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ABSTRACT 

 

This study explores the prospect of powering a Long-Term Evolution (LTE) base 

transceiver station (LTE BTS) with a Hybrid Renewable Energy System (HRES) 

in the rural areas of South Africa. The focus of the study is on harnessing the 

inherent advantage in HRES which in return reduces the Greenhouse Gas 

(GHG) emissions and operational costs associated with a Diesel Generator 

(DG) used to power LTE BTS in the rural areas. Moreover, the HRES will help 

with enhancing stability, reliability, and sustainability of electric power supply to 

fulfil the required LTE BTS loads. Hence, the proposed HRES consists of 

Photovoltaic (PV) system, Wind Turbine (WT), a Fuel Cell (FC), Hydrogen Tank 

(HT), electrolyser, converter, and a Battery Storage (BS) back-up.  

In addition, the Hybrid Optimisation of Multiple Energy Resources (HOMER) 

software coupled with Matrix Laboratory (MATLAB) software tool were selected 

for the simulation processes of the HRES. There are two sensitive variables that 

were inputted into the written codes and available HOMER tool. This was done 

in order to achieve an optimal result. The two sensitive variables are the PV tilt 

angle and the WT hub height. Hence, the effects of the PV tilt angle and WT hub 

height from the PV and WT systems have been infused into the system. By 

having knowledge of the load requirements of the selected LTE BTS site, two 

distinct configurations (PV/WT/FC/BS) and (DG/BS) simulation results have 

been compared, respectively. The simulation results clearly showed that in 

comparison to the DG/BS system, the proposed PV/WT/FC/BS HRES reduced 

the Net Present Cost (NPC), and GHG emissions by values of 40% and 100%, 

respectively. It was observed that the Capacity Shortage Fraction (CSF) was 

less than 1%, while the other important indicator such as the Renewable 

Fraction (RF) was increased by 100%. It is clear that the proposed HRES would 

improve the electric power supply to the LTE BTS at a reduced NPC and 
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acceptable GHG emissions, which in-turn, alleviates excessive costs and 

environmental effects from GHG emissions. 
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CHAPTER ONE: INTRODUCTION 

 

1.1. Background and Motivation 

 

The telecommunication industry has encountered multiple difficulties with the 

ever-increasing user demands in terms of services such as voice, data, video 

conference, chatting, and social media, which in-turn puts pressure on the 

telecom companies to provide more infrastructure especially in the rural areas 

[1]. In South Africa for example, the lack of power for rural areas, power 

interruption and constricted infrastructure of the national grid are some of the 

critical hindrances the telecommunication operators are faced with, in the 

deployment of their networks [2]. In developed countries, such hindrances are 

readily overcome because of their well-developed grid infrastructure [2]. 

However, in a developing country like South Africa, where the grid connection is 

non-existent in the majority of the outlying rural areas, it is always hard to 

provide power supply to the Long-Term Evolution (LTE) Base Transceiver 

Stations (BTS) [3]. This is because there is a cost to the company as per the 

infrastructures required to connect the power from sources to the users who are 

diverse in terms of location, sparse population, low incomes, hence the need to 

be part of the global world. This presents a complication in developing countries 

like South Africa as mobile communication is increasingly expanding more and 

more into rural areas where access to the national grid is limited or non-existent 

[3]. The electrification by extension of the grid or secondary power station can 

only cover a small portion of the households in outlying rural areas [4]. Also, it is 

not cost-effective to extend the grid to such places due to the huge distance 

from developed regions [4].  

The utilisation and implementation of Renewable Energy Resources (RERs) are 

rapidly increasing in developing countries and globally [5]. Consequently, the 

world is becoming less reliant on fossil fuels to lessen the effects of Greenhouse 
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Gas (GHG) emissions on the environment with the help of RERs [5]. Due to the 

increased global warming effects by GHG, there is an increased need to utilise 

emission-free energy solutions [6]. South Africa is endowed with natural and 

environmentally-friendly energy sources such as sunlight, winds and other 

natural resources that resulted in the abundance of RERs required for potential 

application and implementation of renewable energy technology in rural areas 

[6]. In addition to energy generation by RERs being environmentally-friendly, this 

has led to the reduction of the use of fuels and minor operating costs and the 

lessening of initial capital investment when compared to the conventional 

national grid infrastructures [7]. This, therefore, is very important for 

telecommunication operators and the deployment of LTE BTSs in rural areas [7]. 

LTE is the latest cellular network generation, simply termed fourth-generation 

network, which provides high data rate, support service convergence, huge 

bandwidth, easy upscale and small-sized equipment for easy deployment [8]. 

The deployment of such networks in the rural areas is inevitable due to easy 

homogeneous network demands, national telecommunication regulation 

demands, development of rural areas as economic hubs and advancement in 

services needed by cellular network users [8]. Thus, for powering LTE BTSs in 

rural or remote areas, different Renewable Energy Sources (RESs) need to be 

considered to obtain a reliable, affordable and efficient RES system that can 

easily meet the load demand of the LTE BTSs [9].  

Designing a system that is reliable, efficient and that requires little or no 

maintenance and environmentally-friendly is crucial for powering an LTE BTS in 

remote areas [10]. Although it is possible to use one specific kind of RES, such 

as solar Photovoltaic (PV), to power an LTE BTS in a remote area, no power will 

be supplied during the night. This is because the PV is dependent on the sun to 

generate electricity. A hybrid system comprising of PV, Wind Turbine (WT), Fuel 

Cell (FC) and a Battery Storage (BS) is used to meet the LTE BTS load 

demand. This improves the supply of energy to the load. To increase the 
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reliability of the system, an energy storage system is added to store the excess 

energy generated by the RESs. This energy will be used to supply power to the 

load when the RESs are unable to meet the load demands [10]. The system 

described above is referred to as Hybrid Renewable Energy System (HRES) 

[11]. HRESs that have a combination of RES’s and BS are preferred for 

powering LTE BTSs, especially in rural or remote areas [11]. 

1.2. Problem Statement 

 

Due to the ever-increasing number of telecom subscribers, telecommunication 

operators are eager to broaden their network infrastructure as well as end-user 

service, this shows that there is need to consider other energy options such as 

RERs for powering the LTE BTS [12]. The rationale to deploy HRES as the 

primary RESs for the telecommunication sector in a developing country like 

South Africa is to stamp down the environmental effects of traditional energy 

sources, such as the DG that is commonly used as a back-up system for 

remotely located LTE BTS [12]. The deployment of an HRES can help mitigate 

pollutants coming from over-dependence on the national grid and diesel 

generators [13]. Furthermore, the benefit of incorporating a micro-grid HRES 

would ultimately reduce the high costs of maintenance and operation of the DG 

or coal-powered power plants [12]. In addition, this is going to enhance LTE BTS 

sites power supply stability [12]. In essence, the latest exploration into "green 

energy for communication" intends to ameliorate energy efficiency, bring down 

the Operation Expenditure (OPEX) as well as reduce GHG pollutants created by 

DG to improve the evolution of telecommunication [12]. Surprisingly, the 

electrical power expenditure from the LTE BTS is high in comparison to the rest 

of the networking OPEX [12]. The telecommunications sector, which provides 

video, voice, Internet and cloud services, has annually produced more than 830 

million tonnes of carbon dioxide (CO2) [12]. This equates to approximately 2% of 

the total global CO2 emissions [12]. 
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Hence, the deployment of sustainable energy resources, for instance, PV and 

Wind Power (WP) will assist with preventing these issues [13]. Moreover, there 

is the continual development of the cellular network in South Africa [14]. 

However, the electric power supply from the national grid is unreliable [14]. It is 

also noted that several LTE BTSs, as well as DG, are built-in residential areas 

[15]. In the course of a power outage or failure with the national grid, the DG 

instantly becomes operational. However, DG’s are very noisy, which is not ideal 

for places like schools, hospitals as well as households occupants and their 

neighbours [16]. As a result, the deployment of PV and Wind Energy (WE) as a 

source of sustainable energy, in this particular case study, will help to enhance 

the electric power supply to the LTE BTS. Additionally, this will lead to a 

reduction of the effects of GHG emissions and noise on the environment. This 

can in due course reduce GHG emissions, improve the Quality of Service (QoS), 

as well as bring down OPEX for telecommunication companies in South Africa. 

 

1.3. Aim and Objectives of the Study 

 

The aim of this study is to optimally design an HRES that has the potential of 

generating electrical power that can adequately supply an LTE BTS in South 

Africa’s rural areas. 

Objectives: 

The specific objectives of this study are to:  

I. Reduce the Net Present Costs (NPC) incurred by the typical Diesel 

Generator (DG)/BS system used to power the LTE BTS in rural areas;  

II. Reduce the GHG emissions emitted by the DG/BS system that powers 

the LTE BTS in rural areas and  
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III. Optimise the HRES considering (i) and (ii) above and reliability of the 

entire system. 

 
1.5. Thesis Outline  

 

Chapter 2. 

In this chapter, the application and the feasible modelling methods for different 

RERs and RESs (PV, WT and FC systems) used in the proposed HRES are 

reviewed. Also, the preferred lead-acid batteries, lead-acid batteries modelling 

methods and energy storage methods are reviewed. The HRESs controlling 

methods for powering the LTE BTS load are reviewed with a particular highlight 

around ensuring the maximum lifetime of the battery which involves the charging 

and discharging of the battery. Finally, the optimisation methods are discussed, 

focussing on the Hybrid Optimisation Model for Electric Renewables (HOMER) 

software, for the reason that it is the preferred optimisation tool widely used in 

the industries for all such simulations related to the HRES. 

Chapter 3.  

Presented in this chapter is the methodology employed in the optimisation tool 

as well as the algorithm used to verify the result. The chapter details the study 

areas, the collection of climatic data sets needed for this optimisation problem, 

the profile of the load, pre-processing and modelling of the data. The modelling 

methods for the power generated by each of the RES’s are discussed as well as 

the modelling method for the insertion of the BS into the system. The 

presumptions and strategies utilised for preparing the HOMER software are 

reviewed in-depth with regard to the objective function of the NPC and GHG 

emissions of the system. In the end, the control algorithm utilised to authenticate 

the HOMER software results is described. 
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Chapter 4. 

In this chapter, the results obtained from the modelling, sizing and simulation are 

discussed. All the feasible configurations presented by the simulation results are 

compared according to the stipulated objectives and constraints, to see which is 

the most feasible, cost-effective, reliable and environmentally-friendly HRES 

between the proposed PV/WT/FC/BS HERS and the DG/BS system that is 

currently utilised to power LTE BTSs in the rural areas.  

Chapter 5. 

Conclusion and Recommendations: The results and findings from chapter 4 

are concluded and the main findings of the project are highlighted together with 

future recommendations. 

1.6. Publications 

 

The publications below are materials forming part of this dissertation. 

 

 S. T. Leholo, P. A. Owolawi, and K. T. Akindeji, “Modelling and Optimisation 
of Hybrid RE for Powering Remote GSM Base Station,” 2018 IEEE PES/IAS 
PowerAfrica, Nov. 2018. 

 

 S. T. Leholo, P. A. Owolawi, and K. T. Akindeji, “Performance Analysis of a 
Hybrid Micro-Energy System for SA Data Centers,” E3S Web of 
Conferences, vol. 64, p. 01003, 2018. 

 

 S. T. Leholo, P. A. Owolawi, and K. T. Akindeji, “Solar Energy Potential 

Forecasting and Optimisation Using Artificial Neural Network: South Africa 

Case Study,” 2019 Amity International Conference on Artificial Intelligence 

(AICAI), 2019. 
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CHAPTER TWO: LITERATURE REVIEW 

 

LTE BTSs that are situated in inaccessible or remote areas need a power 

source that is reliable and efficient [17]. These will allow for uninterruptible and 

continuous service to the end-user [17]. Since most of the LTE BTSs that are 

situated in inaccessible or remote areas are not connected to the national grid, 

HRESs are found to be very promising in helping with such an issue [17]. 

Optimisation of these HRESs is a crucial factor when designing a system that 

can meet the load demand of the LTE BTSs situated in inaccessible or remote 

areas [18]. The optimisation of an HRES for the LTE BTS focuses on the optimal 

sizing of the components of the HRES so that the LTE BTS can be supplied a 

power supply that is reliable, cost-effective, efficient, and environmentally-

friendly [18]. When optimising an HRES, it is very crucial to choose the correct 

component to be part of the HRES [19]. Furthermore, it is crucial to select RESs 

that can perform optimally for a particular case [20]. In the process of optimising 

an HRES, numerous objectives can be considered that the optimised HRES 

must fulfil [20]. These objectives can include minimising the costs of the system 

and improving the efficiency of the system [21]. In the past years, there have 

been several optimisation methods that have been proposed by various authors 

for the optimisation of HRESs. In this chapter, the different optimisation methods 

that have been utilised in different studies for optimisation of HRESs will be 

reviewed and compared to highlight their strengths and weaknesses. 

 

2.1. Optimisation Methods for Hybrid Renewable Energy Systems 

 

The optimisation techniques and methods can help to optimise the HRES 

according to the objectives defined [20]. In literature, there are plenty of methods 

that can be used for the optimisation of HRESs [21]. Some of these methods 

take a heuristic approach and others take a gradient-based optimisation 

approach [20]. Some of the commonly used methods reviewed in the literature 
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are software tools, Ant Colony Optimisation (ACO), Hybrid Optimisation (HO), 

Simulated Annealing Optimisation (SAO), Particle Swarm Optimisation (PSO), 

Fuzzy Genetic Algorithms (FGA), and Genetic Algorithms (GA) [20].  

 

2.1.1. Genetic Algorithms Optimisation Method 

 

The GA is an algorithm that is evolutionary population-based and includes 

multiple operations such as selection, crossover, mutation, and initialisation that 

ensure that an optimal solution to a specific problem is obtained. This method 

can solve problems by utilising multiple solutions but can be stuck in local 

minima if it is not initialised or designed properly. In literature, multiple studies 

have utilised the GA to optimally size an HRES for remote or rural applications. 

Table 2.1-2.2 show several studies in the literature review where the GA 

optimisation method has been applied. 

 

Table 2. 1. Studies where the GA optimisation method was applied. 

Reference Goal Results 

Addoweesh et al 

[23] 

The GA was used for a techno-

economic analysis for a small 

hybrid system to meet the load 

demand of a remote village in 

Saudi Arabia.  

It was found that the inclusion 

of batteries reduced the 

required DG. 

Chen et al [24] The adaptive GA was used to 

determine the optimum capacity 

of an off-grid hybrid energy 

system considering reliability and 

cost. 

A higher capacity of RESs 

increases the installation cost 

and reduces the CO2 

emissions coming from DG. 
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Table 2. 2. Studies where the GA optimisation method was applied. 

Reference Goal Results 

Berger et al [25] The GA was used for the 

optimisation of a stand-alone 

PV/WT/DG HRES with different 

BS technologies for a 

telecommunication site in Syria. 

The use of BS combined with 

the RESs is ecological and 

economical. 

Ndongo et al 

[26] 

The GA was used to determine 

the optimal size of an off-grid 

PV/WT HRES for two places in 

Senegal. 

The optimal configuration was 

PV/WT/BS HRES   by the use 

of the first load profile. 

Furthermore, 64% and 71% of 

energy come from the WT on 

the two sites. 

Fahmy et al [27] The GA was used for the optimal 

economical sizing of a PV/WT 

HRES for Water Irrigation in 

Sinai, Egypt.  

The PV/WT HRES and PV 

stand-alone system are the 

most suitable than the other 

systems for the selected sites.  

 

 

2.1.2. Particle Swarm Optimisation Method 

 

The PSO simulates the social behaviour of how a swarm moves to find food in a 

specific area. The PSO optimises a problem by iteratively trying to improve a 

candidate solution for a given objective function. The PSO is efficient in solving 

the optimisation and scattering problems. However, multiple modifications are 

required by this method due to its conflicted and complex nature. In literature, 

multiple studies have utilised the PSO to optimally size an HRES for remote or 
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rural applications. Table 2.3-2.4 show several studies in the literature review 

where the PSO optimisation method has been applied. 

 

Table 2. 3. Studies where the PSO method has been applied. 

Reference Goal Results 

Chaabene et al 

[28] 

The PSO was used for the 

optimisation of a PV/DG/BS 

HRES for a typical house in 

Tunisia.  

The cost of the system optimised 

using minimum pollution criterion 

has about 0.3% extra overall cost 

compared to the system 

optimised using minimum overall 

system cost criterion. 

Benbouzid et al 

[29] 

The PSO was used for the 

optimisation of a 

PV/WT//Tidal/BS HRES for a 

remote area in Bretagne, 

France. 

The best results in the area under 

study is a WT/BS system and the 

solution is dependent on multiple 

variables such as electric load 

demand and weather data. 

M'Sirdi et al [30] The PSO was used for the 

optimisation of an HRES to 

meet the load demand of a 

typical house. 

The PSO proved its high 

sensitivity and intensity in solving 

such optimisation problems. 
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Table 2. 4. Studies where the PSO method has been applied. 

Reference Goal Results 

Alolah et al [31] The PSO was used for the 

optimisation of a 

PV/WT//DG/BS HRES for 

remote areas in Saudi Arabia. 

The simulation results affirmed 

that PSO is a promising 

optimisation technique. 

Dwivedi et al 

[32] 

The PSO was used for the 

optimal sizing of a stand-alone 

PV/WT/Hydro/Biomass HRES 

for village hamlets of the 

Indian state of Uttarakhand.  

The third scenario 

PV/WT/Hydro/Biomass HRES 

offers minimum total annual cost. 

 
 
2.1.3. Simulated Annealing Optimisation Method  

 
SAO is based on the annealing process in metallurgy where a piece of metal is 

melted at a very high temperature then is cooled down and at the end is frozen 

into a crystalline state with the least amount of energy. The metal in this process 

results in the development of crystal sizes that are larger with fewer defects in 

the structure of the metal. The SA method guarantees to find an optimal solution 

because it can deal with non-linear models statistically. However, this method 

requires quite many initial constraints. In literature, multiple studies have utilised 

the SA to optimally size an HRES for remote or rural applications. Table 2.5 

shows several studies in the literature review where the SAO method has been 

applied. 
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Table 2. 5. Studies where the SAO method has been applied. 

Reference Goal Results 

Varun et al [33] The SAO was used for sizing 

analysis and cost optimisation of 

a PV/DG/BS HRES for a 

residential colony of 135 houses 

in Moradabad district, India.  

The optimised PV/DG/BS HRES 

has the least Life-Cycle Cost 

(LCC), CO2 emissions and 

annual diesel consumption in 

comparison to older models. 

Ekren et al [34] The SAO was used for the 

optimisation of a PV/WT/BS 

HRES for a campus area in 

Turkey. 

The SA algorithm gives better 

results in comparison to the 

Response Surface Methodology 

(RSM). 

Nayar et al [35] The SAO was used for the 

optimisation of a hybrid DG/BS 

energy system for remote 

communities. 

A considerable saving on the 

running cost is achieved by the 

hybrid energy system in 

comparison to DG only system. 

 
 
2.1.4. Ant Colony Optimisation Method  

 
The ACO method is based on the behaviour of ants when they utilise a specific 

pheromone for marking the pathway for the rest of the colony. The method 

allows the colony to use the shortest distance that leads to food. This behaviour 

by the ants is simulated by the ACO to determine the optimal solution for a 

certain or provided objective function. The ACO method has a high convergence 

speed but requires a long-term memory space. In literature, multiple studies 

have utilised the ACO to optimally size an HRES for remote or rural applications. 

Table 2.6 shows several studies in the literature review where the ACO method 

has been applied. 
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Table 2. 6. Studies where the ACO method has been applied. 

Reference Goal Results 

Mittal et al [36] The ACO was used for optimal 

sizing of a PV/WT HRES for a 

village in the central region of 

India – Madhya Pradesh.  

The optimally sized 

configuration of the proposed 

HRES is found to provide 

excellent performance with less 

energy cost and reduced unmet 

load. 

Vijay et al [37] The ACO was used for the 

optimal placement and sizing of 

a PV/WT HRES. 

The ACO algorithm is superiority 

and provides an idea for solving 

complex Indian practical 

generating systems. 

Askarzadeh et 

al [38] 

The ACO was used to optimally 

size a PV/WT/BS HRES for 

having a reliable system. 

It is observed that ACO yields 

more promising results than the 

other studied methodologies. 

 

2.1.5. Hybrid Optimisation Method  

 
The HO method combines two or more optimisation methods that can overcome 

the limitations of using a single optimisation method. This method provides a 

more reliable and effective solution for the optimisation of HRESs. Although the 

HO method improves the overall performance of the optimisation, the method 

suffers from premature convergence when it deals with complex optimisation 

problems. In literature, multiple studies have utilised the HO to optimally size an 

HRES for remote or rural applications. Table 2.7 shows several studies in the 

literature review where the HO method has been applied. 
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Table 2. 7. Studies where the HO method has been applied. 

Reference Goal Results 

Ameri et al [39] The Monte Carlo Simulation 

(MCS) Method and PSO 

Algorithm were used for optimal 

sizing of a stand-alone HRES 

for powering an off-grid remote 

area located in Rafsanjan, Iran.  

The WT/BS system is the most 

cost-effective for different 

months of the year and the MCS 

Method can provide a novel 

approach to the tools already 

present in the field of 

optimisation. 

Karapidakis et 

al [40] 

The SAO and tabu search (TS) 

methods were used for optimal 

sizing of an autonomous power 

system with renewables. 

The hybrid SA-TS improved the 

obtained solutions, in terms of 

convergence and quality, in 

comparison to the solutions 

provided by individual TS or SA 

method. 

Sopian et al 

[41] 

The iterative and GA method 

was used for the optimisation of 

a PV/WT micro-grid for rural 

housing electrification in Kuala 

Terengganu, Malaysia. 

By applying the monthly 

optimum tilt angle, the collected 

yields of the PV array increased 

by as much as 7.96%. 

et al [42] The artificial neural network 

(ANN) and GA method were 

used for the optimal sizing of a 

stand-alone PV system. 

The proposed exponential 

regression model with three 

coefficients presents more 

accurate results than the 

conventional regression models. 
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2.1.6. Software Tools Optimisation Method  

 
There are several common software tools commonly utilised by researchers and 

engineers around the globe [43]. These tools are commonly utilised to design 

and evaluate the hybrid micro-grid system feasible performance [43]. Through 

the utilisation of the simulation and optimisation software, the optimum 

configuration of the designed hybrid micro-grid system can be attained [43]. This 

is achieved through the comparison of the energy production cost and 

performance of several configurations of the hybrid micro-grid system [43]. 

Table 2.8-2.9 show the demerits and merits of the several simulation software 

tools utilised in today's world when it comes to the optimisation of HRESs [43]. 

Table 2.10-2.12 shows several studies in the literature review where these 

simulation software tools have been applied. 

Table 2. 8. The strengths and weaknesses of the various simulation software. 

Software strengths weakness 

 

 

HOMER 

This tool has hourly data handling 

capacity, provides an efficient 

graphical representation of results, 

easy to understand and user 

friendly. 

 

In this tool, the time series data 

in a form of daily average 

cannot be imported, and 

reliability analysis cannot be 

performed. 

 

 

 

RETScreen 

This tool is easy to use as it is 

EXCEL based software, financial 

analysis is the main strength, 

meteorological database from NASA 

only and strong product database. 

 

The tool lacks some time series 

data import options, has less 

data input options, has limited 

options for search, retrieval, 

and visualisation features. 
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Table 2. 9. The strengths and weaknesses of the various simulation software. 

Software strengths weakness 

 

HYBRID2 

The tool has a detailed dispatching 

option, multiple electrical load 

options, and is user friendly. 

The tool does not work on 

windows platforms later than 

WindowsXP. 

 

Hybrid 

Optimisation 

by Genetic 

Algorithms 

(HOGA) 

This tool requires low computational 

time and has a capability of 

sensitivity analysis and mono or 

multi-objective optimisation. 

Internet connection is required 

to activate the tool licence, and 

the free educational version 

comes with analysis limitations. 

 

 

Table 2. 10. Studies where the software tools have been applied. 

Reference Goal Results 

Yaïci et al 

[44] 

The RETScreen tool was used 

for cost and feasibility analysis of 

a PV/Biomass hybrid energy 

system in off-grid areas of 

Bangladesh. 

The results showed the proposed 

system is more environmentally-

friendly, less costly and reliable 

than the conventional kerosene-

based system. 

Warner et al 

[45] 

The HYBRID2 tool was used for 

modelling a PV/WT/DG HRES 

in South American. 

The predicted performance 

discrepancies are due basically to 

different subcomponent models 

and differences in the control 

strategy. 
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Table 2. 11. Studies where the software tools have been applied. 

Reference Goal Results 

Guzman et 

al [46] 

The HOGA tool was used for 

the optimisation of a PV/DG 

hybrid energy system to power 

the ‘La mansion’ hotel in the town 

of Acacias, Meta (Colombia). 

The combination of DG and PV is 

a good alternative to meet lighting 

power demand in the hotel ‘La 

Mansion’, even in night hours 

thanks to the BS. 

Hazelton et 

al [47] 

The HOMER tool was used for 

the optimisation of a PV/DG/BS 

hybrid energy system for a case 

study in Sabah, Malaysia. 

The presence of RESs improves 

the performance of stand-alone 

systems and reduces energy 

storage requirements. 

Ramli et al 

[48] 

The HOMER tool was used for 

the environmental and techno-

economic feasibility of a 

PV/DG/BS hybrid energy system 

to supply electricity for a remote 

rural village in Iraq. 

The sensitivity analysis of 

ambient temperature 

demonstrated that the PV and 

batteries are highly affected by an 

increase in temperature. 

Fransson et 

al [49] 

The TRNSYS tool was used for 

the optimisation of a 

PV/WT/DG/BS hybrid energy 

system to provide electricity 

and drinkable water for two 

locations in Kenya and Sudan. 

The optimised system has 

significant mitigation of 

environmental issues 

compared to using only diesel 

engines that are a common 

solution in disaster situations. 
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Table 2. 12. Studies where the software tools have been applied. 

Reference Goal Results 

Huda et al 

[50] 

The HOMER tool was used for 

the optimisation of a PV/WT/DG 

hybrid energy system for a 

remote located mobile BTS 

station in Nigeria. 

The optimised hybrid energy 

systems can significantly 

minimise the power generation 

cost and decrease CO2 emissions 

when compared to the traditional 

DG only system. 

Das et al 

[51] 

The HOMER tool was used for 

the optimisation of a WT/DG 

hybrid energy system to support a 

small community. 

The proposed system is suitably 

feasible with respect to the net 

present cost (NPC) and CO2 

emission reduction purpose. 

Abdulateef 

et al [52] 

The HOMER tool was used for 

the optimisation of PV/WT/DG 

hybrid power generation system 

in the rural area in Muqdadiyah 

district of Diyala state, Iraq. 

RESs perhaps replace the 

conventional energy sources and 

would be a feasible solution for 

the generation of electric power at 

remote locations with a 

reasonable investment. 

Ali et al [53] The HOMER tool was used for 

the optimisation of a PV/WT 

hybrid energy system for a 

remote located mobile BTS 

station in Odisha, India. 

The optimised system reduces 

the operating expenses as well as 

COE when compared with 

conventional DG only systems. 

 

 
 
 
 
 
 
 



 

19 

 

2.2. Summary of Literature Review 

 
The literature reviewed has provided an overview of the various designs of 

hybrid systems, and optimisation methods that can be employed for optimisation 

of HRESs. One of the key findings is that an off-grid RES is a viable alternative 

to conventional fossil fuel or grid supply for supplying reliable power to rural or 

remote areas [49]. Combing to two or more RES’s has shown to be an important 

method that can reduce costs and improve the reliability of RESs regardless of 

the intermittency that comes with RERs like SI and WS [52]. Furthermore, the 

incorporation of proper energy storage to the RES has clearly shown to improve 

the reliability of RESs in providing power to the load [52]. The optimisation of an 

HRES is not an easy undertaking. The components of the HRES have to be 

optimally sized for the feasibility of the system in terms of reliability and cost 

[50]. 

 

Based on the literature review, it has been found that LTE BTSs situated in 

remote or rural areas are not connected to the national grid and rely mostly on 

the DG as a source of power [50]. Even though there has been a considerable 

amount of research in the literature about the optimal sizing of HRES for rural or 

remote application, most of the optimally sized HRESs in the literature relied on 

the DG as a source of power or back-up. It has been found that these DG’s are 

affected by various parameters, such as O&M costs, the fuel conversion 

efficiency of the generator, the price of fuel, renewable penetration, the capacity 

of the generator and BS [50]. Furthermore, these DG’s are found to have some 

drawbacks which include [53]:  

 DG’s can make a lot of noise when running. 

 DG’s produce GHG emissions that are released into the environment. 

 DG’s have constant running cost due to filter changes, cleaning, and fuel.  
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 DG’s are also unreliable and often require expensive overhauls to be 

repaired. 

 DG’s are expensive to run over the long-term. 

Based on the drawbacks of using DG as a source of power or back-up, the 

objective of this work is to optimally design an HRES that has the potential of 

generating electrical power that can adequately supply an LTE BTS while at the 

same time reducing NPC and GHG emissions that come with using DG’s as a 

power source or back-up for LTE BTS in rural areas. The system performance 

under this work is compared with the existing DG powered LTE BTS in rural 

areas. Furthermore, from the literature, it has been discovered that HOMER 

software is the most widely used optimisation and simulation tool and provides 

an efficient graphical representation of results when it comes to the optimal 

sizing of HRESs. So in this study, HOMER software has been selected for the 

optimisation and simulation of the proposed HRES based on its capabilities. To 

the best knowledge of the authors, this is the first study investigating the use of 

FC as part of an HRES that can power an LTE BTS in rural areas of South 

Africa. 
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CHAPTER THREE: RESEARCH METHODOLOGY 

 

This chapter outlines the methodology used in this study. The chapter is 

partitioned into five sections which are:  

 

 Site Assessment -This section outlines the chosen sites and their analysis. 

 RER Data Assessment - This section analyses the RERs data of the chosen 

sites. 

 Load Analysis - This section outlines the chosen load and its load profile 

analysis.  

 Proposed System - This section details the architecture of the proposed 

HRES and its components. 

 Optimal Sizing Method - This section outlines the optimisation method used, 

mathematical models of the components of the HRES, specifications and 

costs of the components, parameters of the optimisation method and system 

operational control.  

3.1. The Study Area 

 

Six (6) rural sites in the North West province of South Africa, as shown in Figure 

3.1, were chosen as the locations where the LTE BTSs are situated. The 

geographical data of these sites were used for the optimisation of the proposed 

HRESs used for powering these LTE BTSs. The six sites are Mafikeng, 

Lichtenburg, Rustenburg, Klerksdorp, Potchefstroom and Vryburg. These sites 

possess adequate SI and WS densities, and their selection was based on the 

fact that they are widespread throughout the North West province for 

generalisation of the final results of this study. The atmospheric characteristics 

and the population statistics of the selected sites are presented in Table 3.1.  
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Figure 3. 1. Map of Rural Communities in North West [54]. 

 

Table 3. 1. Geographical data for each rural site. 

Province Latitude 

(South) 

Longitude 

(East) 

Area 

(km2) 

Elevatio

n (m) 

Population 

Mafikeng 25.87° 25.64° 24.57 1500 49 300 

Rustenburg 25.67°  27.24° 282.42 1170 549 575 

Potchefstroom 26.72°  27.10° 162.44 1340 43 448 

Vryburg 26.96°  24.73° 64.24 1194 48 200 

Lichtenburg 26.11° 26.17° 108.90 1503 26 338 

Klerksdorp 26.86° 26.63° 105.98 1318 178 921 
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3.2. Data Collection 

 

Some specific data was required to be able to carry out this study. This data 

includes the site geographical position, Solar Irradiance (SI), Wind Speed (WS), 

Clearness Index (CI), Ambient Temperature (AT) and the electrical load profile 

of the LTE BTS. The average monthly SI, WS, CI and AT data used in this work 

was obtained from the National Aeronautics and Space Administration (NASA) 

Prediction of Worldwide Energy Resources database [55]. The duration of the 

data acquired from the NASA database was from 01/01/2019-31/12/2019. It 

ought to be mentioned that the NASA database was chosen because the 

satellite data has global coverage and provides reliable meteorological and solar 

resource data in sites where ground data measuring meteorological stations are 

sparse or non-existent [55]. The average monthly SI, WS, AT and CI data of the 

six chosen locations are presented in Figure 3.2-3.7.  

 

 

Figure 3. 2. Monthly variations of atmospheric parameters in Mafikeng. 
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Figure 3. 3. Monthly variations of atmospheric parameters in Rustenburg. 

 

 

Figure 3. 4. Monthly variations of atmospheric parameters in Potchefstroom. 
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Figure 3. 5. Monthly variations of atmospheric parameters in Vryburg 

 

 
Figure 3. 6. Monthly variations of atmospheric parameters in Lichtenburg. 

 

0

5

10

15

20

25

30

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

A
tm

o
sp

h
er

ic
 P

ar
am

et
er

Months

Ambient Temperature Wind Speed

Clearness Index Solar Irradiance

0

5

10

15

20

25

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

A
tm

o
sp

h
er

ic
 P

ar
am

et
er

Months

Ambient Temperature Wind Speed

Clearness Index Solar Irradiance



 

26 

 

 

Figure 3. 7. Monthly variations of atmospheric parameters in Klerksdorp. 

 

Table 3.2 presents the annual averages of the atmospheric parameters of all the 

chosen sites.  

 

Table 3. 2. Annual averages of the atmospheric parameters. 

Parameter Mafikeng Rustenburg Potchefstroom Vryburg Lichtenburg Klerksdorp 

AT 18.90 18.61 17.66 19.04 17.7 18.45 

WS 5.21 4.53 4.98 5.48 5.20 5.19 

CI 0.63 0.63 0.62 0.64 0.63 0.63 

SI 5.65 5.63 5.41 5.68 5.54 5.73 

 

Furthermore, it is very important to show the correlation between all the 

atmospheric parameters to see the effects that each parameter has on each 

other. Since the annual averages of the atmospheric parameters of the different 

sites are very close to each other, only the correlation results of one site will be 

presented. Table 3.3 shows the correlation matrix of the atmospheric 

parameters of Mafikeng which was obtained. From the correlation table, it can 

be noted that the AT and WS have a huge positive correlation to the SI. This 
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means that the AT and WS have an effect on the amount of SI that can be 

attained in any chosen location. In the case of the AT, the CI has a huge 

negative correlation on the AT. This, therefore, means that a rise in the CI leads 

to a decrease in the AT and vice versa.  

 

Table 3. 3. Correlation matrix of the atmospheric parameters of Mafikeng. 

Parameter AT WS CI SI 

AT 1 0,17 -0,60 0,87 

WS 0,17 1 0,21 0,45 

CI -0,60 0,21 1 -0,18 

SI 0,87 0,45 -0,18 1 

 

An extensive pre-feasibility analysis was done for the effective as well as 

reputable designing of the HRES. Furthermore, the energy profile of the LTE 

BTS was crucial for the optimal sizing of the HRES to adequately power a rural 

LTE BTS. 

 

3.3. Load Profile of the LTE BTS  

 

In order to determine the power consumption and hourly load profile of the 

chosen LTE BTS, the architecture and the power consumption of the parts of 

these systems need to be explored. The mobile stations are connected to a core 

network through the BTS, which acts as an access link. A cell that is divided into 

multiple sectors is covered by these stations, with a sector antenna covering 

each sector [66] as demonstrated by Figure 3.8. The macro, micro, femto 

(indoor), and pico terms are used for classification of LTE BSs in accordance 

with their coverage area, with each cell having a distinct output power, size, and 

data rate [66]. When compared to their predecessors, modern LTE BTSs (eNBs) 

necessitate comparatively for lesser energy [66]. The tri-sectoral LTE BTS has a 

range of 500 m and is able to encapsulate a vicinity of approximately 0.66 km2. 
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For rural/suburban districts, this encapsulation could increase to 7.8 km2 [28]. 

The required power to manage fourth-generation cellular network in most cases 

is a couple of kW which differs with different LTE BTS designs. The power 

consumption by distinct designs of LTE BTSs like the micro, macro, femto and 

pico was quantified by the EARTH project [56].  

Static and dynamic power consumptions are often used to describe the LTE 

BTS power consumption. The dynamic fluctuates with the quantity of deployed 

transceivers and traffic-load, while the static continues to be fixed. The authors 

in [67] provide valuable knowledge into the LTE BTS static and dynamic power 

consumption. According to the EARTH report, the components that consume 

power in an LTE BTS are the DC power supplies, power amplifier (PA), the 

baseband (BB) unit including the losses that occur in the feeder, radio frequency 

(RDF) module, cooling, and main power supply losses (mains).  

 
Figure 3. 8. Block diagram of the components in an LTE BTS [56]. 
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When the sum of transceiver chains (Ntrx) increases, it also causes the LTE 

BTSs power consumption to proportionally increase. This process may be 

expressed as [56]:  

 

                                          𝑃𝑏𝑠 = 𝑁𝑡𝑟𝑥
𝑃𝑃𝐴+𝑃𝐵𝐵+𝑃𝑅𝐹

(1−𝜎𝑑𝑐)(1−𝜎𝑎𝑐)(1−𝜎𝑚𝑠)
,                               (3.1) 

 

where 

Ntrx is the total number of transceivers, dc is a representation of the lost power 

in the rectifier in %, ac is a representation of the lost power in the cooling in %, 

and ms is a representation of the lost power in the mains in %. At optimum load, 

for three precinct coverage individually possessing two multiple-input and 

multiple-output (MIMO) arrangement transceivers, the power consumption by 

the LTE BTS is discovered to be around 1.350 kW. The power consumption is 

different for various designs of mobile LTE BTSs. Table 3.4 shows the power 

consumption values of different kinds of BTSs. Each BTS type is depicted 

against the power consumption for each component of an individual transceiver 

chain. These include, for example, the consumption incurred by cooling, DC-DC 

power supply, and mains. The total power consumption is shown in the last 

column of Table 3.4. This power is equivalent to the power consumed by an 

individual transceiver chain multiplied by the total amount of transceivers. 
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Table 3. 4. Power consumption breakdown for various kinds of BTSs [56]. 

BTS 

Kind 

NT 

RX 

RDF 

(W) 

PA 

(W) 

DC-DC 

(W) 

BB 

(W) 

Mains 

(W) 

Cooling 

(W) 

Total per 

Trx (W) 

Total for 

NT RX (W) 

Macro 6 12.9 128.2 16.88 29.6 20.25 22.5 225.0 1350 

RRH 6 12.9 64.4 9.44 29.6 11.32 0.0 125.8 754.8 

Micro 2 54 6.3 28.20 2.6 6.51 0.0 72.3 144.6 

Pico 2 6.8 0.13 0.32 4.0 0.81 0.0 7.3 14.7 

Femto 2 0.6 1.1 0.47 2.5 0.57 0.0 5.2 10.4 

 

Equation (3.2) demonstrates the LTE BTS power consumption as a function of 

transceivers/traffic-load: 

 

                           𝑃𝑏𝑠 = 𝑁𝑡𝑟𝑥 × (𝑃0 + ∆𝑝𝑃𝑜𝑢𝑡), (0 < 𝑃𝑜𝑢𝑡 ≤ 𝑃𝑚𝑎𝑥),                      (3.2) 

 

where 

 

P0 is the static power, Pout is the dynamic power (ranges from zero to Pmax), and 

Δp is the load-reliant power consumption slope.  

 

Equations (3.1) and (3.2) were used to determine the power consumption of the 

chosen LTE BTS [56]. The chosen LTE BTS has six transceivers and the Pmax 

per transceiver is 20 W, then the maximum LTE BTS power consumption value 

at full traffic-load will be 1344 W, and a nominal value 780 W for zero traffic. 

Because air conditioning is crucial for an LTE BTS, 1 kW has been added to 

these values. On that basis, the consumption of power by the LTE BTS, 

consequently, varies between 1.8 kW at zero traffic-load and 2.35 kW at max 

load. These fundamental estimations offer the values that can be used to model 

an LTE BTS hourly load profile. The daily load profile of typical LTE BTS is 

shown in Figure 3.9. As seen in Figure 3.9, the LTE BTS daily energy 
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consumption is approximately 56 kWh/day with a peak demand of around 2.35 

kW.  

 

 
Figure 3. 9. Typical LTE BTS load profile. 

 

3.4. Experimental Setup 

 

This section presents the architecture and experimental setup of the proposed 

HRES. Shown in Figure 3.10 is the typical setup of a telecom BTS powered by 

an HRES in Kenya [57]. Figure 3.11 shows the schematic diagram of the 

proposed HRES system, which includes three main power sources (PV, WT and 

FC) connected in parallel. The selection of this configuration was done based on 

the facts that: 

  

 The design of this kind of systems is ideal for rural areas; they increase the 

reliability of the system and also to lessen the fuel costs associated with DG. 

 The configuration of this kind allows for separate or simultaneous operation 

of the input sources. 
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Figure 3. 10. A telecom BTS powered by an HRES in Kenya [57]. 
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Figure 3. 11. The schematic diagram of the experimental setup. 

 

The RES’s and BS of the HRES are controlled by a selected system dispatch 

strategie. Furthermore, these RES’s can share the load demand to prevent the 

problem of power shortages. The functions of each component of the HRES are 

presented below:  

 

I. PV Panels: These panels are responsible for harvesting and converting 

the SI into energy. 
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II. Wind Turbine: This turbine works as a secondary power source in the 

event where the PV panels are not able to meet the load demand.  

 

III. Fuel Cell: This FC works as a secondary power source in the event 

where the PV panels and WT are not able to meet the load demand.  

 

IV. Battery Storage: The BS stores the surplus excess energy and supplies 

the power when the PV, WT and FC are not able to meet the load 

demand.  

 

V. Charge Controller: This controller protects the BS from overvoltage and 

overcharging by regulating the rate the electric current is used to charge 

or the amount of current drawn from the BS.  

 

VI. Bi-Directional Inverter: This inverter is connected to the Alternating 

Current (AC) and the Direct Current (DC) bus-bars for converting the AC 

to DC or DC to AC depending on where the power is needed. 

Furthermore, the inverter records the daily, monthly or yearly energy 

production of the system and can help prevent electrical problems. 

 

VII. Control system: This acts as the brain of a sophisticated regulation, 

control, and communication system. In the remote interface, wireless 

modems or network solutions are the most common communication units. 

 

A high degree of operational flexibility is allowed by this arrangement; this 

translates to the load demand being fulfilled by one energy source or 

collaborative energy source configurations among the three sources (PV, WT, 

and FC). 
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3.5. Chosen Optimisation Method 

 

As presented in the literature review, numerous methods can be employed for 

optimisation of an HRES.  Simulation programmes are some of the methods that 

are commonly employed by researchers to perform optimisation and simulation 

of an HRES [47]. The optimum configuration of the HRES can be obtained by 

utilising one of these computer optimisation and simulation programmes [47]. 

These programmes compare the energy production, costs and performance of 

distinct system configurations [47]. HOMER, HYBRID2, HOGA, and Transient 

System Simulation Tool (TRNSYS) are the numerous simulation tools utilised for 

designing HRESs [47]. 

 

Among the various software mentioned above, the HOMER has been selected 

for optimisation and simulation of the proposed HRES in this study. From the 

literature, it has been found that HOMER is widely used for simulation and 

optimisation of HRESs. HOMER can do sensitivity analysis, optimisation and 

simulation of any designed system [58]. Energy balance computations are 

performed in the simulation process based on the configuration of the proposed 

system [58]. A list of configurations after the optimisation process are presented 

and ranked according to their NPC. The replacement costs, installation cost, fuel 

cost, O&M costs and the real interest of the proposed system are included in the 

optimisation computations [58]. The varying factors like SI, WS and costs of the 

fuel are determined by the sensitivity analysis [58]. Thus, the HOMER is capable 

of evaluating different designs like a grid-connected and a stand-alone power 

system [58]. Various forms of graphs and tables are presented in the simulation 

results [58]. These graphs and tables show the performances of the proposed 

systems compared to the other configurations [58]. This makes it possible for 

the results to be compared and evaluated according to the objectives stipulated 

by the designers of the proposed system [58]. HOMER is capable of optimally 

sizing the components of an HRES [58]. Furthermore, HOMER also does a 
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comparison between two simple dispatch strategies [58]. HOMER utilises these 

two dispatch strategies to determine how the system charges the battery bank. 

The dispatch strategies include the Load Following (LF) and Cycle Charging 

Strategy (CC) [58]. In this work, the two dispatch strategies will be presented 

and discussed to show which one was used in this study and why. 

 

3.5.1. Mathematical Models of the Systems Components in HOMER 

 
In HOMER, any part of a micro-power system that converts, delivers, generates, 

or stores energy is a component [58]. Only ten types of components are 

modelled in HOMER [58]. This section describes the way some of these 

components are modelled in HOMER.  

  
a. PV Model 

 

In HOMER the subsequent Equation is used to compute the output PV power 

[58]: 

 

                          𝑃𝑃𝑉 = 𝑌𝑃𝑉 × 𝑓𝑃𝑉 × (
𝐺𝑇

𝐺𝑇 ,𝑆𝑇𝐶
) × [1 + 𝛼𝑝(𝑇𝑐−𝑇𝑐 ,𝑆𝑇𝐶)],                  (3.3) 

where  

YPV is the rated capacity of the PV under Standard Test Conditions (STC) in kW, 

fPV is the PV derating factor, GT and GT,STC is the incident of SI on the PV array 

in the current time-step in kW/m2 and the incident SI at STC in 1 kW/m2 

respectively, TC and TC,STC is the PV cell temperature of the in the current time-

step in ◦C and the PV cell temperature under STC at 25 ◦C and αp is the 

temperature coefficient of power in %/◦C. The following expression is used in 

calculating the temperature of the PV cell [58]: 

 

                    𝑇𝑐 =
𝑇𝑎+(𝑇𝑐,𝑁𝑂𝐶𝑇−𝑇𝑎 ,𝑁𝑂𝐶𝑇)×(

𝐺𝑇
𝐺𝑇 ,𝑁𝑂𝐶𝑇

)×[1−
ƞ𝑚𝑝,𝑆𝑇𝐶(1−𝛼𝑝𝑇𝑐 ,𝑆𝑇𝐶)

𝜏𝛼
]

1+(𝑇𝑐,𝑁𝑂𝐶𝑇−𝑇𝑎 ,𝑁𝑂𝐶𝑇)×(
𝐺𝑇

𝐺𝑇 ,𝑁𝑂𝐶𝑇
)×(

𝛼𝑝ƞ𝑚𝑝,𝑆𝑇𝐶

𝜏𝛼
)

,                 (3.4) 
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where  

Ta is the AT in ◦C, Ta,NOCT  and TC,NOCT  is the AT at 20 ◦C at which the Nominal 

Operating Cell Temperature (NOCT) is defined and the NOCT in ◦C respectively, 

GT,NOCT is the SI at 0.8 kW/m2 at which the NOCT is defined,  is the solar 

transmittance of any cover over the PV array in %, ηmp,STC is the maximum 

power point efficiency under STC in %, and α is the PV array solar absorptance 

in %. The CI (displayed in Figure 5.4) is represented by the Equation below (58): 

 

                                                𝐾𝑇 =
𝐻𝑎𝑣𝑒

𝐻𝑂,𝑎𝑣𝑒
 ,                                                      (3.5) 

where  

Have is the average monthly radiation on the horizontal surface of the earth in 

kWh/m2/day, and Ho,ave is the extraterrestrial horizontal radiation on a horizontal 

surface at the top of the earth’s atmosphere in kWh/m2/day [58]. While the solar 

radiation solar intensity at the top of the atmosphere of the earth is given by [58]: 

 

                               𝐺𝑜𝑛 = 𝐺𝑠𝑐 (1 + 0.33𝑐𝑜𝑠
360𝑛

365
) ,                                            (3.6) 

where 

n is 1 to 365 days of the year, and 

 

                                            𝐺𝑠𝑐 = 𝑠𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [
1.367 𝑘𝑊

𝑚2 ],                            (3.7) 

 

b. WT Model  

 

HOMER employs a three-step process to compute the WT output power in each 

time-step [58]. HOMER first determines the WS at the hub height of the WT then 

determines the amount of power the WT can produce at that WS at standard 

density [58]. The third and final step is where the actual air density power output 
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value is adjusted accordingly by HOMER [58]. HOMER employs the power-law 

Equation to determine the WT WS at the hub height utilising the wind speed 

data collected at the anemometer height as [58]: 

                                           𝑢(ℎ) = 𝑢(ℎ𝑎𝑛) × (
ℎ

ℎ𝑎𝑛
)

𝛼

,                                        (3.8) 

where 

u(han) is the WS at anemometer height in m/s, h is the hub height of selected 

location, han is the anemometer height in metres and α is the power-law 

exponent. 

Typically the performance of the WT under conditions of standard temperature 

and pressure (STP) is specified by the power curves [58]. In HOMER the air 

density ratio is multiplied by the power value predicted by the power curve to 

adjust to actual conditions [58]. The subsequent Equation is used by HOMER: 

                                              𝑃𝑊𝑇 = 𝑃𝑊𝑇,𝑆𝑇𝑃 × (
𝜌

𝜌0
),                                         (3.9) 

where 

PWT, STP is the WT output power at STP in kW, ρ is the actual air density in 

kg/m3, PWT is the WT output power in kW, ρ0 is the air density at STP (1.225 

kg/m3). 

c. BS Model  

 

HOMER computes the maximum amount of power that the storage bank can 

absorb in each time-step [58]. HOMER utilises this maximum charge power to 

determine how much surplus power should a CC generator produce or whether 

the entire attainable surplus renewable power can be absorbed by the storage 

bank [58]. From one time-step to the next, the maximum charge power varies in 

accordance with its recent charge, discharge history and State of Charge (SOC) 

[58]. 
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Three separate limitations are imposed by HOMER on the maximum charge 

power of the storage bank [58]. The first limitation comes from the kinetic 

storage model [58]. The second limitation relates to the maximum charge rate of 

the storage component, which is the A/Ah value [58]. The third limitation relates 

to the storage component's maximum charge current [58]. In the kinetic battery 

model the maximum amount of power that can be absorbed by the two-tank 

system is described by the subsequent Equation [58]: 

                                      𝑃𝑏𝑠,𝑐𝑚𝑎𝑥,𝑘𝑏𝑚 =
𝑘𝑄1𝑒−𝑘∆𝑡+𝑄𝑘𝑐(1−𝑒−𝑘∆𝑡)

1−𝑒−𝑘∆𝑡+𝑐(𝑘∆𝑡−1+𝑒−𝑘∆𝑡)
,                         (3.10) 

where 

Δt is the length of the time-step in hours, k is the storage rate constant [h-1], c is 

the storage capacity ratio, Q is the total amount of energy in kWh in the storage 

bank at the beginning of the time-step, Q1 is the available energy in kWh in the 

storage bank at the beginning of the time-step.  

For the second limit the maximum charge rate corresponding to the storage 

charge power is given by the subsequent Equation: 

                                       𝑃𝑏𝑠,𝑐𝑚𝑎𝑥,𝑚𝑐𝑟 =
(1−𝑒−𝑘∆𝑡)(𝑄𝑚𝑎𝑥−𝑄)

∆𝑡
,                               (3.11) 

where 

Qmax is the total capacity of the storage bank in kWh and αc is the storage 

bank’s maximum charge rate at A/Ah. 

For the third limit the maximum charge current corresponding to the maximum 

storage bank charge power is given by the subsequent Equation: 

                                         𝑃𝑏𝑠,𝑐𝑚𝑎𝑥,𝑚𝑐𝑐 =
𝑁𝑏𝑠𝐼𝑚𝑎𝑥𝑉𝑛𝑜𝑚

1000
,                                     (3.12) 

where 
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Vnom is the storage bank’s nominal voltage in volts, Imax is the maximum charge 

current of the BS in amperes, and Nbatt is the number of batteries in the storage 

bank. 

HOMER sets the least of these three values equal to the maximum storage 

charge power, with an assumption that each applies after charging losses, 

hence [58]: 

                         𝑃𝑏𝑠,𝑐𝑚𝑎𝑥,𝑚𝑐𝑐 =
𝑀𝐼𝑁(𝑃𝑏𝑠,𝑐𝑚𝑎𝑥,𝑘𝑏𝑚𝑃𝑏𝑠,𝑐𝑚𝑎𝑥,𝑚𝑐𝑟𝑃𝑏𝑠,𝑐𝑚𝑎𝑥,𝑚𝑐𝑐)

𝜂𝑏𝑎𝑡𝑡,𝑐
,                (3.13) 

where  

ηbatt,c is the storage charge efficiency. 

d. DG Model  

 

DG’s are used as alternative energy sources in cases where there is no access 

to grid or interruption to electrical energy [58]. DG, which are also preferred as 

back-up power, provide a robust and reliable energy supply due to their 

structures [58]. In HOMER the fuel consumption per hour of a diesel-fuelled DG 

is calculated by using the subsequent Equation [58]: 

                                                  𝐹 = 𝐹0 ∗ 𝑌𝑔𝑒𝑛 + 𝐹1 ∗ 𝑃𝑔𝑒𝑛,                             (3.14) 

where: 

Pgen is the electrical output of the generator (kW), Ygen is the rated capacity of 

the generator (kW), F1 is the fuel curve slope (L/hr/kW), Fo is the fuel curve 

intercept coefficient (L/hr/kW), and F is the fuel consumption rate (L/hr). 
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3.5.2. Mathematical Models of the Costs in HOMER  

 

HOMER utalises the total NPC to represent the LCC of a system and as the 

main economic value to rank all system configurations in the optimisation results 

[58]. The NPC of a system represents the recent value of all the costs incurred 

by the system over its life-span, minus the recent value of the entire revenue it 

accumulates over its life-span [58]. Furthermore, the NPC is the basis from 

which the COE and the Total Annualised Cost (TAC) are calculated [58]. The 

TAC is the annualised value of the total NPC. Included in the NPC’s are the 

replacement costs, capital costs, fuel costs, O&M costs, emission penalties, 

miscellaneous costs such as penalties resulting from pollutant emissions, and 

the expenses of buying electricity from the grid [58]. In HOMER, the total NPC is 

calculated by the summation of the total discounted cash flows in each year of 

the life-span of the project [58]. In HOMER the TAC is determined using the 

subsequent Equation: 

 

                                          𝑇𝐴𝐶 = 𝐶𝑅𝐹(𝑖𝑑𝑟 , 𝑅𝑝𝑗𝑡) ∗  𝑇𝑁𝑃𝐶,                               (3.15) 

where 

TNPC is the systems total NPCs in ZAR/yr, idr is the actual discounted rate 

annually in %, Rpjt lifetime of the project in years, and CRF is the capital 

recovery factor obtained by utilising the Equation below [58]: 

 

                                                    𝐶𝑅𝐹(𝑖, 𝑁) =
𝑖(1+𝑖)𝑁

(1+𝑖)𝑁−1
,                                  (3.16) 

where 

i is the real interest rate annually and N is the number of years. 

 

In HOMER the COE is known as the average cost of useful electrical energy per 

kilowatt-hour produced by the system [58]. HOMER utilises the TAC to 
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determine the COE [58]. The following Equation is used in HOMER to calculate 

the COE: 

 

                                                   𝐶𝑂𝐸 =
𝑇𝐴𝐶−𝐶𝑏𝑜𝑖𝑙𝑒𝑟+𝐻𝑠𝑟𝑣𝑑

𝐸𝑠𝑟𝑣𝑑
,                               (3.17) 

 

where  

Esrvd is the total electrical load served in kWh/year, Hsrvd is the total thermal load 

served in kWh/year and  Cboiler is the boiler marginal cost in $/kWh. 

 

In HOMER the penalty for GHG emissions is calculated effortlessly utilising the 

subsequent Equation below [58]: 

                        

             𝐶𝑒𝑚𝑖 =
𝐶𝑂2,𝐶𝐶𝑂2,𝐸+𝐶𝑂𝐶𝐶𝑂𝐸+𝑈𝐻𝐶𝐶𝑈𝐻𝐶𝐸+𝑃𝑀𝐶𝑃𝑀𝐸+𝑆𝑂2,𝐶𝑆𝑂2,𝐸+𝑁𝑂𝑥𝐸𝑁𝑂𝑥𝐶

1000
,          (3.18) 

  
where 
  
CO2, E is the annual CO2 emissions in kg/yr, CO2, C is the cost of CO2 emissions 

in $/t, UHCE is the annual unburned hydrocarbons (UHC) emissions in kg/yr, 

UHCC is the cost of UHC emissions in $/t, COE is the annual carbon monoxide 

(CO) emissions in kg/yr, COC is the cost of CO emissions in $/t, PME is the 

annual particulate matter (PM)  emissions in kg/yr, PMC is the cost of PM 

emissions in $/t, SO2, E is the annual sulfur dioxide (SO2) emissions in kg/yr, 

SO2,C is the cost of SO2 emissions in $/t, NOxE is the annual nitrogen oxide 

(NOx) emissions in kg/yr, and NOxE is the cost of NOx emissions in $/t. 

 

HOMER applies an „annual real interest rate‟ rather than a „nominal interest 

rate‟ because it assumes that all prices escalate at the same rate [58]. In 

HOMER salvage costs are also taken into consideration when determining the 

NPC [58]. These salvage costs are the residual value of the components of the 
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power system at the end of the project lifetime [58]. The salvage value (SV) is 

determined by using the subsequent Equation: 

                                                    𝐶𝑆𝑉 = 𝐶𝑟𝑒𝑝 ∗ (
𝑅𝑟𝑒𝑚

𝑅𝑐𝑜𝑚𝑝
),                                  (3.19) 

 

where  

Rcomp is the component lifetime in years, Crep is the replacement cost in $ and 

Rrem is the remaining life of the component at the end of the project lifetime 

which is computed by using the subsequent Equation: 

                                           𝑅𝑟𝑒𝑚 = 𝑅𝑐𝑜𝑚𝑝 − (𝑅𝑝𝑟𝑜𝑗 − 𝑅𝑟𝑒𝑝),                           (3.20) 

 

where 

Rproj is the project lifetime in years, Rrep is the replacement cost duration which is 

determined by using the subsequent Equation: 

                                           𝑅𝑟𝑒𝑝 = 𝑅𝑐𝑜𝑚𝑝 ∗ 𝐼𝑁𝑇 (
𝑅𝑝𝑟𝑜𝑗

𝑅𝑐𝑜𝑚𝑝
),                                (3.21) 

where 

INT() is a function that returns the integer amount of a real number. 

 

3.5.3. System Model in HOMER 

 

The components that form part of the HOMER simulation of the HRES include 

PV, WT, FC, electrolyser, hydrogen storage tank, DG, BS, and a bi-directional 

converter. The DG was included in the HOMER HRES architecture to simulate 

the base case of the DG/BS system current utilised to power the LTE BTS in 

remote or rural areas. The BS works as a back-up for instances whereby the 

PV, WT and FC are not able to meet the load demand. In the system 

architecture, all the components are coupled with the DC bus-bar except for the 
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LTE BTS load, and the DG which are coupled to the AC bus-bar as shown in 

Figure 3.12. 

 

Figure 3. 12. System model for HOMER simulation. 

 

The sizes of the components were selected based upon a couple of restrictions 

and assumptions. The minimum size of all components within the system was 

limited to 3 kW. The specifications of the generic components found in HOMER 

have not been modified in any way. In favour of PV as the primary source of 

power, the number of WT in the system has been limited to one. Finally, the DG 

size has been limited to a maximum of 10kW to match its energy production. 

This was done to favour the use of RES over the use of the DG. The optimal 

sizes of the components were selected based on gradually modifying the size of 

the components according to their costs and elimination of DG as a source of 

power. 
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3.5.4. Specifications and Costs of the Systems Components 

 

This section details the specifications, HOMER search space capacity or 

quantity values and the techno-economics of the input parameters of the 

components used in HOMER for optimisation and simulation of the proposed 

HRES.  

 

a. Specifications of the Photovoltaic Panels 

 

In this study, the solar panel selected is the Canadian HiKU CS3W-390-405P-

400W [59]. This panel is the first poly module exceeding 400 W and has high 

efficiency. This panel also lessens the installation costs and COE of the system. 

Figure 3.13 shows the manufacturer's I-V curve profile of the PV between 

different SI.  ANNEXURE A-6 provides the technical specifications of the panel.  

 

 
Figure 3. 13. Canadian HiKU CS3W-390-405P-400W Power Profile. 
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b. Specifications of the Wind Turbine 

 

The chosen WT in this study is the Kestrel e400n 3 kW WT [60]. Kestrel e400n 

WT’s can operate at full capacity in all wind conditions while protecting itself in 

extreme weather conditions. As a result, it offers superior performance with 

absolute WT protection. The number of WT’s was limited to one in the HOMER 

search space. ANNEXURE A-7 provides the technical specifications of the WT. 

The manufacturer's datasheet provided the output of the chosen WT under 

different WS’s. Based on these values the polynomial of the first degree was 

used to model the Equation that can be used to model the power curve of the 

WT. This curve shows how the WT behaves under different WSs. The Matrix 

Laboratory (MATLAB) programme was used to model the trend line Equation 

using the polynomial of the fourth degree. The obtained polynomial fitting 

Equation of the WT power curve is shown below:  

 

                  𝑃𝑊𝑇 = −1.149𝑣4 +24.779𝑣3 − 129.87𝑣2 + 249.77𝑣 − 85.822      (3.22) 

where  

PWT is the power produced in kW and v is the WS in m/s. 

 

This Equation was utilised to determine the output power of the WT at different 

WSs. Figure 3.14 shows the power curve of the chosen WT under different 

WSs.  
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Figure 3. 14. The Kestrel e400n Wind Speed/Power Profile. 

 

c. Specifications of the Fuel Cell 

 

The FC chosen in this study is the Horizon H-3000 PEM Fuel Cell-3000 W [61]. 

This FC is a self-humidified, air-cooled/air fed hydrogen FC.  Because this FC is 

cooled by air, there is no need for huge, expensive and sophisticated water 

cooling systems. Additionally, this FC is efficient, semi-integrated, reliable and 

reduces the use of peripherals which makes it lighter in weight. Figure 3.15 

shows the manufacturer's capacity/discharge current profile and the cycles of 

failure/depth of the discharge profile of the chosen FC. The size of the 

electrolyser was chosen to be 20 kW and was inputted into the HOMER search 

space. The size of the hydrogen storage tank was chosen to be 10 kg and was 

inputted into the HOMER search space. ANNEXURE A-8 provides the technical 

specifications of the FC. The manufacturer's datasheet provided the fuel 

consumption of the chosen FC under different outputs. Based on these values 

the polynomial of the second degree was used to model the Equation that can 

be used to model the fuel curve of the FC. This curve shows how the FC 
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behaves under different loads. The MATLAB programme was used to model the 

trend line Equation using polynomial of the second degree. The obtained 

polynomial fitting Equation of the FC fuel curve is shown below:  

 

                                       𝐹𝐶𝑐 = 0.000002𝑃2 + 0.0074𝑃 + 0.4333                  (3.23) 

where  

P is the power produced in kW and FCc is the fuel consumption in litres. 

 

This Equation was utilised to determine the fuel consumption of the FC at 

different loads. Figure 3.15 shows the fuel curve of the chosen FC under 

different loads.  

 

 

 

 

Figure 3. 15. The profile of the Horizon H-3000 PEM FC [45]. 
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d. Specifications of the Battery 

 

The selected battery for this study is a Trojan T-105 (6V-225 Ah) Absorbent 

Glass Mat (AGM) sealed lead-acid battery [62]. The battery minimum SOCmin 

was set to 40% and the maximum SOCmax was set to 100%. Each component’s 

O&M costs are assumed to be 2% of the yearly initial cost. An assumption is 

made that the replacement of half of the HRES batteries will be done in twenty 

years. Figure 3.16 shows the manufacturer's capacity/discharge current profile 

of the chosen battery. ANNEXURE A-9 provides the technical specifications of 

the battery. The number of batteries was chosen to be 6 and was inputted into 

the HOMER search space. 

 

 

 

Figure 3. 16. The capacity/discharge current profile of the Trojan T-105 [47]. 
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e. Specifications of the Bi-Directional Inverter 

 

The Bi-Directional Inverter chosen in this study is the Solax X3-hybrid10 10 kW 

[63]. This Bi-Directional Inverter is highly efficient and intelligent. ANNEXURE A-

10 provides the technical specifications of the inverter. The size of the converter 

was chosen to be 10 kW and was inputted into the HOMER search space. 

 

f. Specifications of the Diesel Generator 

 

The DG chosen in this study is the generic 10 kW fixed capacity DG [58]. The 

DG size has been limited to a maximum of 10kW to match its energy production. 

This was done to favour the use of RES over the use of the DG. ANNEXURE A-

11 provides the technical specifications of the DG. The manufacturer's 

datasheet provided the fuel consumption of the chosen DG under three different 

loads of 50%, 75% and 100%. Based on these values the polynomial of the first 

degree was used to model the Equation that can be used to model the fuel 

curve of the DG. This curve shows how the DG behaves under different loads. 

The MATLAB programme was used to model the trend line Equation using the 

polynomial of the first degree. The obtained polynomial fitting Equation of the 

DG fuel curve is shown below:  

                                                    𝐹𝐶𝐷𝐺 = 0.436 ∗ 𝑃 + 0.49,                           (3.24) 

where  

P is the power produced in kW and Fc is the fuel consumption in litres. 

 

This Equation was utilised to determine the fuel consumption of the DG at 

different loads. Figure 3.17 shows the fuel curve of the chosen DG under 

different loads.  
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Figure 3. 17. The efficiency curve of the generic 10 kW fixed capacity DG [47]. 

 

g. HOMER Search Space Capacity or Quantity Values 

 

The capacity or quantity values of the various components are defined and 

inputted into the HOMER search space [58]. The values inputted in these search 

space are used by HOMER for simulating all the systems feasible configurations 

[58]. Furthermore, these values are used by HOMER to determine the 

configuration that is optimally efficient [58]. These search space values can be 

inputted on the component pages as the system is being built [58]. The HOMER 

search space capacity or quantity values of the various components used in this 

study are presented below: 

 

The sizes of the PV system computed into the HOMER search space were 10 

kW, 20 kW, 30 kW, and 40 kW. 

 

The quantity of the WT computed into the HOMER search space was 1. 

 

The size of the FC computed into the HOMER search space was 3 kW. 
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The size of the DG computed into the HOMER search space was 10 kW. 

 

The number of BS strings computed into the HOMER search space was 4, 6, 8, 

10, 12, 14, 16 and 18. 

 

The sizes of the converter computed into the HOMER search space were 5 kW, 

10 kW, 15 kW, and 20 kW. 

 

The sizes of the electrolyser computed into the HOMER search space were 5 

kW, 10 kW, 15 kW, and 20 kW. 

 

The sizes of the hydrogen storage tank computed into the HOMER search 

space were 5 kg, 10 kg, 15 kg, and 20 kg. 

 

These values were used by HOMER to simulate all the feasible configurations in 

the system and determine the optimally sized configuration.  

 

h. Techno-economics of the Input Parameters of the Components 

 

Table 3.5-3.6 show the techno-economic of the input parameters of the hybrid 

system components used in HOMER. 
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Table 3. 5. Techno-economics of the various components [54]. 

Component Description Specification 

 

PV System 

Capital cost 

Cost of replacement 

O&M cost 

Lifetime 

R6 450.00/kW 

R142.01/kW/year 

R129.00/kW 

25 years 

 

Wind Turbine 

Capital cost 

Cost of replacement 

Operating and maintenance 

cost 

Lifetime 

R46 500.00/kW 

R28 235.00/kW 

R930.00/kW 

25 years 

 

 

Battery 

Capital cost 

Replacement cost 

O&M cost 

Lifetime 

R8 464.58/battery 

R142.01/year 

R169.28/battery 

20 years 

 

 

Converter 

Capital cost 

Replacement cost 

O&M cost 

Lifetime 

R11 339.33/kW 

R8 504.50/kW 

R70.88/kW/year 

20 years 
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Table 3. 6. Techno-economics of the various components [54]. 

Component Description Specification 

 

 

Fuel Cell 

Capital cost 

Replacement cost 

O&M cost 

Lifetime 

R42 531.90/kW 

R35 443.25/kW 

R0.284/hour 

40000 hours 

 

Hydrogen Tank 

Capital cost 

Replacement cost 

O&M cost 

Lifetime 

R15 595.23/kg 

R13 468.60/kg 

R312.00/year 

20 years 

 

 

Electrolyser 

Capital cost 

Replacement cost 

O&M cost 

Lifetime 

R21 266.16/kW 

R17 012.93/kW 

R425.55/kW 

20 years 

 

 

Diesel Generator 

Capital cost 

Replacement cost 

O&M cost 

Diesel Price 

Lifetime 

R8500.00/kW 

R8000.00/kW 

R8.00/hour 

R14.85/litre 

20 years 

 

3.5.5. Objective Function 

 

The objective function in this study is the minimisation of the total NPC since 

HOMER utilises the total NPC as the objective function to determine the least 

costly and optimally sized system [58]. Furthermore, the NPC is used to 

evaluate the operating features of the HRES [58]. A list of multiple configurations 

is displayed and ranked by the HOMER according to the NPC of each 

configuration [58]. 
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3.5.6. Capacity Shortage of the System 

 

In HOMER the shortfall that occurs between the actual amount of operating 

capacity a system can supply and the required operating capacity is referred to 

as the capacity shortage [58]. HOMER monitors the system for such shortages 

and computes the overall amount that occurs throughout the year [58]. The total 

annual capacity shortage that occurs throughout the year is used to determine 

the Capacity Shortage Fraction (CSF) at the end of the year [58]. HOMER 

utilises the CSF to consider a system feasible or not feasible [58].  A system is 

only considered feasible if the CSF is equal or less than the maximum annual 

capacity shortage [58]. In HOMER the CSF is determined using the subsequent 

Equation: 

                                                         𝐶𝑆𝐹 =
𝐸𝑠

𝐸𝑑𝑚𝑑
,                                           (3.25) 

where 

Ecs is the total annual capacity shortage in kWh/year and Edmd is the total 

electrical demand (primary and deferrable load) in kWh/year. 

In this study, the CSF is part of the constraints that the proposed system must 

meet in order to be considered feasible by HOMER. 

3.5.7. Renewable Fraction of the System 

 

HOMER monitors the total annual amount of electrical energy produced by the 

renewable components of a power system [58]. This is the total electrical energy 

produced by the RESs of any HRES [58]. HOMER utilises the total electrical 

energy produced by the RES’s to compute the RF [58]. The RF ranges between 

0 and 1 and shows the fraction of energy supplied to the load that comes from 

RES’s [58]. In HOMER the RF is determined using the subsequent Equation: 
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                                                  𝑅𝐹 =
𝐸𝑛𝑟𝑒𝑛+𝐻𝑛𝑟𝑒𝑛

𝐸𝑠𝑟𝑣𝑑+𝐻𝑠𝑟𝑣𝑑
,                                          (3.26) 

where: 

 

Hsrvd is the total thermal load served in kWh/year, Esrvd is the total electrical load 

served in kWh/year, Hnren is the non-renewable thermal production in kWh/year, 

Egrid,sales is the energy sold to the grid in kWh/year (included in Eserved), and Enren 

is the non-renewable electrical production in kWh/year.  

 

In this study, the RF is part of the constraints that the proposed system must 

meet in order to be considered feasible by HOMER. 

3.5.8. Constraints 

 

For the proposed system to be concluded feasible, several constraints have to 

be met [58]. HOMER utilises the minimum RF, maximum annual CSF, operating 

reserve as a percentage of annual peak load, operating reserve as a percentage 

of hourly load, operating reserve as a percentage of WT power output, and 

operating reserve as a percentage of PV power output as the constraints that a 

system has to meet in order to be considered feasible or infeasible [58]. 

Systems that do not satisfy the specified constraints are discarded by HOMER 

[58]. The discarded systems do not appear in the optimisation or sensitivity 

results [58]. The constraints that were inputted into the HOMER constraints 

space and utilised to determine whether the proposed system is feasible or 

infeasible are presented in Table 3.7.  

 

As seen in Table 3.5, 10% of the hourly load was set as an operating reserve to 

allow for no capacity shortage. Furthermore, the operating reserve of the PV and 

WT output power was set at 25% and 50%. The operating reserve ensures the 

reliability of the electricity supply because it serves a surplus operating capacity 
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and as a safe limit [58]. This in-turn assists the system to meet the sudden 

decrease or increase in load supply in-spite of the fluctuations of the PV and WT 

power supply [58]. These constraints data in Table 3.7 were computed into the 

HOMER. 

 

Table 3. 7. Simulation Constraints. 

Minimum RF 0% 

Maximum annual CSF 0% 

Operating reserve as a percentage of annual peak load 0% 

Operating reserve as a percentage of hourly load 10% 

Operating reserve as a percentage of WT power output 50% 

Operating reserve as a percentage of PV power output 25% 

 

 

3.5.9. System Control in HOMER 

 

In HOMER the controller component lets the user dictate how a system operates 

during the simulation process [58]. This controller utilises a unique dispatch 

strategy or control algorithm to dictate how the HOMER engine operates the 

DGs and the BS to meet the load [58]. By default, HOMER utilises two system 

dispatch strategies to control the operation of the DGs and the BS of any system 

[58]. These two dispatch strategies are the LF dispatch strategy and the CC 

dispatch strategy [58]. These two dispatch strategies are a set of rules that 

govern the operation of the DG and the BS in instances where there isn't 

adequate RE to supply the load [58]. To find the optimal strategy between these 
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two dispatch strategies many factors are considered [58]. These factors include 

the sizes of the DGs and BS, the character of the RERs, the amount of 

renewable power in the system, the O&M cost of the DGs, and the price of fuel 

[58]. HOMER allows the user to choose both the dispatch strategies for 

simulation [58]. In the case where both these strategies are chosen for 

simulation, each system will be simulated using both dispatch strategies to show 

which is the optimal best amongst the two [58]. 

 

In this study, the LF strategy was chosen in the optimisation and simulation of 

the proposed HRES. This LF strategy allows for the DG to only produce enough 

power to meet the demand the moment it is needed [58]. The serving of the 

deferrable load or charging of the BS bank is done by the RESs [58]. This 

strategy is optimal in systems that have a significant amount of renewable power 

that sometimes surpasses the load demand [58]. 

 

3.6. Description of the Proposed Method 

 

The main stages that properly explain the proposed methodology are presented 

below: 

 

The meteorological data, component specifications, load profile, and constraints 

are fed into HOMER for the simulation process. From then on, simulation of 

each and every feasible arrangement in the search space is going to be done in 

every single time-step of the year, and the sought after results such as NPC, 

RF, and CSF will be computed for additional utilisation.  
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CHAPTER FOUR: RESULTS AND DISCUSSION 

 

This chapter presents the HOMER optimisation results for all selected sites for 

the proposed HRES. The HOMER performed three main procedures, namely; 

optimisation, classical analysis simulation, and sensitivity analysis. The 

behaviour of each system configuration over a lengthy period in a given setting 

was determined by the simulation process. The purpose of this process was to 

determine the optimally sized and feasible system that can meet the load 

demands of the LTE BTS load. The NPC is the one used in HOMER to 

determine the optimally designed and least costly system amongst the feasible 

configurations. The proposed HRES will be considered as an optimal remedy for 

the chosen LTE BTS site if the load demands of the LTE BTS are met at 

minimum NPC, zero GHG emissions, zero system capacity shortage and 100% 

RF.  

The simulation results are dealt with analytically in this section. All the simulation 

results from all sites considered in this study are presented, which are tracked 

by the outcomes of the NPC. Also, an emissions analysis is performed for the 

consideration of the environmental aspect of the configuration of the system. 

The proposed PV/WT/FC/BS HRES is compared to the current DG/BS only 

system used to power LTE BTS in rural areas. The two systems are analysed to 

show the superiority of the proposed HRES over the DG/BS only system.  

 
4.1. Cost Optimisation Results  

 

The HOMER software revealed that 36826 feasible solutions were simulated 

after the parameters were computed into the configuration of the system. The 

NPC for different systems were simulated in HOMER and evaluated for 

comparison analysis. The HOMER simulation results for all the sites considered 

in this study are presented in Figure 4.1 to 4.6. All feasible configurations were 
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ranked according to their NPC from lowest to highest as demonstrated in Figure 

4.1 to 4.6. The HOMER cost optimisation results for all sites are also presented 

in a tabular and graphical form in Table 4.1 and Figure 4.7.  

 

 
Figure 4. 1. HOMER optimisation results for Mafikeng. 

 

 
Figure 4. 2. HOMER optimisation results for Rustenburg. 
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Figure 4. 3. HOMER optimisation results for Potchefstroom. 

 

 
Figure 4. 4. HOMER optimisation results for Vryburg. 
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Figure 4. 5. HOMER optimisation results for Lichtenburg. 

 

 
Figure 4. 6. HOMER optimisation results for Klerksdorp. 
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Table 4. 1. HOMER optimisation results according to NPC. 

Configuration Total NPC 

 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

PV/WT/FC/B

S 

R976 

118.00 

R1 240 

000.00 

R1 240 

000.00 

R969 

323.00 

R1 060 

000.00 

R1 060 

000.00 

PV/DG R1 530 

000.00 

R1 540 

000.00 

R1 540 

000.00 

R1 530 

000.00 

R1 540 

000.00 

R1 540 

000.00 

PV/WT/DG R1 600 

000.00 

R1 620 

000.00 

R1 620 

000.00 

R1 590 

000.00 

R1 610 

000.00 

R1 610 

000.00 

WT/DG/BS R1 610 

000.00 

R1 750 

000.00 

R1 730 

000.00 

R1 500 

000.00 

R1 640 

000.00 

R1 640 

000.00 

DG/BS R2 030 

000.00 

R2 030 

000.00 

R2 030 

000.00 

R2 030 

000.00 

R2 030 

000.00 

R2 030 

000.00 

DG R2 040 

000.00 

R2 040 

000.00 

R2 040 

000.00 

R2 040 

000.00 

R2 040 

000.00 

R2 040 

000.00 

WT/DG R2 140 

000.00 

R2 140 

000.00 

R2 140 

000.00 

R2 130 

000.00 

R2 140 

000.00 

R2 140 

000.00 
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Figure 4. 7. HOMER optimisation results according to NPC. 

 

As can be seen from Table 4.1 and Figure 4.1 the proposed HRES has the least 

NPC in comparison to the other configurations. These results show that in all 

sites, the proposed HRES is the least costly system. This shows that the 

proposed HRES has met one of the objectives of the study and is considered as 

the most optimally sized HRES for powering the LTE BTS in all locations in this 

study. Furthermore, the maximum NPC for the proposed HRES is R1 240 

000.00 and the maximum NPC for the DG/BS system is R2 030 000.00, 

respectively. These figures clearly show that the proposed HRES when 

compared to the DG/BS system, has reduced the NPC by as much as 64%. 
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4.2. GHG Emissions Results  

 

The HOMER CO2 emissions results for all sites are presented in Table 4.2 and 

Figure 4.8. 

 

Table 4. 2. HOMER CO2 emission results for all sites. 

Configuration Total CO2 

 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

 
PV/WT/FC/BS 

 

 
0 

 
0 

 
0 

 
0 

 
0 

 
0 

 
PV/DG 

 

 
17679 

 
17804 

 
17832 

 
17620 

 
17770 

 
17798 

 
PV/WT/DG 

 

 
17183 

 
17436 

 
17442 

 
16974 

 
17274 

 
17324 

 
WT/DG/BS 

 

 
19034 

 
21001 

 
20792 

 
17442 

 
19484 

 
19484 

 
DG/BS 

 

 
26490 

 
26490 

 
26490 

 
26490 

 
26490 

 
26490 

 
DG 

 

 
27370 

 
27370 

 
27370 

 
27370 

 
27370 

 
27370 

 
WT/DG 

 

 
27281 

 
27311 

 
27307 

 
27146 

 
27297 

 
27297 
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Figure 4. 8. CO2 emissions for all sites. 

 

As can be seen from Table 4.2 and Figure 4.8 the proposed HRES has zero 

CO2 emissions in comparison to the other configurations. These results show 

that in all sites, the proposed HRES is the most environmentally-friendly system. 

This shows that the proposed HRES has met one of the objectives of the study 

and is considered as the most environmentally-friendly HRES for powering the 

LTE BTS in all locations in this study. Furthermore, the proposed HRES 

produced zero emissions in comparison to the DG/BS system that produced 

27370 kg of carbon dioxide per year in all sites. This shows that the proposed 

HRES has reduced the GHG emissions by as much as 100% as it did not 

produce any of the GHG emissions that were produced by the DG/BS system. 

These results show that in all sites, the proposed HRES has eliminated the 

emission of GHG’s when compared to the conventional DG/BS system.  
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4.3. Renewable Fraction Results  

 

The HOMER RF results for all sites are presented in Table 4.3 and Figure 4.9. 

 

Table 4. 3. HOMER RF results for all sites. 

Configuration Total RF 

 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

 
PV/WT/FC/BS 

 

 
100 

 
100 

 
100 

 
100 

 
100 

 
100 

 
PV/DG 

 

 
30.7 

 
30.2 

 
30.1 

 
31 

 
30.4 

 
30.3 

 
PV/WT/DG 

 

32.7 31.7 31.7 33.5 32.3 32.1 

 
WT/DG/BS 

 

25.4 17.7 18.5 31.6 23.6 23.6 

 
DG/BS 

 

0 0 0 0 0 0 

 
DG 

 

0 0 0 0 0 0 

 
WT/DG 

 

0 0 0 0 0 0 
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Figure 4. 9. HOMER RF results for all sites. 

 

As can be seen from Table 4.3 and Figure 4.9 the proposed HRES has the 

highest RF in comparison to the other configurations. These results show that in 

all sites, the energy produced by the proposed HRES comes from only RES’s 

which makes it the most environmentally-friendly system. This shows that the 

proposed HRES has met one of the objectives of the study and is considered as 

the most environmentally-friendly HRES for powering the LTE BTS in all 

locations in this study. Furthermore, the proposed HRES has RF of one in 

comparison to the DG/BS system that has zero RF in all sites. This shows that 

the proposed HRES has increased the RF by as much as 100% as it produced 

all its energy only from RESs. These results show that in all sites, the proposed 

HRES has eliminated the need for DG as a source of power for LTE BTS in rural 

areas.  
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4.4. Capacity Shortage Results  

 

The HOMER system capacity shortage results for all sites are presented in 

Table 4.4 and Figure 4.10. 

 

Table 4. 4. HOMER system capacity shortage results for all sites. 

Configuration Total capacity shortage (kWh/year) 

 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

 
PV/WT/FC/BS 

 

0 0 0 0 0 0 

 
PV/DG 

 

0 0 0 0 0 0 

 
PV/WT/DG 

 

0 0 0 0 0 0 

 
WT/DG/BS 

 

6.32 6.99 8.84 8.35 7.49 7.49 

 
DG/BS 

 

13.00 13.00 13.00 13.00 13.00 13.00 

 
DG 

 

13.40 13.40 13.40 13.40 13.40 13.40 

 
WT/DG 

 

9.37 9.80 9.30 11.60 8.91 8.91 
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Figure 4. 10. HOMER system capacity shortage results for all sites. 

 

As can be seen from Table 4.4 and Figure 4.10 the proposed HRES, the PV/DG 

system and the PV/WT/DG HRES have zero capacity shortage throughout out 

the year in comparison to the other configurations. These results show that in all 

sites, the proposed HRES has zero system capacity shortage which makes it a 

reliable and efficient system. This shows that the proposed HRES has met one 

of the objectives of the study which is having a zero capacity shortage and is 

considered as the most reliable and efficient HRES for powering the LTE BTS in 

all locations in this study. Furthermore, the proposed HRES has zero system 

capacity shortage in comparison to the DG/BS system that has a 13 kWh/year 

capacity shortage in all sites. This shows that the proposed HRES has 

decreased the system capacity shortage by as much as 100% as it met all the 

energy demands of the load throughout the year. These results show that in all 

sites, the proposed HRES has eliminated the capacity shortages that come with 

using DG/BS system as a source of power for LTE BTS in rural areas. 

 

0

2

4

6

8

10

12

14

C
a

p
a

c
it
y
 S

h
o

rt
a

g
e

 (
k
W

h
/y

e
a

r)

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6



 

71 

 

4.5. Power Flow and Battery State of Charge of the Proposed System 

 

In this section, the details of the 24 h power flow and the battery status of the 

system are shown and discussed in order to have a better understanding of the 

operation of the proposed system. The month of June was selected for all the 

sites considered in this study. The battery status and energy flow for each site 

are described in detail below:  

 

Site 1: The power flow and the battery SOC of the proposed HRES are shown in 

Figure 4.11 for the first site. From the Figure, it can be seen that at (00:00–

05:00) the BS and the WT were the only ones supplying the load since the PV 

and FC were not producing any power. From (05:00–06:00) the BS reached its 

minimum SOC, and the FC was the one supplying the load since the PV and 

WT were not producing any power. The FC stopped producing power by 07:00. 

The PV system started to produce power at 06:00. The power produced by the 

PV system was not enough to meet the load demand, so the WT and the FC 

assisted the PV to charge the BS and meet the load demand until 07:00. At 

07:00 the PV started to produce enough power to meet the load demand and at 

the same time supply surplus power to the BS for charging. The BS reached its 

maximum SOC by 17:00. The PV and the WT produced enough power to meet 

the load demand and charge the BS for the period between 07:00 and 17:00. 

The PV and the WT worked hand-in-hand from 07:00 to 17:00. The PV stopped 

producing power by 17:00, and the BS and the WT worked hand-in-hand to 

meet the load demand for the rest of the day. 

 

 

Site 2: The power flow and the battery SOC of the proposed HRES are shown in 

Figure 4.12 for the second site. From the Figure, it can be seen that at (00:00–

04:00) the BS was the only one supplying the load since the PV, WT and FC 

were not producing any power. From (04:00–06:00) the BS reached its minimum 
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SOC, and the FC was the one supplying the load since the PV and WT were not 

producing any power. The FC stopped producing power by 07:00. The PV 

system started to produce power at 06:00. The power produced by the PV 

system was not enough to meet the load demand, so the WT and the FC 

assisted the PV to charge the BS and meet the load demand until 07:00. At 

07:00 the PV started to produce enough power to meet the load demand and at 

the same time supply surplus power to the BS for charging. The BS reached its 

maximum SOC by 16:00. The PV and the WT produced enough power to meet 

the load demand and charge the BS for the period between 07:00 and 16:00. 

The PV and the WT worked hand-in-hand from 07:00 to 16:00. The PV stopped 

producing power by 17:00, and the BS and the WT worked hand-in-hand to 

meet the load demand for the rest of the day. 

 

Site 3: The power flow and the battery SOC of the proposed HRES are shown in 

Figure 4.13 for the third site. From the Figure, it can be seen that at (00:00–

04:00) the BS was the only one supplying the load since the PV, WT and FC 

were not producing any power. From (04:00–06:00) the BS reached its minimum 

SOC, and the FC was the one supplying the load since the PV and WT were not 

producing any power. The FC stopped producing power by 07:00. The PV 

system started to produce power at 06:00. The power produced by the PV 

system was not enough to meet the load demand, so the WT and the FC 

assisted the PV to charge the BS and meet the load demand until 07:00. At 

07:00 the PV started to produce enough power to meet the load demand and at 

the same time supply surplus power to the BS for charging. The BS reached its 

maximum SOC by 16:00. The PV and the WT produced enough power to meet 

the load demand and charge the BS for the period between 07:00 and 16:00. 

The PV and the WT worked hand-in-hand from 07:00 to 16:00. The PV stopped 

producing power by 17:00, and the BS and the WT worked hand-in-hand to 

meet the load demand for the rest of the day. 
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Site 4: The power flow and the battery SOC of the proposed HRES are shown in 

Figure 4.14 for the fourth site. From the Figure, it can be seen that at (00:00–

06:00) the BS and the WT were the only ones supplying the load since the PV, 

and FC was not producing any power. The PV system started to produce power 

at 06:00. The power produced by the PV system was not enough to meet the 

load demand, so the WT assisted the PV to charge the BS and meet the load 

demand from (06:00–07:00). At 07:00 the PV started to produce enough power 

to meet the load demand and at the same time supply surplus power to the BS 

for charging. The BS reached its maximum SOC by 17:00. The PV and the WT 

produced enough power to meet the load demand and charge the BS for the 

period between 06:00 and 18:00. The PV and the WT worked hand-in-hand from 

06:00 to 18:00. The PV stopped producing power by 18:00, and the BS and the 

WT worked hand-in-hand to meet the load demand for the rest of the day. 

 

Site 5: The power flow and the battery SOC of the proposed HRES are shown in 

Figure 4.15 for the fifth site. From the Figure, it can be seen that at (00:00–

04:00) the BS was the only one supplying the load since the PV, WT and FC 

were not producing any power. From (04:00–06:00) the BS reached its minimum 

SOC, and the FC was the one supplying the load since the PV and WT were not 

producing any power. The FC stopped producing power by 07:00. The PV 

system started to produce power at 06:00. The power produced by the PV 

system was not enough to meet the load demand, so the WT and the FC 

assisted the PV to charge the BS and meet the load demand until 07:00. At 

07:00 the PV started to produce enough power to meet the load demand and at 

the same time supply surplus power to the BS for charging. The BS reached its 

maximum SOC by 16:00. The PV and the WT produced enough power to meet 

the load demand and charge the BS for the period between 07:00 and 16:00. 

The PV and the WT worked hand-in-hand from 07:00 to 16:00. The PV stopped 

producing power by 17:00, and the BS and the WT worked hand-in-hand to 

meet the load demand for the rest of the day. 
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Site 6: The power flow and the battery SOC of the proposed HRES are shown in 

Figure 4.16 for the sixth site. From the Figure, it can be seen that at (00:00–

04:00) the BS was the only one supplying the load since the PV, WT and FC 

were not producing any power. From (04:00–06:00) the BS reached its minimum 

SOC, and the FC was the one supplying the load since the PV and WT were not 

producing any power. The FC stopped producing power by 07:00. The PV 

system started to produce power at 06:00. The power produced by the PV 

system was not enough to meet the load demand, so the WT and the FC 

assisted the PV to charge the BS and meet the load demand until 07:00. At 

07:00 the PV started to produce enough power to meet the load demand and at 

the same time supply surplus power to the BS for charging. The BS reached its 

maximum SOC by 16:00. The PV and the WT produced enough power to meet 

the load demand and charge the BS for the period between 07:00 and 16:00. 

The PV and the WT worked hand-in-hand from 07:00 to 16:00. The PV stopped 

producing power by 17:00, and the BS and the WT worked hand-in-hand to 

meet the load demand for the rest of the day. 
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Figure 4. 11. The power flow and the battery SOC in Mafikeng. 
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Figure 4. 12. The power flow and the battery SOC in Rustenburg. 
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Figure 4. 13. The power flow and the battery SOC in Potchefstroom. 
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Figure 4. 14. The power flow and the battery SOC in Vryburg. 
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Figure 4. 15. The power flow and the battery SOC in Lichtenburg. 
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Figure 4. 16. The power flow and the battery SOC in Klerksdorp. 
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by keeping the BS between the prescribed minimum SOC and Maximum SOC. 

From the financial analysis results, it has been seen that the proposed 

PV/WT/FC/BS HRES has significantly reduced the NPC associated with DG/BS 

system that is used to power LTE BTSs in remote areas. This confirms that the 

future aspects of PV/WT/FC/BS are promising. The subsidising of RES 

components in African countries can speed up RER penetration just like Spain, 

Germany, and France, who are leading in PV penetration. Finally, the results 

have shown that the PV/WT/FC/BS HRES can effectively reduce the GHG 

emissions and the NPC associated with DG/BS systems in rural areas. Chapter 

5 presents the conclusions and recommendations of this study. 
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CONCLUSION AND RECOMMENDATIONS 

 

5.1. Conclusion 

 

The aim of this study as stipulated in the first chapter was to optimally design an 

HRES that has the potential to generate electrical power that can adequately 

power an LTE BTS in the rural areas in South Africa. The HRES was simulated 

in HOMER for six hypothetical LTE BTS sites. The simulation was done to show 

the performance of the proposed HRES at the selected LTE BTS sites in rural 

South Africa. The monthly average SI, CI and WS of each site were used to 

study the effects of different climatic data on the optimisation of the HRES. This 

data was used as some of the input variables to run the optimisation process in 

order to generate optimisation results. The HOMER simulation results 

demonstrated that out of 20480 simulations only seven hybrid configurations 

were feasible according to the constraints stipulated. The optimisation results 

were ranked according to the NPC of each HRES. From the optimisation results, 

the proposed PV/WT/FC/BS HRES results were compared to the DG/BS system 

currently used to power LTE BTSs in rural areas of South Africa. The two 

systems were compared with regard to the NPC, GHG emissions, RF and 

system capacity shortage. The life-span of both systems was considered to be 

25 years. Moreover, the appealing NPC cost and the GHG emissions of the 

system aided in the selection of the HOMER optimisation model. The NPC for 

the PV/WT/FC/BS HRES was found to be 63% less than that of the DG/BS 

system, while the GHG emissions were found to be reduced by as much as 

100% by the proposed HRES. Furthermore, the RF was increased by 100% and 

the system capacity shortage was reduced by 100%. However, it must be noted 

that the analysis of costs in this work included the emissions costs and the 

actual per unit kWh cost in South Africa. Within 10 months, the yield regarding 

the financial expenditure was discovered to be beneficial. 
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In summary, the proposed HRES can power the LTE BTS in a more cost-

effective, environmentally-friendly and a reliable way in comparison to DG/BS 

systems. Also, the proposed HRES can be effectively implemented for 

application in places that have no access to the national grid like the rural areas. 

However, in using RESs for powering the LTE BTS in different sites, it should be 

noted that there is no general least-cost option. This is because the HRES is 

heavily reliant on the availability of the RERs and the climatic conditions. The 

study, therefore, concludes that the proposed PV/WT/FC/BS HRES is the most 

feasible, cost-effective and environmentally-friendly system when compared to 

the DG/BS system currently used to power the LTE BTS in the rural areas of 

South Africa. This conclusion was reached in relation to the power flow, RF, 

system capacity shortage, reduced NPC and GHG emissions. This also means 

that the telecommunication operators will be spending less on the costs of the 

system and they would be helping in the reduction of GHG emissions, which in-

turn will help in elevating the global warming epidemic. Cast in this way, the 

improved reliability will ensure great QoS to the subscribers.  

5.2. Future Recommendations  

 

The following are the recommendations from this study: 

 Based on the study, there is an abundance of RERs at the chosen study site 

which can be used to power nearby LTE BTS. 

 The RERs can also be used to design an HRES to power a water pumping 

system that can be used to provide tap water for the households that do not 

have running water. 

 The mapping and prediction of RES in all other locations can be carried out 

to ensure that the optimal micro-grids are designed and chosen for any 

application.  
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 More measurement equipment of SI and WS need to be installed in remote 

areas for comparison of ground data with satellite radar data.  

 There should be security measures in place to mitigate against vandalism 

and theft of the LTE BTS and micro-grid equipment. 

Since most remote places do not have ground data measuring meteorological 

stations to measure the daily atmospheric data required for the optimisation of 

HRESs [64], this study recommends the use an of Principal Component 

Analysis (PCA) and ANN prediction model to predict the SI and WS of those 

places for future evaluation and development of PV and WT RES. The 

prediction model designed in this study will help engineers to predict the SI and 

WS to design and implement the off-grid-connected PV and WT RESs in remote 

or rural communities. The PCA was used to reduce the dimensions of the 

measured data and the ANN was used for prediction of the SI [65]. The network 

used in this study is shown in Figure 5.1, while the training parameters that were 

used to train the network are presented in Table 5.1. 

 

Figure 5. 1. The architecture of the ANN network used in this study. 
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Table 5. 1. Training parameters of the selected training algorithm. 

Generate command-line output False 

Show training GUI True 

Maximum mu 1e10 

Mu decrease factor 0.1 

Mu increase factor 10 

Epochs between displays 25 

Initial mu 0.001 

Maximum time to train in seconds Inf 

Maximum validation failures 6 

Minimum performance gradient 1e−5 

Maximum number of epochs to train 1000 

Performance goal 0 

 

The MATLAB code utilised to model the PCA+ANN model to predict the monthly 

daily average SI is presented in ANNEXURE A-11. 

 

The Levenberg-Marquardt (LM) training algorithm was used for training the 

network. The chosen activation function in the hidden layer was the sigmoid 

function. Training and validation of the ANN model were performed with different 

numbers of neurons. The optimal number of hidden layer neurons was found to 

be 10. The input layer of the ANN model had 3 PCs as the input variables which 

represented the monthly daily average AT, WS and CI. In the output layer, there 

was only one neuron, the monthly daily average SI variable. The entire dataset, 

which consisted of 468 data points was randomly divided into 60% for training, 

20% for testing, and 20% for validation, respectively.  
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The ANN model was trained with all the variables in the dataset and the 

ANN+PCA model was trained with PCA chosen variables. This was done to 

show whether the PCA has improved the prediction accuracy of the ANN model. 

The Root Mean Square Error (RMSE) and the coefficient of determination (R2) 

were used to validate the ANN model and the proposed ANN+PCA model. The 

performance results from the two models are presented in Table 4.5. It can be 

seen from Table 4.5 that the PCA+ANN model performed better than the ANN 

only model. The results show that the predicted SI fits the actual SI data by as 

much as 89.16%. These results further show that the PCA improved the ANN 

results by as much as 4.63%. Furthermore, the PCA reduced the RMSE by as 

much as 17.2%. This shows that the SI data predicted, using the PCA+ANN 

model, could be used in the HOMER simulation process.  

 

Table 5. 2. Performance results of the ANN and ANN+PCA models. 

Metric ANN PCA+ANN 

R2 84.53% 89.16% 

RMSE 0.64 0.53 

 

Figure 5.2 shows the comparison of the measured SI, ANN model predicted SI 

and the ANN+PCA model predicted SI. From Figure 4.2, it can be seen that the 

prediction accuracy of the ANN+PCA model is higher than that of the ANN 

model. The predicted SI values from the ANN+PCA model are a lot closer to the 

measured SI values as confirmed by Figure 3.8 and the R2 and RMSE with 

values of 89.16% and 0.53. 
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Figure 5. 2. Comparison of the two prediction methods. 

 

From the prediction results, it can be seen that the recommended prediction 

model can help predict the SI in rural and remote areas which in-turn will assist 

engineers in the prediction of SI for future implementation and optimisation of 

HRESs in rural or remote areas. 
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ANNEXURE A-1: MATLAB Code for PV Panel Model 

%HiKu SUPER HIGH POWER POLY PERC MODULE PV_Characteristics  

          

clc; 

close all; 

clear all; 

  

              %Constants used in the modelling of the PV panel 

               

T=302;                              %Operating Temperature 

Tr=298;                                %Temperature at STC  

Tr1=40; 

Ki=0.05;                 %Short Circuit Current of Cell at 25o and 1000 W/m2 

Iscr=10.98;                         %Short Circuit Current  

Irr=0.000021;            %Diode reverse saturation current 

A=2.15;                         %The diode ideality factor 

Ego=1.166;     %gap energy of semiconductor at zero Kelvin 

alpha=0.473;              %Temperature Coefficient of Iscr 

beta=636;                  %Temperature Coefficient of Voc 

G=[100 80 60 40 20];                     %Solar Irradiance 

k=1.38065*10^(-23);                     %Boltzman Constant 

q=1.6022*10^(-19);                  %Charge of an electron  

Eg=Ego-(alpha*T*T)/(T+beta)*q;%gap energy of semiconductor                      

Np=4;                   %Number of Parallel Conected Cells  

Ns=60;                         %Number of Series Connected Cells 

Voc=(0:1:300);            %Desierable Open Circuit Voltage 

  

%Finding values for all five values of sun 
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for i=1:5 

    Iph=(Iscr+ki*(T-Tr))*((G(i))/100); %Phase current 

    Irs=Irr*((T/Tr)^3)*exp(q*Eg/(k*A)*((1/Tr)-(1/T))); %Current through shunt 

resistor 

    Iout=Np*Iph-Np*Irs*(exp (q/ (k*T*A)*Voc. /Ns)-1); %Output Current 

    Pout=Voc.*Iout; %Output power 

    figure (1) % voltage vs current plot 

    plot(Voc,Iout); 

    axis([0 50 0 50]); 

    xlabel('Voltage in Volts'); 

    ylabel('Current in Amps'); 

    hold on; 

    figure(2) % voltage vs power plot 

    plot(Voc,Pout); 

    axis([0 50 0 1600]); 

    xlabel('Voltage in Volts'); 

    ylabel('Power in Watts'); 

    hold on; 

    figure(3) % current vs power plot 

    plot(Iout,Pout); 

    axis([0 50 0 1600]); 

    xlabel('Current in Amps'); 

    ylabel('Power in Watts'); 

    hold on; 

end 
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ANNEXURE A-2: MATLAB Code for WT Model 

 %Initialisation of the lookup table  

WSds = transpose (2:0.5:12); 

WPds = [23;45;78;123;185;263;361;481;624;794;991;1219;1480;1775;2108;2 

479; 2891; 3050; 3120; 3150; 3150]; 

%Declaring the input parameters 

x= WSds; 

y= WPds; 

%Polyfitting the data 

p = polyfit(x, y, 4); 

%Plotting the wind power curve 

x1 = linspace(0,4*pi); 

y1 = polyval (p, x1); 

figure 

plot(x, y,'o') 

hold on 

plot(x1, y1) 

hold off 

 

where  

WSds and WPds represent the WS and WP data supplied by the manufactures 

datasheet. The WSdsint and WPdsint represent the interpolated data with 

values at every 0.1 interval.  
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ANNEXURE A-3: MATLAB Code for the Battery Current Profile  

%Initialisation of the lookup table  

 

CPds = [247 206 182 153 135 118 96 60]; % Capacity from datasheet 

CUds = [2.1 11 27.5 50 75 100 150 250];%Current  

 

%Declaring the input parameters 

 

x= CPds; 

y= CUds; 

 

%Polyfitting the data 

 

p = polyfit(x, y, 4); 

 

%Plotting the capacity/discharge current profile 

 

x1 = linspace(0,4*pi); 

y1 = polyval (p, x1); 

figure 

plot(x, y,'o') 

hold on 

plot(x1, y1) 

hold off 

 

where  

CPds and CUds represent the battery capacity and current data supplied by the 

manufactures datasheet.  
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ANNEXURE A-4: MATLAB Code for Fuel Consumption Profile of the FC  

%Initialisation of the lookup table  

 

FCds = [0; 4,9; 9,9; 15; 21; 28; 37]; % Fuel consumption from datasheet 

OPds = [0; 0.5; 1; 1.5; 2; 2.5; 3];%Output Power from datasheet  

 

%Declaring the input parameters 

 

x= FCds; 

y= OPds; 

 

%Polyfitting the data 

 

p = polyfit(x, y, 2); 

 

%Plotting the fuel consumption/output power profile 

 

x1 = linspace(0,4*pi); 

y1 = polyval (p, x1); 

figure 

plot(x, y,'o') 

hold on 

plot(x1, y1) 

hold off 

 

where  

FCds and OPds represent the FC fuel consumption and output power data 

supplied by the manufactures datasheet.  
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ANNEXURE A-5: MATLAB Code for DG Model 

 %Initialisation of the lookup table  

OPds = transpose(0:2.5:10); 

FCds = [0.49;1.58;2.65;3.8;4.83]; 

%Declaring the input parameters 

x= OPds; 

y= FCds; 

%Polyfitting the data 

p = polyfit(x, y, 1); 

%Plotting the Fuel-Power curve 

x1 = linspace(0,4*pi); 

y1 = polyval (p, x1); 

figure 

plot(x, y,'o') 

hold on 

plot(x1, y1) 

hold off 

 

where  

OPds and FCds represent the output power and FC fuel consumption data 

supplied by the manufactures datasheet.  
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ANNEXURE A-6: HiKU CS3W-390-405P PV panel  Datasheet 
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ANNEXURE A-7: The Kestrel e400n 3.5 kW Datasheet 
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ANNEXURE A-8: Horizon H-3000 PEM FC Datasheet  
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 ANNEXURE A-9: Trojan T-105 (6V-225 Ah) Battery Datasheet  
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 ANNEXURE A-10: Solax X3-hybrid10 10 kW inverter Datasheet  
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ANNEXURE A-11: MATLAB Code for Data Modelling 

% This script assumes these variables are defined: 

% 

%   Input - input data. 

%   Output - target data. 

  

x = Input; 

t = Output; 

  

%Dimension and classification with PCA  

  

coeff = transpose(pca(x)); 

  

% Choosing a Training Function 

  

trainFcn = 'trainlm';  % Levenberg-Marquardt backpropagation. 

  

% Creating a Fitting Network 

hiddenLayerSize = 10; 

net = fitnet(hiddenLayerSize,trainFcn); 

  

% Setup Division of Data for Training, Validation, Testing 

net.divideParam.trainRatio = 60/100; 

net.divideParam.valRatio = 20/100; 

net.divideParam.testRatio = 20/100; 

  

% Train the Network 

[net,tr] = train(net,coeff,t); 

  

% Test the Network 

y = net(coeff); 

e = gsubtract(t,y); 

performance = perform(net,t,y); 
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% View the Network 

view(net) 

% Plots 

% Uncomment these lines to enable various plots. 

%figure, plotperform(tr) 

%figure, plottrainstate(tr) 

%figure, ploterrhist(e) 

%figure, plotregression(t,y) 

%figure, plotfit(net,x,t) 

 


