

Therefore, planning for reliable power supply and procurement requires the need to evaluate the 

adequacy of locally committed wind, solar and hydro generators for security of supply. Since, the 

LOLP and EDNS indices of generation adequacy analysis are predicted for the overall period of 

the year in mostly presented methodologies considering uptake of wind or solar PV in order to 

reduce conventional systems, this study attempts to determine these indices on monthly basis, 

depending of the dynamic characteristics of wind farms, solar PV output and ‘Muela hydro 

generators to reduce the consumption of imports. In addition, the study goes further to conduct a 

sensitivity analysis of these indices when taking cases: 1) ‘Muela hydro generators alone, 2) 

‘Muela hydro generators plus solar PV, 3) ‘Muela hydro generators plus wind farms and 4) ‘Muela 

hydro generators, wind farms and solar PV combined. Using these indices as well as considering 

their time series output characteristics of local generators, the study attempts to find possible ways 

of power procurement from imports offered by SAPP markets. The proposed approach uses LEC 

network as the case study and handles all the above-mentioned constraints in a manner that can 

suit other developing countries that are in a similar or closely-related energy deficit situation.  
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3. Methodology  

3.1 Overview  
The addition of solar PV and wind farms brings a new dimension of uncertainty and complexity 

to the LEC power network's economic operation and planning. In dispatching power to satisfy 

demand, the major discussion centers on the decision between electricity pricing from imports 

and/or local renewables. In this study, all generating facilities in Lesotho are owned by the 

independent power producers (IPPs). Therefore, LEC buys power from these IPPs by paying a 

wholesale price tariff that would be agreed upon by LEC and the IPP, through PPAs. The cost of 

electricity (which is different for each IPP) must be proportional to the amount of power that is 

injected to the grid to meet the load at each time interval. For LEC, the aim is to achieve the most 

cost-effective energy mix in the grid that helps minimize costs of electricity and at the same time 

maximizes the reliability without violating the grid security constraints or transmission line limits, 

while considering variable and intermittent generation of solar and wind. So this means that, the 

power plants must be integrated to the grid in accordance with the grid code of LEC.  

The major assumptions are:  

1. The integrated plants are in accordance with the grid code and will not compromise the 

grid stability. 

2. All renewable energy generators (REGs) in Lesotho are owned by IPPs and LEC buys 

power from them. 

3. All power from REGs must be consumed first and imports must be suppressed to allow 

preference for REGs. 

4. An hourly period schedule of power is considered.  

5. The generation of wind and solar energy is non-schedulable. As a result, LEC will   

accommodate whatever generation is available from these sources at all times. 

6. Surplus power from all the local energy and/or renewables will be assumed exported or 

unused.  

The methodology flow chart for this study is illustrated by in Figure 10. Using respective sites’ 

climate conditions, hourly radiation and wind speeds, hourly solar and wind power will be predicted 

for the whole year under study. From there, the hourly generating characteristics or output of 
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‘Muela hydro generators and the yearly load demand together with the output of solar and wind, 

will be configured to the LEC network model in DigSILENT. Upon completion of dispatching all 

local generators, their generation adequacy and imports needed, the final stage is to assess the cost 

implications of different power dispatching scenarios.  

 

 

Figure 10:Flow chart of the overall methodology 

3.2 Mathematical Description of Power Dispatching and Costs 
The formulation of economic dispatch problem for utilities who own thermal generators is usually 

modelled using a quadratic function shown in Equation (15) which attempts to minimize the fuel 

costs of generators as well as incorporate renewable energy power sources by buying from IPPs. 

The quadratic function (formed by 𝑃௚,௧  which is the power from gth thermal generator) relates to 

the cost function of thermal generators in which the coefficients 𝑎௚, 𝑏௚ 𝑎𝑛𝑑 𝑐௚ relate to the units 

design cost coefficients having the dimensions
$

ெௐ௛మ ,
$

ெௐ௛
𝑎𝑛𝑑

$

௛
, respectively [10]. The linear 

cost function 𝛼௥𝑃୰,௧∆𝑡 relates to the spinning reserve costs which is used for security of power 

supply, where 𝛼௥ is the spinning reserve cost coefficient for the gth thermal generator in 
$

ெௐ௛
 and 

𝑃௥,௧ is the power from the spinning reserve. The wind power is represented by 𝑃௪,௧ and while solar 

power by 𝑃௦,௧ and the cost that is paid to the IPP for their scheduled power is represented by 

𝛼௪ 𝑎𝑛𝑑 𝛼௦ for wind and solar, respectively.  
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𝐹்൫𝑃௚,௧൯ = ෍ ቌ෍ 𝑎௚

ே೒

௚ୀଵ

𝑃௚,௧
ଶ + 𝑏௚𝑃௚,௧ + 𝑐௚ + ෍ 𝛼௥𝑃௥,௧

ேೃ

௥ୀଵ

∆𝑡 + ෍ 𝛼௪𝑃௪,௧∆𝑡 

ேೢ೛

௪ୀଵ

+ ෍ 𝛼௦𝑃௦,௧∆𝑡

ேೞ೛

௦ୀଵ

ቍ    

்

௧ୀଵ

(15) 

 

LEC does not own any thermal generators or any generating units at all, it buys power from 

interconnected generating companies, then transmits and distributes it. Therefore, for this study, 

the cost functions that are considered are the linear parts of equation (15), which relate to the costs 

of power paid to IPP when incorporating renewables. Like any other utility company, the main 

objective of LEC is to minimize costs of buying or purchasing power from imports as well as 

incorporate the renewables to their power sources portfolio. Regardless, the major constraint is 

that LEC owns only the grid or power network as it does not own any generating units. This makes 

it to have only the control on the network for absorbing and dispatching power. Since the main 

hydro plant (‘Muela) is owned by LHDA and solar and wind farms are assumed to be owned by 

IPPs, then LEC must pay the price of energy proportional to their injected or scheduled power 

through metered points. So, cost functions for wind and solar are given by equations (16) and (17). 

Considering the current status of LEC purchasing power from ‘Muela hydropower plant also at a 

constant price, then, the cost function that can best relate to the situation is represented using 

equation (18). Also, since power from ‘Muela cannot meet the demand, then power is sourced 

from imports, mainly Eskom and EDM, so the cost function is represented using equation (19).  

𝐶௪,௧൫𝑃௪,௧൯ = 𝛼௪𝑃௪,௧∆𝑡                                           (16) 

𝐶௦,௧൫𝑃௦,௧൯ = 𝛼௦𝑃௦,௧∆𝑡                                               (17) 

𝐶௛,௧൫𝑃௛,௧൯ = 𝛼௛𝑃௛,௧∆𝑡                                              (18)  

𝐶௜௠௣,௧(𝑃௜௠௣,௧) = 𝛼௜௠௣𝑃௜௠௣,௧  ∆𝑡                                      (19) 

where 𝐶௪,௧൫𝑃௪,௧൯, 𝐶௦,௧൫𝑃௦,௧൯, 𝐶௛,௧൫𝑃௛,௧൯ and 𝐶௜௠௣(𝑃௜௠௣)   are the costs relating scheduled output of 

wind power 𝑃௪,௧, solar power 𝑃௦,௧, hydropower 𝑃௛,௧  and imports 𝑃௜௠௣ in (MW) at time t in hours, 

respectively. The coefficients 𝛼௪ , 𝛼௦  , 𝛼௛  𝑎𝑛𝑑 𝛼௜௠௣   ($/MWh) represent tariff or cost of electricity 

that must be paid by LEC to the power producer and imports per 1 MWh of injected energy to the 

grid. This cost of electricity is assumed to be constant for each power producer, in Lesotho, and it 
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is named a flat rate tariff. However, considering the power exchange agreements between LEC 

and imported power, the import cost may vary.   

 Now the cost function will be represented as: 

𝐶் = ෍ ቌ෍ 𝐶௪,௧൫𝑃௪,௧൯

ேೢ೛

௪ୀଵ

+ ෍ 𝐶௦,௧൫𝑃௦,௧൯

ேೞ೛

௦ୀଵ

+ ෍ 𝐶௛,௧൫𝑃௛,௧൯

ே೓೛

௛ୀଵ

+  ෍ 𝐶௜௠௣,௧൫𝑃௜௠௣,௧ ൯

ே೔೘೛

௜௠௣ୀଵ

ቍ

்

௧ୀଵ

      (20) 

Or  

𝐶் = ෍ ቌ෍ 𝛼௪𝑃௪,௧∆𝑡

ேೢ೛

௪ୀଵ

+ ෍ 𝛼௦𝑃௦,௧∆𝑡

ேೞ೛

௦ୀଵ

+ ෍ 𝛼௛𝑃௛,௧∆𝑡

ே೓೛

௛ୀଵ

+ ෍ 𝛼௜௠௣𝑃௜௠௣,௧ ∆𝑡

ே೔೘೛

௜௠௣ୀଵ

 ቍ     

்

௧ୀଵ

(21) 

 

The costs of electricity from imports is not usually constant, however in this study we consider 

two charging criteria 1) the flat rate tariff which is constant and is paid when the consumed power 

is within the specified limit signed bilaterally represented by 𝛼௜௠௣,௖௢௡௦௧  and 2) the price paid once 

the specified limit is exceeded, 𝛼௜௠௣,௖௢௡௦௧ + 𝛿, and 𝛿 becomes the increment to the flat rate charge. 

Hence, using this translates the representation of prices from imports to be as shown in piece-wise 

function in equation (22), where P୧୫୮,ୱ୮ୣୡ. is the bilaterally signed power limit between LEC and 

Eskom or EDM. 

𝛼௜௠௣ = ൜
𝛼௜௠௣,௖௢௡௦௧,   ௜௙ ଴ஸ௉೔೘೛,೟ஸ௉೔೘೛,ೞ೛೐೎.

𝛼௜௠௣,௖௢௡௦௧ + 𝛿, 𝑖𝑓 𝑃௜௠௣,௧ > 𝑃௜௠௣,௦௣௘௖.
                                                     (22) 

 

For every system operator, the condition that must be met at all times, is the load demand, which 

is represented using equation (23). 

∑ 𝑃௜௡௝௘௖௧௘ௗ = ∑(𝑃௪,௧ + 𝑃௦,௧ + 𝑃௛,௧ + 𝑃௜௠௣,௧) = ∑(𝑃௅௢௔ௗ,௧ + 𝑃௅௢௦௦௘௦,௧)                             (23)  

The constraints that must be observed at all times is that power injected (𝑃௜௡௝௘௖௧௘ௗ ) or absorbed 

from any source, either local or imports, to serve the load and losses, cannot exceed the stipulated 

limit when serving the load. Hence for every power source, the injected power will always be 

within its minimum and maximum capacity as shown in equation (24), 
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                               𝑃ெ௜௡ ≤ 𝑃௦௢௨௥௖௘ ≤ 𝑃ெ௔௫                                                                   (24)   

 

However, in the situation whereby the power injected to the grid by local sources (either by, 

‘Muela, solar and wind farms) exceed the load demand as shown in equation (25), then LEC must 

reject power from imports, particularly Eskom and EDM, then export power. The exporting 

criterion assumes that the exported power will be absorbed in the interconnection point with 

external in-feed (Maseru Bulk). Furthermore, it assumes that power that is exported can be sold to 

Southern African Power Pool (SAPP) markets.  

 

෍(𝑃௪,௧ + 𝑃௦,௧ + 𝑃௛,௧) > ෍(𝑃௅௢௔ௗ,௧ + 𝑃௅௢௦௦௘௦,௧)                            (25) 

 

3.3 Power Dispatching Scenarios  

For every dispatching scenario, first being ‘Muela and Imports (Current Status) which will later 

be followed by introduction of renewables, ‘Muela hydropower station and other renewables are 

modelled as generating plants connected to the grid and Imports as External grids.  For all the 

scenarios, the aim is to give every local plant, which is renewable, preference over imports. That 

is, every local power must be consumed first to serve the load and if there is any deficit, the external 

grids (Eskom+EDM) will come in and supply the load. However, if the local energy exceeds the 

demand, power is exported. The observed active power exchange patterns will be viewed in 

DIgSILENT using a quasi-dynamic simulation tool and exported to MS Excel or MATLAB to 

develop the cost implications graphs for every scenario which will be calculated using Equation 

(21) considering the electricity or energy trading prices obtained from the LEC annual reports 

(Table 3).  

Since ‘Muela is a modelled as generator connected to the LEC grid and Imports (Eskom and EDM) 

are modelled as External Grids in the DIgSILENT, then, power is first consumed from ‘Muela and 

if it is insufficient to serve the required load, then the external grids (Eskom and EDM), are used 

as support to come in with the deficit. Also, if by any chance there is excess power, the external 

grid absorbs that power. This makes ‘Muela, the local generation, be given preference over 

imports. Again, the load flow analysis in DIgSILENT always ensures that power balance constraint 
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explained in equation (23) is always satisfied. The active power flow for each hour and anytime 

or period, under steady state conditions are viewed, or observed using the Quasi-Dynamic 

simulation tool and the results are exported to as an MS excel file to calculate the costs implications 

using last two parts of equation (21). 

After setting up VREGs, they are also dispatched first collectively with ‘Muela ahead of imports 

from external grids. If power from ‘Muela and VREGs is insufficient to meet the dynamic demand, 

then Eskom+EDM will be absorbed at different entry points to ensure that the load is met at all 

times. However, if power from ‘Muela and VREGs, local generation exceeds the demand, the 

power from imports is rejected allowing exports to happen at any entry point and assumed to be 

sold to SAPP markets. In this study we do not curtail any energy from the local generators, as it 

discourages investments and may result in compensation charges as already discussed in the 

literature. The dispatching will consider four  scenarios: (1) ‘Muela+imports, (2) ‘Muela+Solar 

PV+imports, (3) ‘Muela+Wind farms+Imports and (4) ‘Muela+Solar PV+Wind farms+Imports. 

3.4 LEC Network Topology (Current Status) and Configuration in 
DigSILENT 

 

Power is bought and dispatched from generation or main supply sources: Muela Hydropower 

(LHDA), Eskom (South Africa), and EDM (Mozambique) to LEC load centers via the 

transmission network. The distribution network, in general, transmits power from substations to 

energy users with voltages ranging from 11 kV to 220 volts and 380 V. The 132 kV lines carry the 

supply from 'Muela and Eskom plus EDM (at Maseru intake) to Maputsoe Substation and Mabote 

Substation, respectively. Eskom's (Clarens) supply enters Lesotho through an 88kV line at 

Khukhune Substation in Butha-Buthe, while Qacha's Nek import is through a 22kV line from 

Matatiele. The voltage levels of the transmission lines are 132kV, 88kV, 66kV, and 33kV. 

Nevertheless, in some areas, such as Thabana Morena in Mafeteng, LEC distributes with 33kV. 

Transmission voltages are stepped down to distribution voltages through 45 substations, six of 

which are crucial for the country's energy supply, notably Mabote, Mazenod, Maputsoe, 

Ramarothole, Litsoeneng, and Khukhune Substations. Only the district of Qacha’s Nek is not 

connected to the main national grid. The representation of the network is shown in Figure 11. 
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Figure 11:The LEC network representation in DIGSILENT 
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3.5 Baseline (Current Status) Modelling  

3.5.1 Modelling of ‘Muela Hydropower Station 

The study uses recorded data in 2018 through statistical meters at different supply or infeed points 

for ‘Muela, Eskom and EDM entry points. The raw data was recorded in half-hourly load but it 

was then converted to the hourly load by considering the maximum from the two half-hour 

readings, for all days: weekday, Saturdays and Sundays. From there, the load was prepared for 

three seasons, first being summer1 (from January to end of April), second being winter (from May 

to end of August) and third season being summer2 (from September to end of December). 

Thereafter, daily, weekly and monthly peaks as well as seasonal load patterns were calculated, 

observed and analyzed.  

 

In order to model the ‘Muela hydropower generators, a synchronous machine is used. Figure 12 

shows the machine parameters such as power rating, stator resistance, synchronous reactance, and 

sub-transient reactance. The time characteristics of the three ‘Muela generators was developed 

from the observed output generation recorded or metered at ‘Muela station for each hour of the 

year as shown in Figure 13. These was done in order to be able to approximate the generation 

profile of each day or hour of the year.  

Figure 12:'Muela generator modelling 
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Figure 13: 'Muela Generators time characteristics 

 

3.5.2 Load Modeling in DIgSILENT 
The usual voltage dependent load is usually modelled using equation (26) and (27), where P is the 

active power, Q is the reactive power and V represents the instantaneous voltage while  𝑉଴ is the 

nominal voltage at load terminals. The values 𝑃଴, 𝑄଴ represents the reference values of active 

power and reactive power respectively. The constant power, current, and impedance are 

represented by the exponents a and b, which have values of 0, 1, 2 [27], [109]. The constant power 

model, which assumes 0 for exponents a and b, was employed in this investigation. 

𝑃 = 𝑃଴(𝑉 𝑉଴⁄ )௔                                                               (26) 

𝑄 = 𝑄଴(𝑉 𝑉଴⁄ )௕                                                                     (27) 

The apparent power and power factor considering how the load was modelled are shown in Figure 

14. Similarly, like the generators, time characteristic for each hourly load or consumption profiles 

of every substation was also defined using the same criteria as the generation load. 
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Figure 14: Modelling of Load 
 

3.6 Modeling of Renewable Energy Generators  

3.6.1 Wind Power Output Modelling 

The wind power output was estimated using typical wind turbine model, which has the cut-in speed 

of 3.0 𝑚/𝑠, rated speed of 13 𝑚/𝑠 and the cut-out speed of 25 𝑚/𝑠. The wind power curve is 

estimated using equation (28) by considering the hourly wind speeds which were obtained from 

the 10 minutes measured data at 10 m above ground level and extrapolated to 50 m. As the 

modeling of the turbine power output is very crucial, the study chooses to model using the 

quadratic parametric model. This approach has also been used in researches [30], [41].   

𝑃௧ =

⎩
⎨

⎧
0,                                                             𝑓𝑜𝑟 𝑣௧ < 𝑣௖௨௧ି௜௡ 𝑎𝑛𝑑  𝑣௧  > 𝑣௖௨௧ି

𝑃௥௔௧௘ௗ ×
((𝑣௧)ଶ − (𝑣௖௨௧ି௜௡)ଶ)

((𝑣௥௔௧௘ௗ)ଶ − (𝑣௖௨௧ି௜௡)ଶ)
,                  𝑓𝑜𝑟 𝑣௖௨௧ି௜௡ ≤  𝑣௧ ≤ 𝑣௥௔௧௘ௗ

𝑃௥௔௧௘ௗ,                                                             𝑓𝑜𝑟 𝑣௥௔௧௘ௗ ≤ 𝑣௧ ≤ 𝑣௖௨௧ି௢௨௧

                    (28) 

Where 𝑣௧ represent the wind speed at time t, 𝑃௥௔௧௘ௗ is the rated wind power output and 𝑃௧  is the 

hourly power output.  

The hourly wind speeds at hub height (Z) of 50 m were estimated using equation (29), using   Zோ , 

the reference height, in which the wind speed was measured in above ground level at 10 m for 

Masitise and 9 m for Lets’eng [45]. In this study the shear coefficient (m) or wind speed power 

law coefficient is taken to be 1 7⁄  which is a typical value for low roughness surfaces and well 

exposed sites and it has been used in methodologies [1], [30], [110].  
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𝑣௧ = 𝑣௥௔௧௘ௗ × (
𝑍

𝑍ோ
)

ଵ
଻                                                      (29) 

The modelled wind turbine power output was configured in the DIgSILENT using the build in 2 

MW doubly fed induction machine (DFI). The representation of the modelled yearly output for 

Lets’eng wind farm is shown in Figure 15 using the respective hourly wind speeds extrapolated at 

50 m. Similarly with Masitise wind farm, this configuration was implemented. These turbines were 

connected in parallel to give the desired capacity for any wind farm.  

 
Figure 15: Yearly output of the Lets'eng wind farm as modelled in DiGSILENT 

 

3.6.2 Solar PV Farm Generation Output 

In order to model the instantaneous hourly solar farm output, equation (30) was used [26], and 

the hourly radiation at Ha-Ramarothole was downloaded from the PVGIS website [111].  

𝑃௣௩ =
𝜂௣௩

𝜂ௌ்஼

𝐺௧

𝐺ௌ்஼
𝑃ௌ்஼                                   (30) 

Where, 𝑃௣௩ is the PV output, 𝜂௣௩ and 𝜂ௌ்஼  are solar PV array efficiency under operating conditions 

and standard test conditions respectively, which are represented by the incident solar irradiance on 

the plane of the PV array (𝐺௧) and the incident solar irradiance at standard test conditions 𝐺ௌ்஼ . 

The power output obtained were used to configure the general template of 0.5MW PV generator 

found in the DIgSILENT library. These generators were connected in parallel to give the desired 
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capacity of the PV at Ha-Ramarothole. The instantaneous yearly output for the PV farm is 

illustrated by Figure 16.  

Figure 16: Yearly output profile of Ha-Ramarothole solar PV farm 

 

3.7 Inputs for Generation Adequacy Analysis 
The Generation Adequacy Analysis in DIgSILENT PowerFactory is the finest tool for evaluating 

generation unit reliability indices [27]. For this study it is used to assess how much renewable 

power generation (or local generation) contributes to overall system capacity, as well as the indices 

for LOLP and EDNS. The LOLP is a critical metric for assessing generation system reliability. It 

is based on probabilistic techniques and refers to the period when generating capacity is 

insufficient to meet system demand. The annual load duration curve or the daily load duration 

curve can be used to construct this index in DIgSILENT. It has a mathematical formula for 

calculating LOLP, which is given by equation (31)  [27]. Where 𝜌௝ is the probability of a peak 

load equal to or greater than the generation capacity at a given point in time 𝑡௝.  

𝐿𝑂𝐿𝑃 = ෍(𝜌௝ × 𝑡௝)

௝

100ൗ                                                   (31) 
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The EDNS index which represents the energy not supplied to customers is calculated based on 

equation (32) as follows:  

𝐸𝐷𝑁𝑆 = ෍(𝐿௝ × 𝑈௝)

௝

                                                  (32) 

Where 𝐿௝ is the average load demand and 𝑈௝  is the outage time of the load at point 𝑗.  

The results of these indices will be obtained from the distribution plots, which depicts, total 

available capacities in (MW), available dispatchable and non-dispatchable capacities, total reserve 

generation and so on. Further, more detailed results for LOLP and EDNS will be determined from 

the Monte-Carlo convergence plots. The analysis will be carried out for the whole year based on 

the study period which will be disaggregated into 12 months for all the different scenarios of wind 

farms and solar PV with their rated capacities shown in Table 2. All the iterations are set at 100000 

and the load time characteristics was enabled to consider the varying load. 

 
Table 2: Capacities Modelled for power dispatching and Considered for generation Adequacy analysis 
Lets’eng Wind farm 

(MW) 

Masitise Wind Farm 

(MW) 

Ha-Ramarothole Solar PV 

(MW) 

‘Muela Hydro 

(MW) 

0 0 0 72 (base case) 

34 24 50 72 

34 24 90 72 

  

In order to perform the generation adequacy analysis, the capacity available and probability of its 

availability must be set in percentages for all generators; that is availability of generation (in %) 

and probability of occurrence (in %). This means that for each state, the total available generation 

capacity in percent of maximum output, as well as the likelihood of this availability, must be stated.  

Before setting up generation adequacy analysis in  DIgSILENT, the Stochastic Multi State model 

for every committed generator should be defined [12], [27]. Since ‘Muela generators are modelled 

using synchronous machines, considering their yearly generation data, their stochastic multi state 

model was set up considering the maximum output observed (which was 100% capacity) and all 

the time series generation data was compared with the maximum state in order to know the 

available capacity (in %), to the maximum capacity as well as its number of occurrences. That is 
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for every available state 𝐴௧  at time t, it is compared with maximum capacity 𝐴௠௔௫  to get 

[(𝐴௧ 𝐴௠௔௫ ⁄ ) × 100%] which is called a state available. For every state, the number occurrences 

were obtained throughout every hour of the year in order to calculate the probability of occurrence 

for the particular state. The sum of these probabilities add up to 100%. As such, the states of ‘Muela 

generators are shown by Figure 17. Since the time series solar farm output was also modelled, the 

probability states were also set up the same way.  

Figure 17: Multi-state model for 'Muela generators 

 

The stochastic multi state model for wind generators is set up using the time series output 

contribution of active power. These was done by developing a time scale for each hour of the year 

and mapping it to each contribution or hourly output of the wind power with respect to the 

instantaneous wind speed. The multi state wind model of Masitise wind farm can be seen in Figure 

18 as configured in DIgSILENT. A similar approach was adopted for Lets’eng wind farm. 
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Figure 18: Multi state model for Masitise wind farm included in the generation adequacy 
analysis 

 

After all these configurations were done, the generation adequacy analysis can be performed in the 

DIgSILENT environment for any selected time frame (e.g. months, week days, or the whole 

yearly). The generation adequacy analysis settings for the year under study is shown in Figure 19. 

For every power dispatching scenario, a generation adequacy analysis will be performed on 

monthly basis to assess the current scenario and security level in terms of supply of energy brought 

by the VREGs. Furthermore, this tool will be used to assess the amount of imports still needed 

under every scenario for reliable supply of energy and also assess in detail whereby local 

generators are insufficient to meet the demand through all months of the year considering critical 

times of the local demand peak and off peak hours. From the results, cost implications for power 

procurement will be performed.   
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Figure 19: Generation adequacy analysis tab in DIgSILENT environment 

 

3.8 Costs of Power Procurement  
The costs of power procurement for every power dispatching scenario will be calculated according 

to the related costs of local generators and imports. For instance, the yearly average charges from 

imports and local generators for 2018_19 period is shown in Table 3 for the current status. The 

cost of solar for the study is 0.83 LSL/kWh (based on the approved generation tariff for 

Ramarothole solar form) and for wind is 1.05 LSL/kWh (based on tentative figures for planned 

wind projects). With the introduction of renewable energy generators, the costs of imports will be 

assessed through different SAPP markets (using real prices for 2018_19 year): Day Ahead Market 

(DAM), Forward Physical Market (FPM) Weekly and Monthly, based only on the energy 

consumed from imports.  
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Table 3: Bulk power costs from LEC in 2018_19 period and other years 
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4.0 Results and Discussions  

4.1 Estimation of the Current Status – Baseline Modelling Results  

Figure 20 illustrates the load demand for 2018 as presented from the DIgSILENT simulation. It is 

seen that most of the demand is high from May to Aug with peak month being July in 2018. The 

peak demand observed from the simulation is 177.196 MW which occurred at 10:00 AM in 2018. 

In the summer seasons from September to April, the load demand follow almost a constant pattern 

that is usually in the range of 75 to 130 MW. The load duration curve in Figure 21 shows that less 

than 10% of the time the load demand is around its peak range of 140 to 177 MW (in winter) and 

about 99% of the time the load demand is around 80 MW.   

 
Figure 20: Yearly Load from 2018 
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Figure 21:Load Duration Curve 2018 

 

The observed active power exchange patterns as ‘Muela is dispatched first to serve the load 

depending on the availability and time characteristics profiles of the generators in the winter and 

summer weeks are illustrated in Figure 22 and Figure 23 respectively. Because winter is the high 

demand season, ‘Muela is always operating near its peak at around 70.2 MW at almost all the times 

and the imports happen most during winter season. Even so, it should be noticed from Figure 22 

that, at around 01:00 to 03:00 HRS, the Maseru bulk (Eskom+EDM) power intake point (for 

imports) ranges from 23 MW to as low as 0 MW and drastically increases again (up to 95 MW) 

when the demand is high during morning peak hours (08:00 HRS to 11:00HRS). For night peak 

hours (18:00 HRS to 21:00 HRS), the Maseru bulk imports only reaches a maximum of about 80 

MW. During these peak hours in winter, as power demand is always above ‘Muela’s total capacity, 

it can be seen that Maseru bulk infeed adjusts to the load changes as it rises and drops, in order to 

match the demand. The Khukhune (Clarens) intake point only brings a contribution ranging from 

6 to 14 MW. Hence, on peak day (25.06.2018 at 10:00 HRS), main grid imports (Maseru 

bulk+Khukhune) contributes about 105 MW to supply the load. Furthermore, at night peak, around 

20:00 HRS, main grid imports reaches a maximum of about 93 MW. However, since Qacha’s Nek 

(Letloepe) is an isolated grid in the east of the country, its Eskom intake is not affected by main 
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grid load and it adjusts (from 0.9 to about 4 MW) to match the localized demand changes 

accordingly, ensuring reliable supply at all times of the day. 

 
Figure 22: Typical Power exchange patterns in Winter season 

 

The observed power exchange patterns in summer, shown in Figure 23, differs slightly from winter 

season. Power emanating from ‘Muela is almost at 40 MW, when the demand is usually less than 

80 MW and then Mabote infeed adjusts to the load changes. However, when the demand rises, 

typically above 80 MW, generation from ‘Muela increases and therefore, decreasing the power 

intake from Mabote infeed. It should be acknowledged that, ‘Muela operation is constrained 

mainly to reservoirs levels as well as scheduled maintenances, which enforces LEC to absorb 

whatever is available from generated power. Nonetheless, imports are mostly reliable despite of 

whatever inconsistencies encountered by Eskom and EDM.  For this reason, using both Figure 22 

and Figure 23 helps to establish a typical behavior of the current active power exchange patterns 

at metered points regarding the only two power sources of LEC;  ‘Muela and Imports,  through 

various seasons, mainly summer and winter. Furthermore, the figures also illustrate that even 

though ‘Muela is rated at 72 MW, it does not always operate at its peak. Therefore in dispatching 

it, all the available power will always be exhausted first and the deficit will be supported by 

imports. 



50 
 

Figure 23:Typical active power exchange patterns in summer seasons 
 

4.2 Performance of ‘Muela and VREGs when dispatched vs imports 

The performance of ‘Muela combined with VREGs in June (winter season) is illustrated from 

Figure 24 and Figure 26. All the available power from Ha-Ramarothole solar PV is absorbed and 

fully utilized to serve the load. However, because of the insufficient radiation during the winter 

months, the maximum generated power is around 50% of the rated capacity (50 MW) as depicted 

in Figure 24.When solar PV generation is available, the imports needed in the main grid are seen to 

be reduced during the day (by a range of 0 to 28 MW, depending on solar output) and only support 

the deficit, with much imports (up to 93 MW) being needed at night peak. The solar output has 

reduced the large amount of imports needed at morning peak to a range of about 85 MW to 75 MW.  

 

The wind farms (shown in Figure 25) are seen to almost have compensation profiles. That is, when 

Lets’eng wind farm generation drops, in most cases Masitise wind farm rises and vice versa. But, 

there are few times when both their generation is seen to be dropping and rising at the same time. 

In this case, imports are seen to be dropping (from 50 to 0 MW) when wind generation is available 

and excess energy from wind is exported to Eskom (about 18 MW) as shown by the negative 

profile of main grid imports. Most exports or unused energy are/is expected when the wind farms 

are almost at their rated capacities and also at night when the load drops and wind generation rises.  
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Combining Ha-Ramarothole solar PV with the wind farms (as shown in Figure 26) increases the 

local generation substantially and there is high absorption of local energy (ranging from 100 to 

130 MW, when all local generators are almost at their peak). Every time the load is surpassed by 

local generation, wind energy (up to 28 MW) is exported but all the available solar energy is fully 

utilized. In all cases discussed above, the imports needed by the main grid are seen to be reduced 

and used as back up with introduction of renewable energy. Regardless, because Letloepe (Qacha’s 

Nek) is an isolated grid, the imports in that area are not affected by the renewable generation, 

which is the same as the first scenario.  

 

Figure 24: Performance of ‘Muela and Ha-Ramarothole Solar PV (at 50 MW) when dispatched vs 
imports in winter season (June). 
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Figure 25:Performance of ‘Muela, Masitise WF (at 24 MW) and Lets’eng WF (at 34 MW) when 
dispatched vs Imports in winter season (June) 

 

 

 
Figure 26:Performance of ‘Muela, Ha-Ramarothole Solar PV(at 50 MW)  Masitise  (at 24 MW) and 
Lets’eng (at 34 MW) wind farms, when dispatched vs Imports in winter season (June) 
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4.3 Generation Adequacy Analysis of the Current Scenario (‘Muela alone) 

Figure 27 shows the observed distribution plots from Monte Carlo simulation illustrating the 

available dispatchable capacity for June. Considering the distribution curves in June, it can be seen 

that about 50% of the time ‘Muela is always generating about 60 MW while the load demand 

reaches the peak of 177 MW less than 2% of the time. The total reserve generation is always 

negative (ranging from -138 MW to -38 MW) indicating that at all times there is insufficient 

capacity to meet the load. This can be clearly understood by Figure 28 considering the convergence 

plots from the Monte Carlo simulation as the LOLP is always 100% and the EDNS which is 92.121 

MW for June. Although the EDNS results are in average, they paint a close enough picture of the 

amount of imports needed for each month in order for reliable energy supply. The summarized 

results for the indices of EDNS and LOLP are shown in Figure 29 depicting that, the LOLP is 

always 100% and therefore stressing the point that ‘Muela alone is not sufficient to meet the 

demand. The EDNS varies according to each month and the highest is around 92 MW in June 

(high demand season) with a minimum being 54 MW in January (summer season, which is a low 

demand season). 

 

Figure 27: Distribution curves for 'Muela alone in June 
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Figure 28: Convergence plots for Monte Carlo Simulation showing EDNS and LOLP for 

‘Muela alone in June 

 

 

Figure 29: EDNS and LOLP for yearly period for ‘Muela 
 

4.4 Generation Adequacy Analysis of ‘Muela and VREGs in June 

Introducing solar PV and wind generators into the network implies that the local capacity would 

increase and therefore EDNS and LOLP must be lower than the base case. This can be confirmed 
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by the distribution plots and convergence plots (shown from Figure 30 to Figure 35) from Monte 

Carlo simulations. The distribution plots are all showing the increase with the total available 

capacity (‘Muela+VREGs) as it is always greater than the dispatchable capacity (‘Muela) for all 

different scenarios of renewable generators in June. 

When ‘Muela is combined with 50 MW Ha-Ramarothole solar PV in June (Figure 30) at about 50% 

of the time, the total available capacity will always be about 75 MW, showing an increment of 

about 15 MW (emanating from solar PV generation) when compared with the base case. Although 

Ha-Ramarothole solar PV is rated at 50 MW, in June, its maximum generation is around 28 MW 

due to insufficient radiation. This implies that around December or any of the summer months, the 

available generation from solar PV has a potential of increasing to a range of 40 and 50 MW due 

to sufficient radiation, thereby increasing the overall total available capacity to be dispatched into 

the network. Also, it implies that even when Ha-Ramarothole is operating at 90 MW (the 

expansion stage), around June or winter season, it would be operating at around half of its rated 

capacity due to radiation constraints. Similarly, like the total reserve generation in the base case, 

it is still below zero margin, indicating that throughout, the total available capacity is insufficient 

to match the demand. Unlike the base case, the impact of solar PV can be appreciated by the fact 

that the total reserve generation now ranges from about -128 MW to -25 MW, which is an 

improvement of about 13 MW relative to the first baseline scenario. This illustrates that even 

though the LOLP is still 100% just like the base case, the EDNS will be reduced. Thus, under 

‘Muela and solar PV (at 50 MW) case, during operational hours of solar PV, the EDNS is reduced 

to 80.125 MW as shown by the convergence plots in Figure 31. 
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Figure 30: Distribution plots for 'Muela and 50 MW Ha-Ramarothole solar PV in June 

 

 
Figure 31:Convergence plots for 'Muela and 50 MW Ha-Ramarothole in June 

showing EDNS and LOLP 

 

Considering the scenario of ‘Muela when operating with the wind farms (Figure 32), about 50% of 

the time the total available capacity ranges from 80 to 128 MW, which shows a great improvement 
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in the network’s ability to supply the load. Because there are times when the load drops to a range 

of 90 to 110 MW in winter, usually at night, then it already indicates that there will be periods 

when the available capacity exceeds the load. This can be understood by examining the total 

reserve generation now ranging from -120 MW to 10 MW, being slightly above zero margin less 

than 1% of the time and subsequently indicating that the LOLP has slightly decreased from 100% 

to about 99.4%, and the EDNS has dropped to 65.138 MW in winter (see Figure 33). In this regard, 

the duration of time that the total reserve capacity is above zero margin indicates when power can 

be exported or simply when there is excess energy from local generators. 

Figure 32: Distribution plots for ‘Muela, 24 MW Masitise and 34 MW Lets’eng wind farms in 
June 
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Figure 33:Convergence plots for  ‘Muela, 24 MW Masitise and 34 MW Lets’eng wind farms  

in showing EDNS and LOLP in June 

 

Moreover, under the scenario of all the local generators combined with their respective capacities 

(Figure 34), there is an appreciable increase in the total available capacities and about 50% of the 

time there is about 85 MW to 145 MW available in the network. It is also worth noting that, only 

about 10% of the time, the available capacity is greater than 100 MW. This indicates that only 

10% of the time in winter (June), all these generators combined are operating almost at their full 

capacities. In this case, the total reserve generation ranges from 0 to 20 MW only 1.4% of the time 

and about 98.6% of the time, the network will have insufficient power to supply the load and 

therefore power will be drawn from imports (Eskom and EdM). The EDNS and LOLP in this case 

drops to 55.54 MW and 98.56% as shown by Figure 35, respectively.  In all cases, the Monte Carlo 

algorithm seems to converge even before 70 000 iterations and it takes about 5 minutes.  



59 
 

 
Figure 34: Distribution Plots of 'Muela,50 MW Ha-Ramarothole solar PV, 24 MW 

Masitise and 34 MW Lets'eng wind farms 
 

 
Figure 35: Convergence Plots of 'Muela,50 MW Ha-Ramarothole solar PV, 24 MW Masitise and 

34 MW Lets'eng wind farms showing EDNS and LOLP 
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4.5 Summarized Generation Adequacy analysis results for yearly period under 
different capacities of solar PV and wind farms 
 
In summary, the indices of EDNS and LOLP for yearly period under different capacities which 

were obtained from the Monte Carlo simulations are compared in Figure 36 and Figure 37 for 

generation adequacy analysis. Figure 36 depicts EDNS and LOLP considering ‘Muela with Ha-

Ramarothole solar PV at 50 and 90 MW plotted also with the scenario of ‘Muela combined with 

24 MW Masitise and 34 MW Lets’eng wind farms. In all the presented cases, the worst case for 

the highest EDNS and LOLP is June and July with January and February having lowest EDNS and 

LOLP. When Ha-Ramarothole solar PV is at 50 MW, the highest EDNS is around 80 MW which 

occurs in June and the least is 46 MW in January. However, the LOLP for all the months never 

drops below 98% and from April to October, it is 100%. Considering the expansion stage of Ha-

Ramarothole at 90 MW, there is a great improvement with the decrease in both EDNS and LOLP. 

The highest EDNS is 49 MW occurring in both June and July with LOLP declining to about 98% 

whereas the least month with EDNS is January with about 24 MW and the LOLP drastically 

declines to 86%. Lastly, under the scenario of ‘Muela and wind farms, the EDNS ranges from 28 

to 65 MW while the LOLP is maintained between 94 and 99.2%. 

 

Further, the generation adequacy analysis for all the local generators combined under different 

capacities of Ha-Ramarothole solar PV is shown in Figure 37 When Ha-Ramarothole is at 50 MW 

and backed up by wind farms, the EDNS ranges from 17 to 55.6 MW, with the least month being 

January and the highest being June. The LOLP ranges from 84 to 98.6%. Also, under the scenario 

of expanded 90 MW Ha-Ramarothole solar PV and wind farms, the EDNS ranges from 8 to 31 

MW while the LOLP is maintained between 52 to 77%. The heavy drop in LOLP and EDNS 

emanates from the compensation profiles of solar PV and wind farms as already discussed 

considering their predicted performance or generation in the network. As such, combining solar 

PV and wind farms in the network, shows a significant increase in the reliability of the network to 

supply the load only with local generators and minimum support from imports. However, at night 

when solar is unavailable, the indices can be approximated using the scenario of wind farms alone. 
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Figure 36: Yearly generation adequacy analysis for: 'Muela+solar PV, and 'Muela+ wind farms 

 

 
Figure 37: Yearly generation adequacy analysis for: 'Muela+solar PV+ wind farms 

 

 

 

4.6 Energy and Costs Estimation through Fixed Bilateral (2018_ 2019)  

Table 4 illustrates the monthly modelled energy exchange patterns from DIgSILENT simulations 

as observed from ‘Muela and imports on every intake point. The highest consumption of imports 

is 35394.14 MWh which came through in October as ‘Muela was undergoing maintenances. The 
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percentage contributions from every entry point are demonstrated in Figure 38 which better 

interprets Table 4. It is seen that, ‘Muela contributes 40-66% to serve the load, while Maseru bulk 

intake point ranges from 25-46%. Khukhune intake point and Letloepe contributes about 9% and 

2% respectively. This means the overall main grid imports (Maseru bulk+Khukhune) contributes 

between 34-55%, with least imports coming between April and May, when ‘Muela starts to operate 

at almost its full capacity. This says 'Muela, local generation, supports majority of the load as it is 

dispatched and imports taking the deficit which is fairly less than ‘Muela. 

Table 4: Monthly Energy Exchange at different entries 

 

 

 

Figure 38: Percentage Contributions from 'Muela and Imports 

 

To model the yearly costs on hourly basis, equation (21) was used to capture every cost of energy 

at every entry point. Although majority of power supply throughout the year emanates from 

‘Muela, because of its low prices, its costs is very cheap as compared to the highly priced imports. 
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This can be verified by Figure 39 which was extracted from monitoring the yearly costs with 

respect to power exchange patterns in serving the load. Pointing out the date 20.08.2018 at 10:00 

AM, it can be seen that even though ‘Muela was supporting about 55% of the load, the cost of its 

energy is LSL 6700.00 which is even less than Khukhune intake point (LSL 9787.00) which was 

supporting less than 10% of the load. The most expensive energy costs emanate from Maseru bulk 

supply (with LSL 70 404.28), which was supporting about 38% of the load.  

 

Figure 39: Costs of energy based on hourly exchange patterns 

 

Adding on, the overall yearly costs of energy can be viewed in Table 5 which can be better 

interpreted using Figure 40 considering percentage contributions. The cost of energy for ‘Muela 

in power procurement are relatively low (8-18%) while from ‘Maseru bulk intake point are 

relatively high ranging from 63-77% with October to December being the highest months in which 

most money was spent for imports (between LSL 32 447 048.98 and LSL 34 332 312.01). This 

shows that even though ‘Muela supports majority of the load at most times, imports are very 

expensive even though they support minority of the load. The simulated overall costs from ‘Muela 

in the year is LSL 54 778 883.15, while for imports is LSL 419 324 742.20, which is slightly 

higher than the actual value of LSL 418.36 million as reported by LEC for 2018_19 financial year. 

This difference emanates from the difficulty in disaggregating the ‘Mabote intake point which 

consists of power from EDM combined with Eskom, so in this study it was estimated with the 
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Maseru bulk supply charge. The overall costs of energy incurred both locally and from imports 

sum up to LSL 474 103 625.32, with imports amounting to 88.4% of the total costs. 

Table 5: Yearly costs based on monthly 

 

 

Figure 40: Percentage Contributions of yearly costs of energy from different sources 

 

4.7 Energy contributions and cost of energy considering renewable 
energy sources and SAPP markets 

4.7.1 Yearly energy contributions of ‘Muela, VREGs and imports  

With introduction of solar PV and wind farms to the network, the yearly consumption of energy 

from imports declines as shown from Figure 41 and Figure 43. With introduction of solar PV and 

wind farms to the network, the yearly consumption of energy from imports is expected to decline. 

Under Scenario 2 of ‘Muela and 50 MW solar PV (see Figure 41), the solar farm brings monthly 

contribution ranging between 4.9 to 10.5 GWh of energy. Also, from June to August, all the energy 
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from solar PV will be consumed, while other months of the year there is small unused or exported 

energy (ranging from 0.002 to 0.12 GWh) emanating from solar. The main grid imports are reduced 

to a monthly range of 17.4 to 31.20 GWh and most imports will still be needed in winter when 

generation from solar PV declines. The overall used energy from the 50 MW Ha-Ramarothole solar 

PV is about 93.77 GWh, which is 99.6% of its yearly expected generation. In total, the exported or 

unused energy is about 0.36 GWh. Hence, in total the overall main grid imports are reduced by 

22.3% to about 326.45 GWh.  

 

 
Figure 41: Energy consumption from 'Muela, 50 MW Ha-Ramarothole solar PV and Imports 

 

 
Considering the Scenario 3 of the 58 MW wind farms operating with ‘Muela (as shown in Figure 

42), the main grid imports are reduced to a monthly range of about 13.00 to 27.40 GWh which 

translates to yearly reduction of about 40.2% to 251.48 GWh in total. Masitise wind farm (which 

is dispatched first) injects a monthly energy of 3.00 to 5.00 GWh while for Lets’eng wind farm, 

about 7.50 to 14.00 GWh is absorbed in the grid. Out of all the energy these wind farms inject to 

the network, about 98% of the available energy from Masitise is used to serve the load, while 93% 

of the available energy from Lets’eng wind farm will be utilized. Most export or unused energy 

from wind farms is seen to be occurring from January to May and December (with a monthly range 

of 1.00 to 2.00 GWh), giving annual total of about 13.46 GWh which is about 7.4% of the yearly 

generation (182.20 GWh) from the wind farms combined. 
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Figure 42: Energy consumption from 'Muela, 24 MW Masitise and 34 MW Lets'eng wind farms and 

Imports 
 

 

Combining ‘Muela, solar and wind farms under the fourth scenario (illustrated by Figure 43), the 

main grid imports are reduced to a monthly range of 8.00 to 18.00 GWh, which brings a significant 

reduction of about 59.7% yearly consumption of imports to what about 169.23 GWh. The monthly 

energy contributions of the wind farms drop to ranges of 3.00 to 4.40 GWh and 5.00 to 12.50 GWh 

for Masitise and Let’seng, respectively. When combined with solar PV, the wind energy injected 

into the main grid declines to 91% and 81% for Masitise and Lets’eng wind farms, respectively. 

In all these scenarios, about 99.6% of Ha-Ramarothole solar PV energy will be absorbed to serve 

the load and exported energy emanates mainly from wind farms since solar is dispatched first 

ahead of wind. Under the last scenario, exports (or unused energy) are seen to occur even in winter 

season. This is because wind generation is available even at night (during off-peak periods). On 

top of that, in most cases both the wind farms are almost at their rated capacities, with ‘Muela 

included as it operates at around 99.3% of its rated capacity most of the time regardless of whether 

it is day or night. The exported or unused energy increases to about 25.34 GWh under this scenario. 

In all scenarios, since Qacha’s Nek grid is isolated, the imports are maintained at about 15.52 

GWh.  
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Figure 43: Energy consumption from 'Muela, 50 MW Ha-Ramarothole solar PV 24 MW Masitise and 
34 MW Lets'eng wind farms and Imports 

 

 

4.7.2 Yearly cost of local energy (‘Muela+50 MW Ha-Ramarothole solar PV) and 

imports under SAPP markets 

As already discussed from the previous section of generation adequacy analysis, introduction of 

solar PV and wind farms brings certain level of energy security to the network as seen by decrease 

in LOLP and EDNS. Therefore, with the introduction of renewable energy sources to the network, 

the aim is to shift the power procurement strategy from fixed bilateral contracts and procure under 

SAPP markets being DAM, FPM weekly and FPM monthly. Under all the scenarios of DAM, 

FPM weekly and monthly, the cost of local power will remain as stated above (because of a fixed 

charge per kilowatt hour) and the varying costs will be only for imports  due to fluctuating hourly 

prices from these markets.  

From Figure 44 to Figure 46 is an illustration of the costs of energy considering DAM, FPM weekly 

and monthly that would be incurred if 50 MW Ha-Ramarothole solar PV and ‘Muela were 

combined. Under DAM, the monthly cost main grid imports range from LSL 8.56 million to LSL 

29.7 million illustrated in Figure 44. However, with the same amount of energy consumed, the costs 

of main grid imports increases to a range of LSL 14.9 million to LSL 52.1 million and LSL 6.54 

million to LSL 78.8 million for FPM weekly and monthly as shown by Figure 45 and Figure 46 

respectively. In all cases, the least costs of imports is incurred in April and most expenses incurred 
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in July, the high demand month. Hence, in April LEC could opt for FPM monthly and continue 

with DAM throughout the year as it would incur roughly LSL 2 million less than the overall costs 

of main grid imports. 

Furthermore, the overall costs of importing from Qacha’s Nek intake point reduces by 47.7% to 

about LSL 10.4 million from the status quo under DAM. On the other hand, the figure slightly 

declines by LSL 2.29 million to LSL 17.4 million under FPM weekly and slightly decreases by 

LSL 1.83 million to LSL 17.9 million under FPM monthly. It is seen that under all markets, the 

costs of imports for Qacha’s Nek (Letloepe) are lower than the yearly costs of imports from the 

base case with the same utilized energy. This implies that, if LEC procured under SAPP markets 

in 2018_19 financial year, it would have endured less costs when compared with the usual practice 

of fixed bilateral contracts. Because of the fact that Letloepe is an isolated grid, this cost of energy 

under SAPP markets will not be affected with the penetrations of renewable generators. 

Moreover, the total yearly cost of imports (main grid imports and Qacha’s Nek imports) under 

DAM with introduction of solar PV adds up to about LSL 240.79 million with main grid imports 

taking a share LSL 230.42 million and the rest is due to Letloepe imports. Nonetheless, with the 

same energy utilized from imports, the yearly costs of energy for the overall imports is LSL 407.81 

million for FPM weekly (Figure 45) and LSL 410. 95 million for FPM monthly (Figure 46) with 

main grid imports taking a share of 95.7% of the overall costs. The FPM monthly is slightly higher 

than the FPM weekly (with about LSL 3.14 million) and about 1.71 times the cost of imports under 

DAM.   

Additionally, the overall costs of energy (local+imports) under this scenario translates to LSL 

373.39 million considering DAM and further sums up to LSL 540.42 million and LSL 543.56 

million for FPM weekly and monthly, respectively. In all cases, solar PV contributes a monthly 

range of LSL 4.09 million to LSL 9.08 million, which sums up to LSL 77.8 million to the costs of 

energy utilized. However, if the same energy used from solar was imported, it would costs about 

LSL 65.5 million under DAM, LSL 109.16 million with FPM weekly and LSL 119.56 million 

under FPM monthly. Hence, indicating that, importing from DAM is cost effective when compared 

with purchasing local energy from solar and more expensive to import using other markets.  

Comparing all the markets under this scenario as shown from Figure 44 to Figure 46, DAM is the 

most cost effective market to procure power, followed by FPM weekly as for majority of the 
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months, the costs of imports from DAM is always less than other markets for the same energy 

consumed. FPM weekly are almost 1.5 times the costs of DAM in winter season, while for FPM 

monthly the costs are almost double the costs of energy incurred in winter from DAM. Comparing 

local energy with mainly the imports from the main grid, it is seen that even though the main grid 

imports are reduced, under FPM weekly and monthly their monthly costs are always higher than 

energy from ‘Muela and solar PV. Furthermore, from June to August, the costs of main imports 

are almost double the costs incurred even in the first scenario of fixed bilateral contracts when 

‘Muela was alone. This is because of the highly fluctuating and expensive peak prices in the SAPP 

markets. 

 

 

Figure 44:DAM costs for imports combined with cost from 'Muela and 50 MW Ha-Ramarothole 

 



70 
 

 
Figure 45:FPM weekly costs for imports combined with cost from 'Muela and 50 MW Ha-Ramarothole 

 

Figure 46:FPM monthly costs for imports combined with cost from 'Muela and 50 MW Ha-
Ramarothole 

 

4.7.3 Yearly costs of local energy (‘Muela+24 MW Masitise and 34 MW Lets’eng 
wind farms) and imports under SAPP markets 
 

Figure 47 to Figure 49 illustrates the costs of imports considering SAPP markets vs local energy 

costs that are calculated to be incurred considering penetrations of wind farms operating with 

‘Muela. As the main grid imports are greatly minimized under this scenario as compared to solar 
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and ‘Muela alone, the costs of energy also declines to a monthly range of about LSL 6.29 million 

to LSL 21.9 million under DAM, as shown in Figure 47. Thus with the same energy utilized from 

imports, the costs translates to a monthly range of LSL 13.9 million to LSL 42.1 million and LSL 

4.97 million to LSL 62.2 million considering FPM weekly and FPM monthly as shown by Figure 

48 and Figure 49, respectively. The overall cost of energy for imports under DAM add up to LSL 

193.57 million with main grid imports taking a chunk of LSL 183.20 million. On the other hand, 

the main grid imports costs LSL 320.54 million for FPM weekly and LSL 330.34 million under 

FPM monthly with main grid imports contributing an average of 95% to the overall costs of 

imports. This great minimization of imports and their cost is attributed to the mostly available wind 

energy, during day and night.  

Considering the scenario of DAM, the sum of local energy combined with imports sum up to LSL 

425.52 million which is about LSL 52.13 million higher when compared to the total cost of energy 

incurred with the scenario of solar PV and ‘Muela. Taking cases of other markets, the overall sum 

of the costs considering imports and local energy drastically escalates to LSL 570.78 million and 

LSL 579.71 million for FMP weekly and monthly, respectively. This great increase in costs can 

be attributed to high increase in wind energy absorption. Hence, minimizing imports with wind 

energy, the overall costs of local energy greatly increases due to cost-reflective wind energy. The 

monthly costs incurred for utilizing wind energy fall to a monthly range of LSL 10 million to LSL 

18.2 million, with the least cost occurring in March and the highest in August. The total costs of 

wind energy is LSL 177.18 million with Masitise contributing about 30% to the overall cost. 

However, if the same energy of wind was procured under the presented SAPP markets, the costs 

would translate to LSL 108.11 million under DAM, LSL 182.29 million with FPM weekly and 

LSL 192.24 million under FPM monthly. Therefore, indicating that procuring from wind could be 

a better alternative than FPM weekly and monthly markets.  Even so, under this scenario of wind 

farms and ‘Muela, the DAM is still found to be more cost effective when combined with local 

energy as it is seen to offset the expensive costs from wind energy.   
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Figure 47:DAM costs for imports combined with cost from 'Muela, 24 MW Masitise and 34 MW wind 

farms, and Imports 
 

Figure 48: FPM weekly costs for imports combined with cost from 'Muela, 24 MW Masitise and 34 
MW wind farms, and Imports 
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Figure 49:FPM monthly  costs for imports combined with cost from 'Muela, 24 MW Masitise and 34 MW 

wind farms, and Imports 
 

4.7.4 Yearly costs of local energy (‘Muela+50 MW Ha-Ramarothole solar PV+24 
MW Masitise and 34 MW Lets’eng wind farms) and imports under SAPP markets 
 

As already discussed that backing up ‘Muela with both solar PV and wind farms results in heavy 

decline hourly EDNS and much reduced LOLP when compared to other cases, then under this 

scenario, the imports are heavily minimized as well as their costs considering all the markets as 

portrayed from Figure 50 to Figure 52 considering SAPP markets under study. Under DAM, 

shown in Figure 50, the  monthly costs of main grid imports never exceeds LSL 20 million, while 

FPM weekly a maximum of costs incurred arises in July with about LSL 32.86 million as portrayed 

by Figure 51. Similarly, with FPM monthly the highest costs incurred for importing is July with 

LSL 48.98 million as shown in Figure 52.  The yearly costs of imports under DAM in this case 

amount to LSL 157.88 million with main grid imports constituting to 94% of the overall costs. 

Also, the costs of imports are seen to sum up to LSL 249.51 million and LSL 250.74 million for 

FPM weekly and monthly, respectively, with main grid imports taking a share of about 93% of 

average for both markets. 

In this case, it is seen that imports costs are greatly minimized due to increased absorption of local 

energy. As already stated, solar and ‘Muela still retain their stated costs throughout, in this 

scenario, wind energy is minimized due to consumption of solar energy. Therefore, the costs of 
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overall wind energy declines to LSL 165.08 million, with Lets’eng contributing to about 66% of 

the overall costs of wind. As such, the overall costs of imports combined with local energy adds 

up to LSL 455.57 million under DAM and the overall cost of energy amount to LSL 547.21 million 

and LSL 548.43 million for FPM weekly and monthly, respectively. Like all other scenarios of 

different renewable energy penetration, DAM is still more favorable and cost effective than all the 

markets.  

Figure 50: DAM costs for imports combined with cost from 'Muela, 50 MW Ha-Ramarothole 24 MW 
Masitise and 34 MW wind farms, and Imports 

 

 
Figure 51: FPM weekly costs for imports combined with cost from 'Muela, 50 MW Ha-Ramarothole 24 

MW Masitise and 34 MW wind farms, and Imports 
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Figure 52: FPM monthly costs for imports combined with cost from 'Muela, 50 MW Ha-Ramarothole 
24 MW Masitise and 34 MW wind, and Imports 

 

 

In this work, the generation adequacy of locally committed generators was analyzed using the 

Monte Carlo method, as well as the performance of local generators when they were dispatched, 

using the DiGSILENT software. The study effort provided a power dispatching strategy where 

local renewable generators are dispatched first ahead of imports, using a similar approach to the 

ELD problem incorporating renewable generators, whereby renewable generators are dispatched 

first, and prior to coal or thermal generators. The findings indicate that the 50 MW Ha-

Ramarothole solar PV farm has the ability to minimize imports by 22.3% with almost all its annual 

production exhausted and fed to the grid. Additionally, only 0.5% of its annual production is 

surplus, demonstrating excellent use of solar output when available. In all scenarios involving 

wind farms and local generators, more than 80% of the overall estimated generation from the two 

wind farms can always be incorporated into the network. Furthermore, in all of the offered 

scenarios, the addition of wind farms to the network resulted in a significant reduction of the 

absorption of imports by over 40%. As a result, minimization of imports is accomplished in every 

situation, and excellent local generation use is demonstrated. 

The network's generation adequacy analysis showed a significant improvement with the addition 

of renewable generators, as seen by a decrease in LOLP and EDNS in all scenarios compared to 

'Muela alone. The network's security of power supply has not really improved when solar at 50 
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MW and 'Muela are coupled, as the least LOLP is shown to be 98% and from April to October the 

LOLP is still stagnant at 100%, which is similar to that of 'Muela alone. Therefore, more imports 

will still be anticipated for a consistent supply of the load during this time when LOLP is at its 

highest. The highest LOLP achieved when solar generation is increased to 90 MW is 98%, and the 

lowest is roughly 86%. Consequently, it becomes clear that substantially higher solar 

capacities and the potential for future storage are needed in order to attain much more stable supply 

with solar and 'Muela alone. The networks' ability to deliver the load has greatly improved in the 

case of wind at 58 MW, nevertheless, as the greatest LOLP is almost 99% and the lowest is 94%. 

The LOLP results of solar at 90 MW are practically equivalent to those of wind farms at 58 MW, 

demonstrating that smaller wind capacities as compared to solar can be more adequate for meeting 

the load. In every scenario, the EDNS is observed to decline from the base case ('Muela alone) by 

more than 10 MW over the course of the full year. Higher margins of around 40 MW are seen with 

every combination of adding local generators and expanding the network's capacity. Therefore, 

diversifying LEC power sources with local renewable energy generators can improve local energy 

security and further enable the network to be more adequate in supplying the load with the 

minimum support from imports. 

The study evaluated the cost implications of acquiring power locally and through SAPP markets 

as the network becomes more reliable to provide the load with various combinations of local 

generators, as evidenced by a drop in LOLP and EDNS. When 'Muela is the only local source of 

power for LEC, the base case of power procurement from imports with fixed bilateral contracts 

can be compared to in order to arrive at the conclusion that procuring from solar at 50 MW and 

'Muela combined with DAM is less expensive by roughly LSL 45 million. However, it is expected 

that other markets (FPM weekly and monthly) will cost about LSL 120 million more than the base 

scenario. The results indicate that the overall cost of energy in the scenarios of the wind farms, 

'Muela and DAM is approximately LSL 6.2 million higher than the expenses of energy incurred 

in the base case. When other markets are taken into account, the cost of energy increases 

significantly by to a range of LSL 150 million to LSL 160 million from the base scenario. The 

overall cost translate to LSL 36 million more than the base case when all local generators are 

combined and paired with DAM, and they increase further by around LSL 129 million under 

different markets. In conclusion, diversifying the power sources of LECs with solar and using 

DAM appear to be more cost-effective alternative than other markets and the customary method 
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of using fixed bilateral contracts. However, even with the DAM, when compared to the base case, 

the overall costs that LEC bears are significantly higher with the addition of wind in all scenarios. 

But in every scenario, purchasing through DAM is viewed as being less expensive as compared to 

other markets. This leads to the conclusion that by using DAM in conjunction with local 

generators, LEC may purchase power at a lower cost than other markets. 
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5.0 Conclusions and Recommendations  

The study presented a power dispatching approach whereby all power from local generators must 

be dispatched and procured first by LEC ahead of imports. ‘Muela alone being the only source of 

power for LEC can only meet about 40-66% of the load demand and at all times it is insufficient 

to meet the load alone. Therefore, introduction of 50 MW Ha-Ramarothole solar PV increases the 

local energy security and the main grid imports are reduced by 22.3% with overall used energy 

from solar PV being 99.6% of its yearly expected generation. If wind farms under the stated 

capacities could operate alone with ‘Muela, the main grid imports could be reduced by 40.2% and 

significantly minimized by 59.7% through combination of solar PV at 50 MW, wind farms and 

‘Muela scenario. However, introduction of wind and solar PV to the main network does not affect 

the contribution of imports to Qacha’s Nek region, as it is isolated.  Out of all the energy these 

wind farms inject to the network, about 98% of the available energy from Masitise is used to serve 

the load, while 93% from the available energy from Lets’eng wind farm will be utilized, under the 

scenario of ‘Muela and wind farms. However, when combined with solar PV at 50 MW, their 

utilized energy declines to 91% and 81% for Masitise and Lets’eng wind farms, respectively. 

Despite of combination of wind, 99.62% of 50 MW Ha-Ramarothole solar PV energy will be 

absorbed to serve the load because solar is consumed first ahead of wind, as the power dispatching 

strategy.  

Apart from that, the study demonstrated that with penetrations of solar PV and wind generators, 

specifically under the capacities of 50 MW Ha-Ramarothole solar PV, 24 MW Masitise and 34 

MW Lets’eng wind farms, there are times when the available energy exceeds the local demand, 

and energy could be exported to Eskom. Furthermore, the generation adequacy analysis for all 

local generators was performed for the entire year and through all the scenarios of different 

penetrations of solar PV and wind farms, the EDNS and LOLP were both seen to decline from 

when ‘Muela was operating alone. Although it was revealed that the EDNS never drops to 0 MW 

and the LOLP is seen to never drop even below 50% for all scenarios considered, there is a great 

or positive improvement in the network’s ability to supply the load with introduction of solar PV 

for both different capacities and wind farms. Also, solar PV is more adequate at higher capacities 

and backing up solar PV with wind farms illustrate great decline in EDNS and LOLP and show 

less dependency on imported power from imports as there are times when imports are not needed 
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into the main grid. Therefore, the study performed an analysis by evaluating different SAPP 

markets on how power could be procured under these markets to minimize the costs of purchasing 

power from imports. Comparing all the markets, DAM is the cheapest or cost-effective market to 

procure power, with the FPM monthly being the most expensive. However, FPM weekly is 

comparable to FPM monthly except for winter season. FMP monthly is only seen to be cheaper 

than all markets only in April and therefore it can be a viable option instead of DAM during this 

month.  

As the network is seen to be more adequate to supply the load with local generators and imports 

being heavily minimized through the introduction of solar PV and wind farms into the network, 

the cost of power procurement locally increases as well considering the given charges of energy 

per kilowatt hour from both solar PV and wind. Importing from DAM the same amount of energy 

that solar contributes, LEC could save LSL 12.3 million. Nevertheless, when compared with other 

markets, the same amount of energy costs about LSL 30 to 41 million more when compared with 

solar. In the case of wind, purchasing the same energy from DAM is seen to be more cost effective 

as opposed to buying it locally from wind. This is because of the cost reflective wind energy. 

However, LEC can save between LSL 5 and 15 million when compared to other markets, making 

wind energy a more affordable choice. To mitigate the high costs of renewable energy, introduction 

of auction programs for IPPs, procuring power locally could be affordable and ease the burden 

from LEC as well as end users. As such, these programs could help promote renewable energy 

absorption in Lesotho. 

Although the cost of local power procurement was done on 50 MW Ha-Ramarothole solar PV, 24 

MW Masitise and 34 MW Lets’eng wind farms, it can still be performed in the similar manner 

with any other capacities. Also, even though this study did not use any forecasting methodologies 

in procuring power under these markets, LEC will require at least two trained and licensed cross 

border traders to provide efficient price signals, forecast load demand, and outputs of renewable 

generators, for the procurement and transmission of electricity from imports. Furthermore, a more 

in-depth assessment with a focus on the generating adequacy analysis can be carried out given the 

plans to expand the LEC electrical network over the next years and the addition of new local 

generators to the network to boost local energy security. 
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These power dispatch and costing model assumptions neglect the economic risks of power not 

being bought in the SAPP markets as well as having to dump the excess local energy. Nevertheless, 

the importance of allowing excess energy, is to show the significance of having enough or more 

than enough local power that LEC can buy, resell it to end-users as well as grant an opportunity to 

participate in SAPP markets for generating revenues or economical gain. Also, if there is any 

excess, this will introduce the need to store this energy for later use. This can be done in future 

studies through an analysis of whether it would be more beneficial to export the power or store it 

for night time as a reserve.  
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