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ABSTRACT 

With a national peak demand forecast of 28,850 MW against the grid generation installed 

capacity of 13,014.14 MW, Nigeria’s electricity suffer power supply deficit. The 

residential sector, which accounts for about 60 % of electricity consumption, is the worst 

hit. Energy wheeling, a system of transporting distributed generation from an Independent 

Power Producer (IPP) to industrial consumers via the utility’s distribution network, is one 

of the emerging systems of power sector deregulation, capable of improving supply to 

residential consumers under power purchase agreements. This research examined the 

impact of energy wheeling from renewable Distributed Generation (DG) to diverse and 

stochastic characteristics of residential loads via the existing 9-bus distribution network 

of Gwarinpa housing estate Abuja to determine its viability. Two software packages, 

Hybrid optimization for multiple energy resources (HOMER) and digital simulation of 

electrical networks (DIgSILENT), were used to determine the renewable energy potential 

for the estate and the impact of energy wheeling on voltage profile, fault level, losses and 

thermal loading of the distribution network respectively. The result shows an optimal 

grid/PV/converter configuration with a Levelized Cost of Electricity (LCOE) of $0.0188 

and Net Present Cost (NPC) of $72.4 million. The load flow of the PV-connected 

distribution network produced 6.38 % improvement in voltage profile of the critical bus 

7 and 8, 88.57 % reduction in thermal loading and 98 % reduction in reactive power losses 

respectively, of the erstwhile overloaded line 2. Fault levels were unchanged with the 

integration of the inverter-based PV systems. Therefore, based on conformity of the 

results to established power distribution system technical specifications and the grid code 

for the Nigeria power system, energy wheeling from renewable DG to diverse and 

stochastic residential loads via the utility distribution network is practicable and viable. 
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CHAPTER ONE 

1.0            INTRODUCTION 

1.1 Background to the Study 

According to the National Bureau of Statistics, Nigeria is the most populated country in 

Africa and the seventh most populated in the world, with a population estimate of 208 

million people (Olanrewaju et al., 2020).  Nigeria's electricity-consuming population is 

grouped into three (3) sectors; the residential, commercial, and industrial sectors 

(Babatunde and Shuaibu, 2009). The residential sector accounts for 60 %, followed by 

the commercial sector (Olaniyan et al., 2018). Since population, among other variables 

such as the gross domestic product, relates to electricity consumption (Kavaklioglu, 2019; 

To et al., 2017), the demand for power supply is expected to be high, and thus the power 

generated. 

 

Before the Nigerian power sector deregulation, the National Electric Power Authority 

(NEPA), a state-owned, vertically integrated utility company, controlled the nation’s 

power generation, transmission and distribution systems. The country has a grid 

generation installed capacity of 13,014.14 MW, a generation capacity of 7,652.6 MW and 

a peak generated value of 5,801.60 MW. The transmission wheeling capacity is 8,100 

MW, and an average sent-out energy of 3,971 MWH in 2018. The current access rate 

stood at 45 %, with 55 % for urban and 36 % for rural areas. While the energy 

consumption per capita was 129 kWh per annum (Momoh, 2019). Furthermore, 

electricity accounts for 2 % of the total final energy consumption in Nigeria, and 9 % of 

the household’s total energy consumption. Thus, after many years of monopoly in the 

power business, consumers were still faced with the shortage of electricity supply and 
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estimated billing. On the other hand, the power system suffered losses, financial 

constraints, and energy theft (Emovon et al., 2018). 

 

To find a solution to the challenges mentioned above, the Electric Power Sector Reform 

(EPSR) Act was enacted in 2005 to attract private investors to the business of power. 

Private investors eventually took over the generation and distribution sectors in 

September 2013 (Idowu et al., 2019). However, the gap between the demand and supply 

of electricity in Nigeria remains wide and contributes to incessant power outage to 

consumers, particularly the residential, which consumes most of the power generated 

(Babatunde and Shuaibu, 2009). The government-owned Independent System Operator 

(ISO) made a National Peak Demand forecast of 28,850.00 MW. Still, it is estimated that 

about 60,000 MW is required for a stable power supply which could be achieved by a 

substantial mix of renewable energy (Olaoye et al., 2016). Though long ago, consumers 

adopted renewable energy options to self-generate electricity. A cost-effective alternative 

approach of securing power from DG of Independent Power Producers (IPP) via the 

existing grid network is the wheeling approach (Murray, 2018).  

 

As it is popularly known, energy wheeling entails a power purchase agreement between 

an IPP, a willing buyer, and the utility grid provider. This system is being practiced 

successfully in deregulated systems in Britain, New Zealand, Spain, Chile, Argentina, 

India and so on, and has contributed to reducing the cost of electricity (Baji and Ashok, 

1998; Happ, 1994). The system unlocks stranded power capacity and renewable potential 

and encourages investment into independent power production (Murray, 2018). 

With deregulation, there will be a paradigm shift away from a centralized system. DG 

refers to electricity generation, usually small-scale, at or near end users                                 
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(El-Khattam and Salama, 2004; Khetrapal, 2020). While DG produces more energy to the 

available capacity, wheeling of the energy via the existing utility distribution network 

distorts the characteristics of the network. The voltage profile, thermal loading, line losses 

and fault level of the utility network could be affected by connection of DG for wheeling 

energy. The Gwarinpa Housing Estate (GHE) Abuja case study is powered through an 

existing 9-bus distribution network, and the characteristics of this 9-bus network could be 

distorted during energy wheeling from DG. For this reason, load flow analysis can be 

conducted to investigate the impact of energy wheeling from DG to the estate. 

1.2 Problem Statement 

A few years after the deregulation of the Nigerian power system, the major challenges 

faced by the consumers of electricity linger. The persistent trend of regulating power 

supply to consumers by the distribution companies is a major post-deregulation problem 

contributing to gross supply insufficiency to the consumers. The residential sector, being 

the dominant consumers, are the worst hit (Olaniyan et al., 2018). Although consumers 

have long adopted self-generation from fossil fuel-powered generator sets and renewable 

sources such as photovoltaic systems, the option comes with an unbearable financial 

burden (Murray, 2018; Nemeth-Durko et al., 2020; Olaniyan et al., 2018). 

 The residential load case study, Gwarinpa Housing Estate (GHE), suffers from unstable 

electricity and supply deficit similar to other consumers. Only about half of the 60 MW 

capacity is available to the estate due to inadequate power generation and the transmission 

substation’s transformer load capacity limitation. However, the estate stands out as the 

largest concentration of residential loads in Nigeria, with a population estimate of 178, 

552 (Areo et al., 2019). Thus, the estate is characterized by huge, diverse, stochastic and 

distinct residential load suitable for the research. . Globally, researchers have evaluated 
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the impact of grid-connected DGs and energy wheeling to industries regarded as 

economically critical, and results have shown prospects for improved and economical 

alternative electricity supply (Ayadi et al., 2018; Azerefegn et al., 2020; Dyak et al., 

2016; Krishnamoorthy et al., 2020; Weng, 2016).  

 

However, wheeling energy from renewable DG to residential electricity consumers using 

the distribution network leaves much to be desired and, thus, recommended (Murray and 

Adonis, 2019; Murray, 2018; Tukur and Solomon, 2019). Therefore, this research 

investigates the characteristics of the existing utility distribution network, with and 

without energy being wheeled from renewable DG to GHE. Thus, the impact of the DG 

on the voltage profile, fault level, line losses and thermal loading of the utility network 

was determined, and the concern on viability ascertained. 

1.3 Aim and Objectives 

This research aims to investigate the impact and viability of energy wheeling from 

renewable distributed generation to residential loads of Gwarinpa housing estate, Abuja, 

as an alternative approach to improved energy delivery. 

The objectives are to; 

i. Determine the optimum hybrid renewable energy potential for DG that meets the 

load demand of Gwarinpa housing estate, based on Levelized Cost of Energy 

(LCOE) and Net Present Cost (NPC) using HOMER. 

ii. Model and simulate the GHE distribution network in DIgSILENT for load flow 

studies. 
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iii. Determine the impact and comparatively analyze the voltage profile, fault level, 

line losses and thermal loading of Gwarinpa housing estate’s distribution network 

with and without renewable DG integration using DIgSILENT. 

iv. Determine the viability of wheeling renewable DG to residential loads based on 

the outcome of objective iii. 

1.4 Justification for the Research 

Researchers have validated deregulation of power systems to attract investments that 

could improve electricity supply. This is evident in the fact that the Nigeria electricity 

supply industry (NESI) is undergoing a transformation with the provisions of EPSRA, 

2005. There will be a paradigm shift from a centralized power generation to DG, as 

Independent Power Producers (IPP) take advantage of the deregulated system. Energy 

wheeling of DG would become imperative and widespread, providing an alternative 

means to improve supply and minimizes grid power deficit to consumers. Furthermore, 

the predominance of residential consumers in Nigeria and the diverse and stochastic 

characteristics of residential load make it necessary to evaluate the energy wheeling 

system to this category of consumers. Therefore, this research investigates the impact and 

viability of this system on the GHE Distribution Network. 

1.5 Scope and Limitation 

The scope of this research study is to determine the viability of wheeling renewable 

distributed energy to residential load by evaluating the impact assessment of the system. 

This research study will comparatively investigate the characteristics of the existing and 

the modified network (renewable DG-connected network). The mode of DG connection 

and synchronization technicalities was not considered. Furthermore, the work did not 
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cover the entire residential electricity-consuming population of Nigeria or the national 

grid but was limited to the selected residential estate and its power supply network. 
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CHAPTER TWO 

2.0       LITERATURE REVIEW 

This chapter presents a literature review on electricity consumption and distributed 

generation technologies with focus on solar photovoltaic system, wind energy system and 

the energy storage system. The chapter also provides a review of various optimization 

tools for carrying out a techno-economic assessment of renewable distributed generation 

and wheeling of energy. Lastly, related works were presented and discussed. 

2.1 Electricity Consumption 

Electricity is a major driving force for the development of any nation. The consumption 

of this important commodity is widely used as an index of economic development 

(Nemeth-Durko et al., 2020). It is required for domestic and socio-economic activities by 

all facets of the global economy (Ezenugu et al., 2017; Oyedepo, 2019). The Electricity 

consumption population, grouped into three sectors, consists of the residential, 

commercial and street lighting, and industrial sectors (Alao, 2016; Azodo, 2014). 

Comparatively, the residential sector accounts for about 30 % of total electricity 

consumption globally (Taale and Kyeremeh, 2019). 

2.1.1 Global residential electricity consumption 

Globally, one- third of final energy is consumed by the residential sector (Chen et al., 

2016; Nemeth-Durko et al., 2020; Olaniyan et al., 2018; Sachs et al., 2019; Taale and 

Kyeremeh, 2019; Wang et al., 2020). In developing countries such as Nigeria, the 

residential sector accounts for the largest consumption at 60 % (Alao, 2016; Babatunde 

and Shuaibu, 2009; Olaniyan et al., 2018). Residential electricity consumption accounts 

for over 39 % of the total electricity consumption in Ghana (Diawuo et al., 2019), 23 % 
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in South Africa (Bohlmann and Inglesi-Lotz, 2018), 50 % in Egypt (Nassar et al., 2020) 

and 48.1 % in Saudi Arabia (Imam and Al-Turki, 2020). In more developed countries, the 

residential electricity consumption accounts less in the total electricity consumption due 

to higher industrial loads. It is 14.15 % in China (Wen and Yuan, 2020; Xin-gang and 

Pei-ling, 2020), 30 % in Britain (Ma et al., 2020), 22 % in Turkey (Gugul and Koksal, 

2017; Guo et al., 2018), 27 % in HongKong (Durmaz et al., 2020), 20 % in Netherlands 

(Kewo et al., 2020), 17.6 % in Taiwan (Su, 2020), and so on. Socioeconomic parameters 

including per capita income, urbanization, population, electricity price and direct use of 

electricity are factors that affect residential electricity consumption (Chen, 2017; Diawuo 

et al., 2019; Lin and Wang, 2020b; Nemeth-Durko et al., 2020). Previous research work 

showed direct correlation between residential electricity consumption and the 

aforementioned socio-economic factors, as reported by (Diawuo et al., 2019; Durmaz et 

al., 2020; Guo et al., 2018; Lin and Wang, 2020a; Lin and Zhu, 2020; Uzoh et al.; Xin-

gang and Pei-ling, 2020). Similarly, previous research was carried out on the effect of 

direct use of household appliances on residential electricity consumption (Gugul and 

Koksal, 2017). Figure 2.1 shows graphical representation of the global residential 

electricity consumption. 

 

Figure 2.1: Global residential electricity consumption 
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2.1.2 Residential electricity consumption in Nigeria 

The large informal sector, which makes a huge part of the Nigerian economy, where small 

and medium-scale enterprises were embedded within the residential electricity 

consumers, is a major contribution to the size of the residential electricity consuming 

population (Alao, 2016). The residential sector consumes about 60 % of the total 

electricity consumption in Nigeria (Babatunde and Shuaibu, 2009; Nwachukwu et al., 

2014; Olaniyan et al., 2018). The residential sector of the Nigerian economy is 

characterized by huge population across the cities, towns and villages. Clusters of 

residential estates are a major component of the residential population. As the demand for 

electricity increases, access rate stood at 45% with electricity accounting for only 2% of 

the total final energy consumption (Momoh, 2019). The gap between demand and supply 

of electricity in Nigeria remain wide and contributes to incessant power outages to 

consumers, particularly the residential sector that consumes most of the power generated. 

It is estimated that about 60,000MW is required for stable power supply which could be 

achieved by substantial mix of renewable energy (Olaoye et al., 2016). 

2.2 Distributed Generation 

The quest for improvement of power generation capacity to meet the ever increasing 

demand, brought about paradigm shift from the regulated, vertical integration model to 

deregulated system, led to the emergence of distributed generation (DG) (Infield and 

Freris, 2020). Distributed generation is the generation of electricity, usually small-scaled, 

at or near end users. DG technologies are of different types, and consists of the traditional 

(combustion engines) and non-traditional generators as shown in Figure 2.2 (El-Khattam 

and Salama, 2004). In the context of this research, focus is on the DG from renewable 

energy sources. 
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Figure 2.2: Distributed generation types and technologies (El-Khattam and Salama, 

2004). 

 

2.3 Distributed Generation from Renewable Energy Sources 

Distributed generation from renewable energy refers to the generation of electricity from 

self-replenished sources and not earthly depleted (Owusu and Asumadu-Sarkodie, 2016). 

It is usually small-scale and low voltage with the point of connection close to the end 

users. However, connecting DG to the end-user distribution network poses challenges to 

the usual vertical system of power flow (Infield and Freris, 2020). While renewable 

energy sources are numerous, this research work is focused on solar and wind energies 

due to their abundance and ease of accessibility. 

2.3.1 Solar energy resource 

Sun provides the major source of renewable energy that is easily harnessed. On average, 

solar radiation intercepted on the earth’s surface amounts to about 8000 times the size of 

the global primary energy consumption rate of 500EJ, equivalent to 1.4×1017Wh (Infield 
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and Freris, 2020). In a day, about 120×105 Watts of solar energy, which falls on the earth’s 

surface can meet the global energy demand for over 20 years (Ahmadi et al., 2018). Solar 

energy is harnessed directly or indirectly with solar PV and concentrated solar power, 

respectively. For this study, solar PV is considered because of its applicability and 

sustainability to both high and low solar radiation,  suitability for small to medium-scale 

generation and better electricity output in the specific sized area (Ahmadi et al., 2018). 

2.3.1.1 Solar photovoltaic 

A photovoltaic (PV) cell, or solar cell, is a solid-state electrical device that converts solar 

radiation into electrical energy. The assemblage of PV cells, usually in a frame, forms the 

PV module, and interconnection of modules form a PV array (Al Momani et al., 2017; 

Murray, 2018; Olatomiwa, 2016b). Figure 2.3 (a) and (b) show the schematic circuit 

diagram of solar cell supplying load and its working principle respectively (Cagnazzi, 

2020). 

 

(a) Schematic circuit diagram of solar 

cell supplying the load. 

 

(b) Schematic circuit diagram of the 

working principle of the solar 

cell. 

Figure 2.3: Photovoltaic solar cells (Cagnazzi, 2020). 

 

From Figure 2.3 (b), the surface of solar cells are bombarded by photons (denoted as 1) 

from solar radiation, taking their energy through the cell (marked as 2). The photon 

energy is transferred to electron producing electron/hole pair in the p-type, region as 
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indicated in point 3 of Figure 2.3(b). The energized electron flows into the n-type region 

(marked as point 4) and around the circuit to charge the battery.  

The graph of I-V and P-V, shown below in Figure 2.4, represents the electrical 

characteristics of PV module. 

 

Figure 2.4: The I-V and P-V characteristic curves of PV module (Al Momani et al., 

2017). 

 

PV modules are made of the following technologies: 

i. Mono-crystalline silicon cells, Figure 2.5(a), belongs to first generation solar cells 

and most predominant. They are silicon wafers produced from a single 

homogenous crystal with up to 25 % cell efficiency for the p-type passivated 

emitter rear contact (p-PERC) (Kale et al., 2019). These cells are characterized by 

high refractive index and optical reflection of up to 40 %, which can be minimized 

by surface texturization of the silicon wafers (Basher et al., 2019). 

ii. Poly-crystalline silicon cells, Figure 2.5(b), belongs to first generation solar cells. 

They are produced from molten silicon. The cells have lower conversion 

efficiency, typically between 13 to 15 % (Cagnazzi, 2020; Murray, 2018). 

iii. Thin film solar cells, Figure 2.5(c), belongs to second generation solar cells. They 

are produced from deposits of photovoltaic material on a glass, plastic or metal 
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substrate. Examples of thin film solar cells include copper indium gallium 

selenide (CIGS), cadmium telluride (CdTe) and amorphous silicon. The thin film 

solar cells generally have lower conversion efficiency of 5-12 % (Cagnazzi, 2020; 

Murray, 2018). However, a record 14 %, 22.1 %, and 22.6 % for the amorphous, 

CdTe and CIGS types, respectively was reported in (Cagnazzi, 2020). 

iv. Multiple junction cells are the third-generation solar cells, produced from layers 

of different photovoltaic materials deposited on one another to improve 

efficiency. This can yield 33 % theoretical cell efficiency (Murray, 2018). 

v. Polymer solar cells also belong third-generation solar cells. They are not 

commercially abundant like the silicon solar cells. The cells are produced from 

organic material with performance of about 12 % attained. Polymer cells have the 

advantage of flexibility, low cost of material and can be coated or printed from a 

solution. In polymer solar cells, a conjugated polymer with semiconductor 

characteristics is used to absorb solar radiation (Cagnazzi, 2020). This is shown 

in Figure 2.6 

vi. Perovskite solar cell is also a type of thin film solar cell under research. The cell 

has shown potential with record efficiency above 20 % over a very small area 

(Cagnazzi, 2020). 

 

(a) Monocrystalline silicon 

module 

 

(b) Polycrystalline 

silicon module 

 
 

(c ) Thin film solar 

module 

Figure 2.5: PV module technologies (Cagnazzi, 2020).  
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Figure 2.6: Polymer solar cells (Cagnazzi, 2020). 

2.3.1.2 Photovoltaic systems 

PV systems are generally classified into stand-alone and grid-connected. 

i. Stand-alone PV systems 

As the name connotes, stand-alone PV systems are designed to operate without 

connection to the grid. The system supplies DC directly to the DC load or to AC load via 

the application of DC/AC inverter. This system has wide application for residential and 

commercial supply. The stand-alone system can be designed along with one or more other 

sources, such as wind, generator set and so on, to produce a hybrid system. 

ii. Grid connected PV systems 

The grid-connected system is designed and interconnected with the utility system. The 

main components are the inverter for conversion of DC output of the PV systems to AC 

power, step up transformer for producing the required voltage level, a bi-directional AC 

interface between the PV system AC output and the grid network for power flow 

regulation (Cagnazzi, 2020). 
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2.3.1.3 Solar photovoltaic performance 

According to the provisions of International Energy Agency (IEA), the performance of 

PV systems are measured based on the following IEC 61724 parameters (Marion et al., 

2005): 

i. Final yield: This parameter defines the energy production of the PV system and is 

dependent on the hours of the same energy production at rated power of the PV. 

The final yield is expressed as: 
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Where Yf  is the final yield of the PV measured in kWh/kWp or in hours. En is the 

output net energy and Pd.c is the output D.C power on the nameplate of the PV system. 

ii. Reference yield: This parameter determines the PV solar radiation resource based 

on location, weather and PV orientation. 
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Where Yr. is the reference yield measured in hours, Gi and Gr are the total in-plane and 

reference irradiance respectively. 

iii. Performance Ratio: The performance ratio determines the effect of total system 

losses on the output and is expressed as: 
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Where performance ratio is denoted as RP. The PV temperature, inefficiency of inverter, 

loss of incident irradiance on PV surface, conversion of D.C to A.C, wiring, and 

weather contributes to the overall system losses. 
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2.3.1.4 Solar photovoltaic potential in Nigeria 

Due to its geographical location, Nigeria has enormous solar energy potential. It is one of 

the most explored renewable energy resources due to its abundance and ease of 

accessibility (Infield and Freris, 2020; Olatomiwa, 2016a). Nigeria is divided into three 

solar radiation zones (Adaramola, 2014). The North-East classified as zone I, has 

potential for large-scale power generation. The zone is characterized by long sunshine 

hours, about 6 hours per day, with solar radiation of 5.7–6.5 kW/m2/day. The North-West 

and Central as zone II, also has great potential for solar power. The zone has about 5.5 

hours per day of sunshine and solar radiation of 5.0–5.7 kW/m2/day. While zone III of 

the Southern Nigeria has lower potential, though viable for decentralized and stand-alone 

applications. The zone has about 5 hours per day of sunshine with 3.5–5.0 kW/m2/day 

(Adaramola, 2014). Figure 2.7 shows the solar radiation map of Nigeria (Adaramola, 

2014). This research is focused on zone II and Abuja specifically, where the residential 

area of the study lies. Abuja has an estimated monthly global solar radiation ranging 

between 129.9 kWh/m2 to 194.4 kWh/m2 and annual global solar radiation of 1988.8 

kWh/m2 (Agbetuyi et al., 2018). 
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Figure 2.7: Solar radiation map of Nigeria (Adaramola, 2014). 

2.3.2 Wind energy resource 

Wind energy is also an abundant renewable energy source for electricity production. It 

involves the conversion of the wind’s kinetic energy into electrical energy. This source 

of electrical energy is clean and environmentally friendly, cheap, easily harnessed, 

sustainable and inexhaustible (Ahmed and Kunya, 2019; Ajayi et al., 2014; Ayodele and 

Ogunjuyigbe, 2015; Ayodele et al., 2018; Bhutta et al., 2012; Owoeye et al., 2017; 

Tummala et al., 2016). 

2.3.2.1 Wind energy systems 

The wind energy technology is basically the wind turbine. The turbine is made of the 

blades, generator, gearbox and other associated parts, as shown in Figure 2.8. The wind 

turbine can be likened to fan blades, but in the opposite mode of operation. While fan 

produces ‘wind’ from electricity, the wind turbine produces electricity from the wind. 
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The wind from the atmosphere turns the blades connected to the rotor, which energizes 

the generator to produce electricity (Annapolis, 2020). 

 

Figure 2.8: The parts of a wind turbine (Annapolis, 2020). 

The turbines are generally classified into two types based on axis of rotation. The 

Horizontal Axis Wind Turbine (HAWT) and the Vertical Axis Wind Turbine (VAWT) 

(Ahmed and Gawad, 2016; Annapolis, 2020; Ayodele and Ogunjuyigbe, 2015; Bhutta et 

al., 2012; Tummala et al., 2016). The former is predominantly used due to higher 

efficiency and lower cost to power ratio over the latter (Johari et al., 2018; Marinić-Kragić 

et al., 2019). However, wind turbines are also classified based on rotor diameter, power 

rating, and aerodynamic force (Johari et al., 2018; Kumar et al., 2018; Tummala et al., 

2016) as shown in Figure 2.9. 
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Figure 2.9: Classification of wind turbines (Kumar et al., 2018). 

The HAWT consists of the tower, the blades and the nacelle which contains the gearbox, 

generator, transformer and other components of the turbine structure. VAWT, on the other 

hand, is less complex in design, produces less noise and is suitable for small-scale 

applications (Marinić-Kragić et al., 2019). Figure 2.10 shows the schematic structure of 

the HAWT and the VAWT (Ayodele and Ogunjuyigbe, 2015). 

 

Figure 2.10: The schematic diagram of horizontal and vertical axis wind turbines 

(Ayodele and Ogunjuyigbe, 2015). 
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2.3.2.2 Wind turbine performance 

The performance of a wind turbine is affected by three basic parameters. These are the 

power curve, hub height and distribution of wind speed at a particular area (Olatomiwa, 

2016b). 

1. Power Curve: At a given wind speed, the power output power of a wind turbine 

is obtained from the power curve provided by the manufacturer (Olatomiwa, 

2016b). 

2. Wind speed distribution: This is usually obtained using the Weibull distribution 

function expressed as: 
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And the cumulative probability function is: 
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Where; v ≥ 0, k > 1, and c > 0 and v, k, c are the wind speed, scale and shape 

parameters respectively. 

3. Turbine hub height: The power law, among numerous expressions of the wind 

speed and hub height, provides a simplified relationship given as: 
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Where v is the velocity of the wind at a desired height of the hub, h. while 0v , 0h  are the 

velocity at reference height and α is the coefficient for surface roughness of a given 

area. 

2.3.2.3 Wind energy potential in Nigeria 

Nigeria has great wind energy potential for electricity generation. The far northern region 

has wind speed ranging from approximate values of 4.0 m/s to 5.12 m/s, with annual 

average of between 2m/s to 4 m/s at hub heights of 10 m. The Southern region has lower 

potential, with wind speed between 1.4 m/s to 3.0 m/s. Studies have shown high wind 

energy reserve that could be harnessed to produce 97 MWh/year in Sokoto and 51 

MWh/year in Jos (Ahmed and Kunya, 2019; Aika et al., 2020; Ayodele et al., 2018; 

Olanipekun and Adelakun, 2020; Olomiyesan et al., 2017). Abuja, North Central Nigeria, 

being the location of focus for this research work, has an annual mean wind speed of 

3.244 m/s at hub height of 10 m (Owoeye et al., 2017). Figure 2.11 and 2.12 shows the 

wind speed and wind farm suitability map of Nigeria respectively (Ayodele et al., 2018). 

 

Figure 2.11: The wind speed map of Nigeria (Ayodele et al., 2018). 
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Figure 2.12: Wind farm suitability map of Nigeria (Ayodele et al., 2018). 

2.3.3 Energy storage systems 

One major problem associated with renewable energy resources is intermittency due to 

weather and climatic conditions (Barzegkar-Ntovom et al., 2020; Olatomiwa et al., 2015). 

The energy storage systems provides the means of storing electrical energy that could be 

made available when the renewable resources are unavailable. Thus, the energy storage 

systems ensures efficient utilization of the renewable energy resources, which enhances 

power system reliability and security (Kucevic et al., 2020; Olatomiwa et al., 2015; Yang 

et al., 2018). 

 

Energy storage methods in power systems include the following; thermal storage system, 

electro-chemical storage system (battery storage), electro-mechanical storage system and 

pumped hydro storage system with a global installed capacity of 169 GW, equivalent to 

96 % (Murray, 2018). Battery storage accounts for approximately 2GW, 1.1 % of the total 

installed capacity. Figure 2.13 shows the global installed capacity of the energy storage 

systems according to the International Renewable Energy Agency (IRENA), 2017. 
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Figure 2.13: Global capacity of stationary energy storage (Murray, 2018). 

2.3.3.1 Battery energy storage systems (BESS) and technologies 

With a global installed capacity of about 10 GWh , IRENA, 2017 (Figgener et al., 2020), 

the application of BESS has witnessed significant growth due to increased deployment of 

renewable energy systems, technological advancement, reduced cost and provision of 

ancillary services (Barzegkar-Ntovom et al., 2020; Figgener et al., 2020; Mexis and 

Todeschini, 2020). The integration of BESS components in PV systems enhances 

residential energy utilization and sufficiency (Barzegkar-Ntovom et al., 2020). Battery 

technologies includes the lithium-ion batteries, lead-acid batteries, alkaline batteries and 

the silver batteries. Though both the lithium-ion and the lead-acid batteries are the 

commonest in existence (Murray, 2018), the lead-acid is more often used in hybrid 

renewable energy systems (Olatomiwa et al., 2015). Figure 2.14 shows the capacities of 

battery energy technologies according to IRENA 2017 
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Figure 2.14: Capacities of battery energy technologies, IRENA 2017 (Murray, 2018). 

 

The battery capacity, at any time t, depends on certain factors, including the previous 

state of charge (SOC), availability of energy from the source components, and the load 

demand. 

2.3.4 Hybrid renewable energy systems (HRES) 

The integration of two or more single renewable energy system discussed above, forms 

the hybrid renewable energy system (Kumari et al., 2017; Olatomiwa, 2016b). The cluster 

of the renewable energy components that produces the HRES, operates independently but 

in a well-coordinated manner (Olatomiwa et al., 2015; Olatomiwa, 2016b). The HRES 

minimizes the effect of intermittency, ensures sustainability and higher reliability of 

supply over the single energy systems (Bilal et al., 2016; Kalappan et al., 2020; 

Krishnamoorthy et al., 2020; Lipu et al., 2017; Olatomiwa et al., 2018). There are various 

possible HRES including but not limited to the following; Solar-Wind-Battery system, 

Solar-Wind-Battery-Grid system, Solar-Wind-Grid. A typical HRES configuration is 

shown in Figure 2.15 (Mercado et al., 2016). 
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Figure 2.15: Hybrid renewable energy system configuration (Mercado et al., 2016). 

2.3.5 Optimum system configuration 

This is required to meet the system load demand. This is achieved by conducting the 

power system reliability and the system life-cycle cost analysis. 

i. Power system reliability analysis:  

This aims at designing the most economical and cost-effective system that meets the load 

demand. Methods used include Loss of Load Probability (LOLP), which is a probability 

measure of the system demand exceeding supply capacity of the system at a given time. 

The Loss of Power Supply Probability (LPSP), is a measure of the system probability of 

supply inadequacy due to the inability of the hybrid system supply to meet the load 

demand. The Loss of Load Hours (LOLH) is associated with LOLP. It’s a measure of the 

hours load exceeds supply in a year. The System Performance Level (SPL) measures the 

probability that load demand cannot be met (Negi and Mathew, 2014). 

ii. System life-cycle cost analysis 

This analysis includes the Net Present Cost (NPC) which has 3 components; the initial 

cost of components, the cost of replacement and the cost of maintenance. The Levelized 
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Cost of Energy (LCOE) is a ratio of the total cost of the system per annum to the annual 

electricity supplied by the system (Negi and Mathew, 2014). NPC and LCOE are 

expressed in Equations (2.7) and (2.8), respectively.  
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Where tc is the cost per annum for t years, n is the project lifetime in years and r, the 

annual discount rate. 
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where ec is the annual cost of electricity produced, bc is the total marginal boiler cost, sh

and se are the total heat and total electricity served respectively. 

2.3.6 Optimization techniques and software packages 

To mitigate the challenges associated with HRES generation, such as the impact on 

system voltage profile, power losses, loading and faults. Several optimization techniques 

have been used to conduct techno-economic evaluation to design hybrid systems. These 

include the Hybrid Optimization for Multiple Energy Resources (HOMER), Hybrid 

Optimization by Genetic Algorithm (HOGA), Integrated Simulation Environment 

Language (INSEL), Transient System (TRNSYS), Photovoltaic systems (PVsyst), Digital 

Simulation of Electrical Networks (DIgSILENT) and so on. For this research work, 

HOMER and DIgSILENT software were chosen to conduct the techno-economic 

assessment. 
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2.3.6.1 Hybrid optimization for multiple energy resources (HOMER) 

The HOMER software, a product of the National Renewable Energy Laboratory (NREL) 

of the United States of America, is a renewable energy-based, general purpose system 

design and optimization tool(Olatomiwa et al., 2015) with the capability to simulate, 

optimize and performs sensitivity analysis of different hybrid scenarios to determine the 

optimal configuration for both off-grid and grid integrated systems and avail users the 

accessibility of techno-economic feasibility outcomes (Akinyele, 2017; Al Ghaithi et al., 

2017; Olatomiwa and Blanchard, 2019). HOMER performs simulation process modelling 

of hybrid configuration based on each time step. The optimization process considers 

various scenarios to determine the configuration that fulfills system constraint at the 

minimum life-cycle cost (Magarappanavar and Koti, 2016). HOMER also conducts 

Sensitivity analysis that involves performing different optimizations to determine the 

techno-economic impacts on the optimized system configurations. Several inputs, such 

as the load demand data, energy resources data, technologies and cost, are required for 

the optimization. HOMER makes a comparative analysis of the energy generated by 

different configurations with the load profile, every hour for the year. The NPC, operating 

cost and the LCOE optimal configuration that meets the load demand is then computed 

(Kumar and Deokar, 2018; Lipu et al., 2017; Olatomiwa et al., 2015; Radzi et al., 2019). 

2.3.6.2 Digital simulation of Electrical network (DIgSILENT) 

DIgSILENT PowerFactory is a power system simulation software used for power system 

generation, transmission, and distribution applications. The software combines classical 

power system analysis such as voltage rise/drop calculation, unbalanced systems 

evaluation, fault level determination and so on, with modern power system tools such as 

quasi-dynamic simulations,  and load flow probabilistic calculation. The software 
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conducts power system modelling, simulation and analysis. DigSilent tool creates system 

designs on a textual database environment with all power system components. DigSilent 

program offers various evaluation methods, such as Newton Raphson’s method for 

balanced and unbalanced AC systems, and the linear DC method (Nassar et al., 2020). 

The software is useful for both transient faults, such as grid faults and non-transient faults 

associated with power quality and control problems of wheeling energy (Hansen et al., 

2003). 

2.4 Energy Wheeling 

Energy wheeling refers to an intermediate, third-party transportation of electric energy 

from the producer to the consumer based on bilateral transaction agreement (Ramanathan, 

2019; Saxena et al., 2016). Wheeling is broadly divided into own use and not own use 

systems. In the own-use system, both the producer and the consumer, at a separate 

location, belong to a single entity. For not own-use system, the consumer is not owned 

by the producer (Santosa and Rusdiansyah, 2018). Wheeling transaction has cost of 

energy and cost of transmission. The charges are computed with several methodologies 

(based on techno-economic factors) such as MW-Mile, path-contract, post-stage stamp 

and marginal cost (Li et al., 2017). 

2.4.1 Energy wheeling charges 

The use of the existing utility network attracts certain charges payable by the users, such 

as the IPP. Several methodologies have been adopted for calculating wheeling charges, 

some of which are (Lee et al., 2001; Murray, 2018): 

i. Contract Path: This method is based on a specified path of electricity flow within 

the wheeling utility transmission network. The cost of wheeling power along this 
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path is paid by the buyer. However, the buyer is not liable for power flow outside 

the specified path. 

ii. Postage Stamp: This method is based on the assumption that the entire utility 

transmission network is involved in energy wheeling rather than actual wheeling 

path. This system has no regard for distance between the supplier and the buyer. 

iii. Distance-based method: This method takes into cognizance the straight line 

distance between the producers and the buyers. 

iv. Load flow-distance based: This method calculate the cost/megawatt-kilometer of 

the transmission line based on load flow. 

v. Nodal pricing method: The cost are based on the nodal points. 

Distributed generation predominantly from renewable energy sources, deployed for 

wheeling systems are known to create techno-economic imbalance that has been studied 

by several researchers (Infield and Freris, 2020; Sood et al., 2002). Some of the 

distribution network indices are presented. 

2.5 Distribution Network Performance Indices 

The distribution network is designed to operate under certain conditions efficiently. The 

voltage profile, fault level, power losses and thermal loading are some of the critical 

characteristics of the system that are desired to be kept within designed limitations. These 

have been considered for this study, and presented. 

2.5.1 Distribution network voltage profile 

Voltage drop occurs between the source and the load and as the distance increases, voltage 

drop becomes significant (Murray and Adonis, 2019; Murray, 2018). The line impedance 

and the quantity of load current accounts for the loss. The grid code for the Nigeria power 
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system provides an operating range of 0.95p.u (10.45 kV) and 1.05p.u (11.55 kV) for 11 

kV voltage level, 0.94p.u (31 kV) and 1.06p.u (34.98 kV) for 33 kV voltage level. Figure 

2.16 shows a two-bus distribution network used for the illustration of voltage drop in 

distribution systems. 

 

 

Figure 2.16: Voltage drop in a two-bus distribution network (Murray, 2018) 

The current I is given by the Equation (2.9): 
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where S is the apparent power at the load bus 2, with voltage V2 conjugate, VS is the 

transformer primary voltage (V), V1 is the transformer secondary voltage (V), V2 is the 

load bus voltage (V), P is the active power flow (W), Q is the reactive power flow (var), 

PL is the active power at the load (W), and QL is the reactive power at the load (var). 

 The drop in voltage is given by, 
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The voltage angle 
1 2

V V−  is small, for small voltage flow. Thus, the imaginary part of 

Equation (2.10) can be neglected. Therefore, the voltage drop becomes: 
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Hence, from Equation (2.11), the voltage drop along a line is a function of PL, QL, and 

most importantly V2٭ which is obtained from load flow studies. 

2.5.2 Distribution network fault level 

Faults in power systems could be caused by equipment failure, maloperation, and 

natural phenomena such as thunder, tornadoes, etc. The equivalent voltage source is 

used to illustrate three-phase symmetrical short circuit as shown in Figure 2.17 (Murray, 

2018). 

 

Figure 2.17: The symmetrical short circuit current using equivalent voltage source 

(Murray, 2018). 

Using the equivalent voltage source, the three-phase symmetrical short circuit current is 

given as: 
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where ZK is the equivalent short circuit impedance of the network at the fault location 

(Ω), ZS = network impedance (Ω), ZT = transformer impedance (Ω) and ZL = load 

impedance (Ω) and cVn = equivalent voltage source with voltage factor c, for scaling 

equivalent voltage source in the calculations to account for system voltage variations. 
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2.5.3 Distribution network line losses 

Line losses are a function of the line resistance and the magnitude of current flowing in 

the circuit.  

The line losses in a distribution network is given by Equation (2.13) (Murray, 2018): 

 23
loss L

P I R L=      (2.13) 

where Ploss is the line losses (W), R is the line resistance (Ω), L is the substation to load 

distance in km, IL is the line current (A). 

2.5.4 Distribution network thermal loading 

Power system equipment are designed to operate under certain specification such as the 

current carrying capability. Beyond the design limit, equipment may be overloaded, 

leading to excessive temperature rise and eventual insulation breakdown. Integrating DG 

provides additional capacity to relief overload. 

2.6 Impact of Distributed Generation on Distribution Network Performance 

For wheeling energy generated from DG sites of IPP, the integration of distributed 

generation to the existing distribution network is required. This operation alter the flow 

of power and could distort the network voltage profile, fault level, losses, and thermal 

loading (Khetrapal, 2020; Murray, 2018; Zhang and Zhu, 2021). 

i. Voltage Profile 

The voltage drop of a DG-connected distribution line is a function of the line voltage drop 

and the connected DG. It is required that integration of DG does not affect the network 
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beyond the allowable designed limits. The two-bus distribution feeder of Figure 2.16 is 

connected with DG as shown in Figure 2.18. 

 

Figure 2.18: The DG-connected two-bus distribution line (Murray, 2018). 

The voltage drop is expressed by Equation (2.14): 
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where PDG is the active power generated by the DG and QDG is the reactive power 

generated by the DG. 

ii. Fault Level 

The integration of DG contributes to the system fault level, depending on the type, size, 

mode of connection and fault distance. The network of Figure 2.17 is connected with a 

DG, as shown in Figure 2.19, to determine the impact on fault level. 

 

Figure 2.19: The symmetrical short circuit current of DG connected network using 

equivalent voltage source (Murray, 2018). 
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The short circuit current is expressed as: 

 
3 3( )

K

K S T L DG

cVn cVn
I

Z Z Z Z Z
= =

+ + +
  (2.15) 

where ZDG = equivalent impedance of the DG (Ω). 

iii. Line Losses 

With DG connected to the network, the total network losses is the sum of network losses 

between the substation and DG, and network losses between the load and DG (Murray, 

2018). 

The losses between the substation and DG is given as follows: 

 2 2 2 2

( ) 2
( 2 2 )

3
loss SDG L L G G L G L G

L

R G
P P Q P Q P P Q Q

V


= + + + + −   (2.16) 

And the losses between the load and DG are expressed as: 
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  (2.17) 

Therefore, the total network losses is expressed as: 
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( )
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Tloss

L

R P Q
P L G

V

 +
= −   (2.18) 

where PL is the active power of load (W), PG is the active power of DG (W), QL is the 

reactive power of load (var), QG is the reactive power of DG (var), VL is the load voltage 

(V), G is the distance between substation and DG (km), L is the distance between load 

and DG (km). 
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iv. Thermal Loading 

Power system equipment are designed to operate under certain specification such 

as the current carrying capability. The transformers, cables, overhead line 

conductors and so on, efficiently operate within this limitation. Beyond the design 

limit, equipment may be overloaded, and this could lead to excessive rise in 

temperature and eventual breakdown of insulation. However, Integrating DG 

provides additional capacity that could relief overload. The thermal loading of a 

line can be expressed in current, active power flow and apparent power flow. 

Hence, between 2-nodes/buses, the current flow measuring thermal loading is 

expressed by Equation (2.19): 
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where I and S are the current flow and apparent power flow respectively. 

Distributed generation predominantly from renewable energy sources, deployed for 

wheeling systems are known to create techno-economic imbalance that several 

researchers have studied. The distribution network voltage, fault level, thermal loading, 

and line losses are some system characteristics subjected to distortion. The effort by 

researchers to investigate the impact of DG on distribution network characteristics is 

presented below. 
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2.7 Review of Related Works 

 The continued exploration of renewable energy resources for power generation has 

significantly improved supply to consumers. However, the utilization of renewable 

energy, particularly through integration to the existing power system network, are 

associated with certain challenges. Renewable energy fraction, intermittency, stability, 

impact assessment and so on have been the subject of several researches. Some of the 

research that relates to this work is therefore presented. 

 

Murray (2018), carried out techno-economic analysis of a distribution network that 

supplies two industrial loads in South Africa and a comparison was made with a network 

powered by a DG using HOMER and DIgSILENT PowerFactory simulation software. 

DIgSILENT PowerFactory was used to assess the impact of DG technology and size on 

system parameters like voltage profile, line losses, fault level and equipment thermal 

loading. HOMER was used to evaluate cost analysis of wind, solar and hydropower 

energy. 

  

The result showed solar and wind resources with greater potential having Global 

Horizontal Irradiance (GHI) level above 2200 kWh/m2 and wind speed of 8 m/s at 100 m 

above sea level respectively. Furthermore, for both cases, wind energy was financially 

more viable with levelized cost of electricity (LCOE) at 0.065 $/kWh for 16 MW and 

0.063 $/kWh for 70 MW. The impact of voltage profile was negligible on the buses, but 

was against the upper limit of 1.095pu as the distance between the DG and substation 

increases. The result also showed that the larger the size of DG, the higher is the fault 

contribution to the system. Distance affected both line losses and equipment thermal 

loading. Power loss became pronounced with increased distance between the load and the 
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DG. DG produced marginal increase in the thermal loading of the lines but dampened as 

it get farther from the load. 

 

From the techno-economic analysis, the result showed realistic potential for wheeling of 

energy, particularly from the wind resources to large industrial loads (Murray, 2018). 

However, the study was limited to industrial load and the viability on residential load of 

diverse and stochastic characteristics was not examined. 

 

A techno-economic assessment of an off-grid hybrid energy system was conducted in 

Masirah Island, Oman (Al Ghaithi et al., 2017). Different combinations of energy sources 

that could form the proposed hybrid system were analyzed. The base-case was the fully 

dependent diesel powered network of 20.3 MW total installed capacity, 16.7 MW net 

available capacity and 13.4 MW peak demand in 2014. Others were diesel-PV and diesel-

PV-Wind hybrids scenarios. Both PV and wind generators were modelled to 3 MW 

maximum capacity. Power systems simulation software, HOMER and DIgSILENT, were 

used to optimize the proposed hybrid system and integration to the existing network 

respectively.  

The results indicated diesel-PV-Wind hybrid system as the most economically viable, 

having a reduced net present cost of 7 % in comparison with the diesel system and 5 % 

with the diesel-PV system. It also has the lowest cost of energy of 0.272 $/kWh. The 

result also indicated a significant impact of load distance on the voltage profile at the 11 

kV and 33 kV feeders, in the absence of renewable sources. The farthest bus dropped 

below the nominal voltage by about 15 %, at 0.85p.u. However, with PV integrated at the 

farthest bus, the line load reduced and the system voltage improved but below the 

acceptable voltage limit of 0.92p.u. With the wind generator connected to the system, the 
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voltage improved further at the point of connection but remained constant around the 

weakest segments of the network. Finally, the PV was redesigned with voltage control to 

inject reactive power into the system. The result indicated an overall system voltage 

improvement that operated within acceptable designed limits. The weakest bus being 

0.98p.u. The result of the assessment showed that renewables’ integration is techno-

economically beneficial to the existing power system network. However, grid integration 

of the renewable system was not considered. Thus, the effect of the system on the power 

losses, thermal and voltage profile of the distribution network was not carried out. 

 

Dahiru et al. (2020), conducted a techno-economic analysis of a grid-connected nanogrid 

with PV, wind turbine, and battery storage systems for tropical climates of the Savannah. 

The system was designed for residential load of five households at Danladi Nasidi 

quarters, Kano, Nigeria. A 24 hours load demand of the households was obtained through 

survey and HOMER optimization software was used to conduct the analysis. The 

residential daily load demand of 355 kWh and 42 kW load profile in a 24 hour was 

obtained. The best optimal configuration obtained had 150 kW PV capacity, 4500 kW 

and 130 kW wind turbine and inverter components respectively. A comparative analysis 

of the techno-economic results obtained was achieved with the design carried out 

by(Dahiru and Tan, 2020) on standalone nano-grid system. A 98 % renewable fraction 

obtained was much higher by 28 % and the grid integration offers a solution to excess 

generation with potential for trade-offs. The result also showed lower greenhouse gas 

emission (GHG) of 2328 tons/year against 4000 tons/year. Economically, a much lower 

LCOE of -0.0110 $/kWh against 0.689 $/kWh and NPC of -$366,210 were obtained. 

Furthermore, the result is an indication of higher prospect for energy export to the existing 
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conventional grid network(Dahiru and Tan, 2020). However, the impact assessment on 

voltage profile, thermal loading and power losses were not conducted. 

 

Olatomiwa et al. (2019) conducted a study that maximizes renewable penetration and 

minimizes cost of providing access to electricity for rural dwellers in achieving 

sustainable development goals (SDG). A rural healthcare centre was considered for the 

study and analysis was performed using HOMER software for techno-economic and 

environmental impact assessments. The demand side management (DSM) approach was 

also deployed to minimize the peak and average demand. For an average daily demand 

of 20.58 kWh, an optimum hybrid system configuration of PV/battery/Gen with 75 % 

reduction in CO2 was obtained. The result also produced COE of 0.224 $/kWh, NPC of 

$61.917.6 with initial capital cost of $16,046.5. The optimal configuration obtained when 

the DSM was utilized produced lower values of COE, NPC and initial capital cost 

amounting to $0.166 /kWh, $18,614.7 and $10,070.8, respectively. Thus, substantial 

savings of 25.8 % and 70 % in COE and total NPC, respectively, were achieved for the 

health centre (Olatomiwa and Blanchard, 2019). However, the analysis lacked grid 

integration; thus, the impact assessment on voltage profile, thermal loading and power 

losses were not studied.  

 

Bilal et al. (2016), examined the economics of wheeling energy from hybrid systems to 

Gadoon industrial load, Pehur, Pakistan using HOMER optimization software. Different 

hybrid scenarios including Grid-Hydro-PV-Wind, Grid-Hydro and Grid-based (non-

renewable) systems were considered. The result obtained showed the Grid-Hydro-PV-

Wind hybrid system as the most economical with 42.85 % and 33.98 % reduction in 

electricity tariff and grid energy consumption respectively. Due to the already installed 
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hydro component, the COE and grid purchase also reduced by 26.89 % and 63.32 % 

respectively. A high renewable fraction of 66 % was achieved from the system(Bilal et 

al., 2016). However, the study was limited to industrial load and the impact of energy 

wheeling on voltage profile, power losses and thermal characteristics were not studied. 

Ayadi et al (2018), carried out a techno-economic assessment of grid-connected PV 

system for the University Jordan. The Trnsys model simulation software was used to 

determine the final yield, conversion efficiency, simple payback period and internal rate 

of return (IRR) based on Build Operate and Transfer (BOT) and Engineering Procurement 

Construction (EPC) models. The results produced EPC as a better model with 3years 

payback period having 32 % IRR(Ayadi et al., 2018). However, the impact of the system 

on voltage profile, losses and thermal loading were not studied. 

 

Purohit et al (2018), performed a techno-economic assessment on 39 PV-grid projects in 

India, of capacities between 2 MW to 20 MW. PVsyst model was used to determine the 

energy yield and an average 20.33 % Capacity Utilization Factor (CUF) was obtained for 

all projects against the 19 % benchmark fixed by the country’s central electricity 

regulatory commission. The data obtained from the project locations were also used to 

carry out technical simulation of static and dynamic solar irradiance. The dynamics 

showed a little lower capacity factor than the statics. The techno-economic result also 

showed mutual deviation ranging from -14 % to 27 % and -12 % to 31 %. The LCOE 

varied from INR 5.21 kWh to INR 5.88 kWh. The assessment showed a generally low 

performance of the PV projects(Purohit and Purohit, 2018). However, optimization of PV 

outputs was not studied and the impact on voltage and thermal loading was also not 

studied. 
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Azerefegn et al. (2020), carried out an analysis of grid-connected PV/Wind system to 

improve electricity supply reliability to Ethiopian industrial parks. Three industrial sites 

were considered to conduct the analysis using HOMER Pro software. Among the different 

scenarios analyzed, the grid/diesel/PV/wind/battery system was techno-economically 

viable for all the three locations. The cost of energy were 0.044, 0.049 and 0.048 $/kWh. 

CO2 emission reduced by 45 %, 44 % and 42 %(Azerefegn et al., 2020). However, the 

impact assessment on voltage profile, thermal loading and power losses were not studied. 

 

Al Momani et al (2017), studied the impact of PV systems on voltage profile and power 

losses of 33 kV distribution networks in Al-Mafraq, Jordan. The PV total output of 10 

MW integrated to the networks were analyzed using DigSILENT power factory. The 

analysis performed on the Salhyia 33 kV feeder of 7 MW before and after connection to 

PV output of 3 MW showed a decline in voltages with increased distance from the source. 

Highest value of 0.98p.u and least value of 0.94p.u were obtained when the PV 

component was not connected. The result indicated improvement in voltage profile when 

PV is connected with least value of 0.95p.u. Power losses significantly reduced from 7.01 

% to 3.82 % before and after PV integration, respectively. Additional scenarios of PV 

output equal to and greater than load (by 50 %) were analyzed and the result displayed 

similar trend. The later, however produced higher losses (15.19 %) beyond the allowable 

limit of 11 % in distribution power system(Al Momani et al., 2017) Similar studies 

conducted on the impact of high PV penetration on voltage profile and power losses 

produced similar results(Sultan et al., 2019). However, the optimal PV output to be 

integrated was not ascertained as integration of existing capacities were analyzed and the 

system thermal effects were not studied. 
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The results of the above literatures reviewed consistently validate improvement in power 

system performance with integration of renewable DG. Grid-based integration with 

emphasis on system improvement and wheeling to industrial consumers have been 

implemented. However, wheeling to residential consumers leaves much to be desired. 

The impact of wheeling DG to a residential load of diverse and stochastic characteristics 

is yet to be comprehensively examined. Therefore, the aim of this research is to 

investigate the impact and viability of wheeling distributed generation of renewable 

resources from an IPP to residential loads, as an alternative approach to improved energy 

delivery using Gwarinpa Housing Estate, Abuja, as a case study. This will be carried out 

with the following objective in mind; To determine the optimum hybrid renewable energy 

potentials for DG that meet the case study residential loads, based on levelized cost of 

energy (LCOE) and net present cost (NPC) using HOMER., to determine the impact, and 

comparatively analyze the voltage profile, fault level, power losses and thermal loading 

of the case study distribution network with and without renewable DG integration using 

DIgSILENT and finally, determine the viability of energy wheeling to the residential load 

based on the outcome of these objectives. 
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CHAPTER 3 

3.0    RESEARCH METHODOLOGY 

This chapter presents the methodology adopted for the research study. The block 

diagram of the method adopted is shown in Figure 3.1. A detailed description of the 

components and the implementation flowchart is also presented. The solar and wind 

renewable energy assessment, load profile, and utility distribution network of the case 

study was obtained and presented. 

 

 

   

 

 

 

 

 

 

 

Figure 3.1: Block diagram of the method adopted 
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3.1 Methodology Framework 

The methodology framework involves analysis of load consumption, assessment of 

renewable energy potential and the grid. These parameters formed the basis for the 

HOMER optimization process that produced the optimum hybrid system that meets the 

load demand of the estate. A load flow analysis was conducted to determine the impact 

of wheeling the renewable DG on the distribution network using DIgSILENT. 

3.2 Load Pattern of Gwarinpa Housing Estate 

The selected residential estate, Gwarinpa Housing Estate (GHE) Abuja, is mainly a 

residential area but consists of socio-economic businesses (Nnodu et al., 2017). The load 

profile of the estate was obtained from the power supply utility companies viz the 

Transmission Company of Nigeria (TCN) and Abuja Electricity Distribution Company 

(AEDC). The hourly load consumption of the GHE for the year 2019/2020 was obtained, 

and average values for each hour for the month were computed as input for HOMER 

optimization. The average daily peak consumption of 13.997 MW was recorded at 1900 

hours in June, and the average annual peak of 22.7 MW in the same month. The daily and 

monthly load profiles are shown in Figures 3.2 and 3.3, respectively. 

 
     Hour 

Figure 3.2: Daily load profile of GHE 
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Month 

Figure 3.3: Monthly load profile of GHE 

 3.3 Models of Renewable Energy Resources 

The renewable energy (RE) flow path is shown in Figure 3.4 (Infield and Freris, 2020). 

Some RE technology that may be available for the case study includes hydroelectric, 

photovoltaic (PV), wind, biofuels and so on.  For this work, renewable energy resources 

of wind and solar PV were considered due to the comparative advantages of these sources 

to the research case study’s geographical location, their abundance and ease of 

accessibility. 

 
Figure 3.4: The renewable energy flow path (Infield and Freris, 2020). 
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3.3.1 Solar resources 

Sun provides the major source of renewable energy that is easily harnessed. On average, 

solar radiation intercepted on the earth’s surface amounts to about 8000 times the size of 

the global primary energy consumption rate of 500 EJ, equivalent to 1.4×1017 Wh (Infield 

and Freris, 2020). Nigeria, being a high solar insolation country has great potential for 

solar energy production. Abuja has an estimated monthly global solar radiation ranging 

between 129.9 kWh/m2 to 194.4 kWh/m2 and annual global solar radiation of 1988.8 

kWh/m2 (Agbetuyi et al., 2018). 

3.3.1.1 Assessment of the solar energy resources 

The potential for solar energy resources for the case study was determined using HOMER 

software. The monthly average solar global horizontal irradiance obtained from the 

National Solar Radiation Database, National Renewable Energy Laboratory (NREL) 

database is presented in Table 3.1. From the result, an annual average of 5.55 kWh/m2/day 

was obtained. 
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Table 3.1: Solar energy resources for GHE 

Month Clearness Index 
Daily Radiation 

(kWh/m2/day) 

January 0.630 5.673 

February 0.585 5.641 

March 0.605 6.209 

April 0.582 6.114 

May 0.553 5.727 

June 0.512 5.219 

July 0.455 4.654 

August 0.455 4.722 

September 0.501 5.159 

October 0.599 5.865 

November 0.653 5.949 

December 0.643 5.628 

 

3.3.1.2 Mathematical modeling of the photovoltaic system 

The equivalent circuit of the PV cell is shown in Figure 3.5 

 

Figure 3.5: Single-diode equivalent circuit of a PV cell (Al Momani et al., 2017). 

Applying Kirchhoff’s current law to the circuit of Figure 3.5, the output current of the 

PV module, I  is given as (Al Momani et al., 2017; Aoun and Bailek, 2019; Zaidi et al., 

2018). 

 
pph d RI I I I= − −   (3.1) 
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where phI  is the photovoltaic (light-generated) module current, dI  is the current (voltage-

dependent) lost due to recombination, and 
PRI  is the current lost due to parallel or shunt 

resistance. 

dI  modelled using Shockley Equation for an ideal diode, is given as; 

 exp 1s
d o

T

V IR
I I

nV

  +
= −  

  

  (3.2) 

where oI  is the reverse saturation current of the diode, V  is the output voltage of the PV 

module, sR  is the series resistance, n  is the ideality factor of the module which is a 

measure of deviation of the diode from the ideal factor Equation. TV  is the thermal voltage 

expressed as; 

 O
T

KT
V

q
=   (3.3) 

where K  is the Boltzmann’s constant, oT  is the absolute temperature, and q  is the 

electron charge. 

The current lost due to parallel or shunt resistance, 
PRI  is; 

 s
P

P

V IR
IR

R

+
=   (3.4) 

where PR  is the parallel or shunt resistance. 

Thus, Equation (3.1) becomes; 
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  (3.5) 
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The power output of PV module is given as (Aoun and Bailek, 2019; Olatomiwa et al., 

2015) 

 ( )1o r T c ref

ref

G
P P K T T

G

 
 =   + −    

 

  (3.6) 

where oP  is the PV cell power out, rP  is the PV cell rated power at reference condition, 

G  is the solar radiation measured in 2/W m , refG  is the solar radiation at standard 

temperature, given as; 
21000 /refG W m= . TK  is the temperature coefficient of the PV 

module, cT  is the PV cell temperature, expressed as; ( )0.0256c ambT T G= +  , where ambT  

is the ambient temperature. refT  is the temperature of the cell at reference conditions, 

given as; 25o

refT C= . 

3.3.2 Wind energy resources 

Abuja has an annual mean wind speed of 3.244 m/s at hub height of 10 m (Owoeye et al., 

2017). However, the GHE site and meteorological data required for the simulation and 

optimization of PV/Wind hybrid energy generation system was imported from National 

Aeronautics and Space Administration (NASA) satellite measurement using HOMER 

optimization software. 

3.3.2.1 Assessment of the wind energy resources 

The National Aeronautic Space Agency (NASA) in HOMER software was deployed to 

generate the wind resources of GHE. An annual average wind speed of 3.01 m/s at 

anemometer height of 50 m was obtained. The detailed result is shown in Table 3.1 
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                      Table 3.2: Monthly average wind speed of GHE 

Month Average wind speed (m/s) 

January 
2.970 

February 
2.860 

March 
3.230 

April 
3.100 

May 
3.220 

June 
2.190 

July 
3.190 

August 
3.210 

September 
2.990 

October 
2.580 

November 
3.010 

December 
2.830 

 

3.3.2.2 Mathematical modeling of the wind turbine 

The mean wind speed (MWS) is the commonly used parameter for determining wind 

energy potential. A wind speed of 3 m/s at 10m is viable for utility-scale wind farm. Mean 

wind speed is defined as (Owoeye et al., 2017). 

 
1

1 n

i

i

MWS v
n =

=    (3.7) 

where n is the sample size and iv is the speed of wind measured for the thi time. 

However, this wind power density is a better parameter for determining wind energy 

potential (Ahmed and Kunya, 2019). The mean wind power density wP , is given as 

(Ahmed and Kunya, 2019; Olatomiwa et al., 2015; Owoeye et al., 2017). 
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31

2
wP v=   (3.8) 

where  is the density of air ( )31.225 /kg m , and v is the speed of the wind. 

The mechanical power produced over an area from the conversion of wind energy by the 

wind turbine is expressed as; 

 
31

2
mP Av=   (3.9) 

where A = area. 

The electrical power eP  obtained from the conversion is (Olatomiwa et al., 2015). 

 
3 3

max

1
10

2
eP P A v −=        (3.10) 

Where maxP is the maximum power extraction efficiency of the wind turbine system. 

3.4 Hybrid System Modelling and Optimization 

The HOMER Pro software was used to model and evaluate the optimal hybrid system 

based on the load consumption and meteorological data of GHE. HOMER software, has 

the capability to conduct simulation, optimization and sensitivity analysis of different 

scenarios to determine the optimal configuration for both off-grid and grid integrated 

systems and avail users the accessibility of techno-economic feasibility outcomes (Al 

Ghaithi et al., 2017; Olatomiwa and Blanchard, 2019). The electric load was selected and 

the load profile of GHE was uploaded. Subsequently, the solar, wind and converter 

components were selected and their resources generated. The grid component was also 

selected and the techno-economic parameters including cost of electricity were uploaded. 

The simulation process is a performance modelling of hybrid configuration based on each 
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time step. The optimization process considers various scenarios in order to determine the 

configuration that fulfill system constraint at the minimum life-cycle cost 

(Magarappanavar and Koti, 2016). Sensitivity analysis involves performing different 

optimizations to determine the techno-economic impacts on the optimized system 

configurations. HOMER makes a comparative analysis of the energy generated by 

different configurations with the load profile, every hour for the year. The NPC, operating 

cost and the LCOE optimal configuration that meets the load demand is then computed 

(Al Ghaithi et al., 2017; Kumar and Deokar, 2018; Lipu et al., 2017; Radzi et al., 2019). 

3.5 The Gwarinpa Housing Estate Distribution Network 

Gwarinpa Housing Estate (GHE) is powered from the national grid via a 9-bus 

distribution network comprising of two transmission and three distribution substations as 

shown in Figure 3.6. From the source, Katampe 132/33 kV transmission substation, a 60 

MVA transformer supplies electricity to GHE via a 15 km, 33 kV Gwarinpa feeder. 

Similarly, the 132/33 kV Kubwa substation, located at Dutse area of Abuja, is about 11.4 

km transmission line, away from the source 132 kV bus at Katampe. Electricity flows 

from the substation’s 60 MVA transformer to GHE via an 8 km, 33 kV Dawaki feeder. 

Furthermore, Gwarinpa feeder connects two 33/11 kV distribution substations, 2 x 15 

MVA and 1 x 15 MVA capacities. While Dawaki feeder connects 1 x 15 MVA, 33/11 kV 

substation, all located within the estate. A total number of 8 x 11 kV load feeders 

distributes electricity in the estate as shown in Table 3.2. The 33 kV and 11 kV voltage 

level of the utility distribution network served as the base network for this research. The 

integration of the renewable DG system was implemented at this level. The network 

operates at a national frequency of 50 Hz ±0.5 % under normal condition, and ±2.5 % 

under system stress. The distribution voltage limit of 0.95p.u to 1.05p.u and maximum 
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allowable thermal loading of 80 % (NERC, 2018). For energy wheeling to be viable, the 

distribution network parameters are expected to maintain operational limits. 

 

Figure 3.6: The 9-bus distribution network of GHE. 
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Table 3.3: Specifications of the distribution network for GHE. 

Component Name Specification 

Transmission Line Line 1 (Kubwa) Line length = 11.4 KM,             

Ir = 1200 A, r = 0.176 

Ω/km,   x = 0.392Ω/km, Vr 

= 132kV, 

Transmission Substations Katampe Txf1 = 60 MVA, 132/33kV, 

Vector group =  Dyn11 

Kubwa Txf2 = 60 MVA, 132/33kV, 

Vector group =  Dyn11 

Feeders Gwarinpa (Line 2) Line length = 15 km,                

Vr = 33kV,  Ir = 600 A,                

r = 0.015 Ω/km, x = 0.3 

Ω/km 

Dawaki (Line 3) Line length = 8 km,  

Vr = 33kV,  Ir = 600 A,  

r = 0.015 Ω/km, x = 0.3 

Ω/km 

Distribution Substations M42 Txf3 = 15 MVA, 33/11 kV, 

Vector group = Dyn11, 

Txf4 = 15 MVA, 33/11 kV, 

Vector group = Dyn11,   

M43 Txf5 = 15 MVA, 33/11 kV, 

Vector group = Dyn11,  

M44 Txf6 = 15 MVA, 33/11 kV, 

Vector group = Dyn11,   

Loads K5 (Fdr 1) L = 5.17 MW,  pf = 0.80,  

V(p.u) = 1 

K6 (Fdr 2) L = 3.65 MW,  pf = 0.80,   

V(p.u) = 1 

K12 (Fdr 3) L = 3.28 MW,  pf = 0.80,   

V(p.u) = 1 

K14 (Fdr 4) L = 4.05 MW,  pf = 0.80,   

V(p.u) = 1 

Adkan (Fdr 5) L = 3.28 MW,  pf = 0.80,   

V(p.u) = 1 

Setraco (Fdr 6) L = 2.5 MW,  pf = 0.80,   

V(p.u) = 1 

 

Fdr 1 (Fdr 7) 

L = 4.32 MW,  pf = 0.80,   

V(p.u) = 1 

Fdr 2 (Fdr 8) L = 1.10 MW,  pf = 0.80,   

V(p.u) = 1 
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3.6 Simulation and Load Flow Analysis 

DIgSILENT software was used to carry out assessment of the impacts that could be 

created as a result of integration of the DG system. The software uses Newton-Raphson 

algorithm and convergence was obtained after three iterations. The software efficiently 

combines both classical power system analysis with modern power system tools. The 

loads were modelled as general loads, that is, all non-motor loads, as provided by the 

software. Impact analysis focused on the test distribution network's voltage profile, fault 

level, power losses and thermal loading. 

 

Subsequently, three different DG connection scenarios were considered for the study 

based on the test case load flow outcome. The buses with the lowest magnitudes of 

voltage were identified and formed the connection scenarios. Scenario 1 consists of buses 

7 and 8, scenario 2 has buses 7, 8 and 9, while scenario 3 has only bus 4. The nominal 

system parameters are 50 Hz ±0.5 %, voltage from 0.95p.u to 1.05p.u and maximum 

loading of 80 %. The DG was modelled to meet the load requirement of the busbars. The 

DGs, denoted as PV, PV(1), PV(2) and PV(3) systems, with multiple paralleled inverters, 

were connected to buses 7,8,9 and 4, respectively. 

 

An inverter of 2500 kVA with a power factor of 0.75 was chosen to model the single PV 

system that produced an approximate output of 1875 kW at 77 % loading. All the PV 

systems listed are of equal size, but the output connected to the buses differ due to 

variation in the number of paralleled inverters that meets the buses load requirement, as 

shown in Table 3.4. For each scenario, comparison with the existing utility network was 

made to determine the impact on voltage profile, line losses, fault contribution and 
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thermal loading. The three scenarios were independently investigated. That is, when the 

first scenario was active, the PV systems of the second and third scenarios were shutdown. 

 

           Table 3.4: Specifications of the PV Systems 

PV 

System 

Active Power 

(kW) 

No. of parallel 

inverters 

Local 

Controller 

Output Power 

(kW) 

PV 1875 10 Voltage 18750 

PV(1) 1875 5 Voltage 9375 

PV(2) 1875 5 Voltage 9375 

PV(3) 1875 15 Voltage 28125 

 

Finally, distances in form of overhead lines were introduced between the load buses and 

the PV systems based on the location of the industrial sites around GHE. Idu phases 1 and 

2 which are between 5 and 7 km, and Idu phases 3 and 4, between 7 and 10 km. For this 

study, 5 and 10 km were considered as the possible location for DG sites by the IPPs. 

 

PV, PV(1) and PV(2) were connected to the grid distribution substation bus 7, 8 and 9 via 

overhead lines 5 km long. The PV, PV(1) and PV(2) and PV(3) systems were connected 

to DG buses denoted as PB1, PB2, PB3 and PB4 at the site, from where the overhead 

lines denoted as PV line, PV line1, PV line2 and PV line3 respectively, takes supply. 

Load flow were conducted at 5 km based on the three scenario connections and results 

obtained. The same procedure was repeated with overhead lines 10 km long, and all 

results obtained were compared with the distribution network without PV connection.  

Thus, the impact of the distance between the DG (PV) site and the load on the voltage 

profile, thermal loading, fault level and line losses of the GHE distribution network were 

ascertained. 
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3.7 Implementation of the Methodology 

A flowchart of the implementation process shown in Figure 3.7 was executed to obtain 

the desired result. 

  

Figure. 3.7: Flowchart of the implementation process. 
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CHAPTER FOUR 

4.0                                       RESULTS AND DISCUSSION 

This chapter presents the result of the research study based on the methodology 

highlighted in chapter three. The system architecture of the optimal configuration 

obtained from HOMER optimization is presented. The load flow result of the utility 

distribution network of the case study, with and without DG is also shown and discussed. 

The results of the various DG connection scenarios corresponding to the utility voltage 

profile, thermal loading, line losses and fault levels are also presented and analyzed. 

Finally, the results are compared and the viability of connecting DG to the utility network 

for energy wheeling to GHE is determined. 

4.1 The Optimal System Configuration 

The resultant optimal system architecture obtained from HOMER, is shown in Figure 4.1. 

The optimal configuration is made of grid/PV/converter, with Net Present Cost (NPC) 

and Levelized Cost of Energy (LCOE) of $72.4 million and $0.0188 respectively.  

 

Figure 4.1: Optimal System architecture 

The optimum system excludes wind due to the low potential for energy generation around 

the case study. An average wind speed of 3.01 m/s obtained is not sufficient for viable 
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output that requires a minimum average of 3.4 m/s. Thus, further study on the impact 

analysis was based on the optimal system configuration of Figure 4.1 

4.2 Load Flow of the GHE Distribution Network 

The load flow was successfully executed on the one-line diagram of the GHE distribution 

network of Figure 3.6. The resultant distribution network is shown in Figure 4.2. The 

result shows that bus 4 is on lower voltage limit of 0.95p.u while buses 7 and 8 were 0.94, 

below the lower limit. The result also shows 81.2 % loading of 33 kV Gwarinpa line, 

against the maximum of 80 %. The orange colour shows the overloaded line while the 

blue colour shows parts of the network with low voltage. 

 

Figure 4.2: The load flow graphic of GHE distribution network. 
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4.2.1 Voltage profile of the GHE distribution network 

The result of the voltage profile obtained from the load flow analysis of the GHE 

distribution network without PV connection is shown in Figure 4.3. 

  

Figure 4.3: Voltage profile of the 9-bus GHE distribution network 

From the voltage profile, the lowest voltage of 0.94p.u and highest value of 1.00p.u was 

obtained. While most buses had voltages within the allowable specification, buses 7 and 

8 recorded the lowest voltage of 0.94p.u, in violation of the lower limit. Conventionally, 

the network voltage decreases with an increased distance from the source substation. 

4.2.2 Fault level of the GHE distribution network 

The short circuit current of the conventional network is calculated as a vital component 

for determining the network's current carrying and thermal capability. Figure 4.4 shows 

the initial short circuit current of the GHE distribution network. 

 

Figure 4.4: The initial short circuit current of the 9-bus GHE distribution network 
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Bus 1, 132 kV, recorded 43.74 kA, while the lowest fault occurred on bus 4, with a 

value of 4.04 kA. Generally, the magnitude of the low-voltage bus bars were minimal. 

4.2.3 Thermal loading of the GHE distribution network 

Figure 4.5, shows the thermal loading of the lines and transformers obtained from the 

load flow simulation of the GHE distribution network. 

 

Figure 4.5: Thermal loading of the 9-bus GHE distribution network equipment. 

Line 2 connecting buses 2 and 4 recorded 81.26 % loading, contrary to maximum limit 

of 80 %. This is expected as the line provides bulk of power supply to the estate being 

understudy. This overload could adversely contribute to the line losses, temperature and 

stress on insulation.  

4.2.4 Line losses of the GHE distribution network  

The active and reactive power losses of the GHE distribution network lines obtained from 

the load flow simulation result is shown in Figure 4.6. Lines 1, 2 and 3 denotes 132kV 

Kubwa, 33kV Gwarinpa and 33 kV Dawaki respectively. Line 2 had the highest active 

and reactive power losses among the three lines, with an approximate value of 0.199 MW 

and 3.11 MVAR respectively.  
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Figure 4.6: Line losses of the 9-bus GHE distribution network 

 

The overloaded state of line 2, seen from the load flow result, explains why losses were 

much. However, active power loss was minimal on the three lines as seen from the 

graph. 

4.3 Load Flow of the DG-Connected GHE Distribution Network 

The load flow of the DG-connected GHE distribution network was carried out with 

DIgSILENT software, as shown in Figure 4.7. The solar PV simulated to meet the load 

requirement of the buses, as contained in chapter three was implemented, and the 

following results were obtained. 
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Figure 4.7: The load flow graphic of the PV-connected GHE distribution network. 
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4.3.1 Impact of PV system on voltage profile of the GHE distribution network 

i. First scenario: PV system connected to bus 7 and 8 

PV and PV(1) were connected to buses 7 and 8, respectively, and the load flow result 

shows improvement in bus voltages. The voltage profile obtained was compared with the 

voltage profile of the network before DG connection (Figure 4.3), as shown in Figure 4.8 

 

 

Figure 4.8: Voltage profile of GHE distribution network with and without DG connection 

(PV system connected to bus 7 and 8) 

 

Obviously, PV integration brought about significant voltage improvement, with all the 

busbars operating within the allowable limits. Bus 7 and 8 that erstwhile had 0.94p.u, 

improved to approximately 1.0p.u. Supply voltage at rated values or within allowable 

limits is the desire of electricity consumers. 

ii. Second scenario: PV system connected to bus 7, 8 and 9 

For the second PV connection scenario, buses 7, 8 and 9 were connected with PV systems. 

PV(2) denotes the PV system connected to bus 9. The result obtained and the comparison 

with distribution network without PV, is shown in Figure 4.9 
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Figure 4.9: Voltage profile of GHE distribution network with and without DG connection 

(PV system connected to bus 7, 8 and 9) 

 

The result obtained showed significant improvement of voltage on the busbars. The 

magnitude of the voltages increased to 1.00p.u approximately. 

iii. Third scenario: PV system connected to bus 4 

Only bus 4 was connected with PV system denoted as PV(3). The bus had a lower limit 

voltage of 0.95p.u for the test distribution network. The result obtained, and comparison 

with the GHE distribution network without PV, is shown in Figure 4.10 

 

 

Figure 4.10: Voltage profile of GHE distribution network with and without DG 

connection (PV system connected to bus 4) 

 

Significant improvement were observed on the busbars, with magnitudes approximately 

1.00p.u. None of the buses dropped below the allowable limit of 0.95p.u.  
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4.3.2 Impact of PV system on fault level of the GHE distribution network 

i. First scenario: PV system connected to bus 7 and 8 

The PV systems denoted as PV and PV(1) were connected to buses 7 and 8 respectively. 

The result obtained and the comparison with the distribution network without PV, is 

shown below, Figure 4.11 

 

 

Figure 4.11: Fault level of GHE distribution network with and without DG connection 

(PV system connected to bus 7 and 8) 

 

The result from the comparison showed no visible difference in fault level of the 

network. Inverter-based DG have minimal fault effect on the network, unlike the 

synchronous-based DG (Murray, 2018). 

ii. Second scenario: PV system connected to bus 7, 8 and 9 

For the second PV connection scenario, buses 7, 8 and 9 were connected with PV systems. 

PV(2) denotes the PV system connected to bus 9. The result obtained, compared with the 

distribution network without PV, is shown in Figure 4.12 
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Figure 4.12: Fault level of GHE distribution network with and without DG connection 

(PV system connected to bus 7, 8 and 9) 

 

A result similar to the first scenario was obtained. No visible fault contribution was 

observed. 

iii. Third scenario: PV system connected to bus 4 

Only bus 4 was connected with PV system denoted as PV(3). The bus had a lower limit 

voltage of 0.95p.u for the test distribution network. The result obtained and comparison 

with the test distribution network without PV, is shown in Figure 4.13 

 

 
Figure 4.13: Fault level of GHE distribution network with and without DG connection 

(PV system connected to bus 4) 

 

The result of this scenario exhibits the same trend as the first and second. No visible 

difference between the fault levels of the two networks. 
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4.3.3 Impact of PV system on thermal loading of the GHE distribution network 

i. First scenario: PV system connected to bus 7 and 8 

PV systems denoted as PV and PV(1) were connected to buses 7 and 8 respectively. The 

result obtained and the comparison with the distribution network without PV, is shown 

below, Figure 4.14 

Figure 4.14: Thermal loading of GHE distribution network with and without DG 

connection (PV system connected to bus 7 and 8). 

 

The result showed significant relief for the overloaded line 2. The line dropped from 

81.26 % to 9.29 %. The reason is that PV systems provided additional power to the load 

that erstwhile depended solely on line 2.  Thus, the impact of additional capacity created 

by the PV system was validated. The loading of other equipment was also reduced 

except for lines 3, TR2 and TR6, where no impact occurred. 

ii. Second scenario: PV system connected to bus 7, 8 and 9 

For the second PV connection scenario, bus 7, 8 and 9 were connected with PV systems. 

PV(2) denotes the PV system connected to bus 9. The result obtained and the comparison 

with the distribution network without PV, is shown in Figure 4.15 

 

 

 



69 
 

 

 
Figure 4.15: Thermal loading of GHE distribution network with and without DG 

connection (PV system connected to bus 7, 8 and 9). 

 

The result showed similar trend with the first scenario. However, impact was observed 

on line 3, TR2 and TR6 unlike in the first scenario. Line 3 dropped from 16.27 % to 11.53 

%, while TR2 and TR6 reduced from 9.28 % to 6.59 % and 37.21 % to 26.37 % 

respectively. No part of the network suffers from overload and therefore free from its 

adverse effects. 

iii. Third scenario: PV system connected to bus 4 

Only bus 4 was connected with PV system denoted as PV(3). The bus had a lower limit 

voltage of 0.95p.u for the test distribution network. The result obtained, and a comparison 

with the distribution network without PV, is shown in Figure 4.16 

 

 

Figure 4.16: Thermal loading of GHE distribution network with and without DG 

connection (PV system connected to bus 4). 

 

The result of this scenario is in line with the two previous scenarios where loading of the 

network was minimized with the integration of PV systems for energy wheeling. Line 2, 

TR1, TR3, TR4, and TR5, reduced from 81.26 %, 46.38 %, 59.69 %, 59.69 %, 43.84 % 
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to 9.19 %, 5.24 %, 56.31 %, 56.31 % and 41.37 % respectively. No visible change was 

observed on the others. 

4.3.4 Impact of PV system on the GHE distribution network line losses 

i. First scenario: PV system connected to bus 7 and 8 

PV systems denoted as PV and PV(1) were connected to bus 7 and 8 respectively. The 

result obtained and the comparison with the distribution network without PV integration, 

is shown in Figure 4.17 

 

  

(a)                                                                       (b) 

Figure 4.17: Line losses of the GHE distribution network (a) without PV connection (b) 

PV system connected to bus 7 and 8 

 

A significant impact was observed here due the additional DG capacity. On Line 2, 

active power loss dropped from 0.199 MW to 0.01 MW, while reactive power loss 

dropped from 3.11 MVAR to 0.06 MVAR. The additional capacity brought about by the 

integration of PV systems, relieved the erstwhile overloaded line 2 and thus, the 

reduction in losses. However, reactive power loss increased on line 1, from 0.73 MVAR 

to 0.98 MVAR. 
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ii. Second scenario: PV system connected to bus 7, 8 and 9 

For the second PV connection scenario, bus 7, 8 and 9 were connected with PV systems. 

PV(2) denotes the PV system connected to bus 9. The result obtained and the comparison 

with the distribution network without PV, is shown in Figure 4.18 

 

  
                                      (a)                                                                         (b) 

Figure 4.18: Line losses of the GHE distribution network (a) without PV connection (b) 

PV system connected to bus 7, 8 and 9 

 

The results were observed to show similar trend as the first scenario. On line 2, reduction 

in reactive power loss from 3.11 MVAR to 0.06 MVAR, while active power loss dropped 

from 0.199 MW to 0.01 MW. However, reactive power loss also decreased from 0.73 

MVAR to 0.69 MVAR on line 1. 

iii. Third scenario: PV system connected to bus 4 

Only bus 4 was connected with PV system denoted as PV(3). The bus had a lower limit 

voltage of 0.95p.u for the test distribution network. The result obtained, and a comparison 

with the distribution network without PV, is shown in Figure 4.19 
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                                       (a)                                                                       (b)  

Figure 4.19 Line losses of the GHE distribution network (a) without PV connection (b) 

PV system connected to bus 4 

 

The result showed increase in reactive power from 0.73 MVAR to 0.99 MVAR on line 

1. However, reactive power reduced on lines 2 and 3 from 3.11 MVAR and 0.012 

MVAR to 0.06 MVAR and 0.01 MVAR respectively. 

4.4 Impact of Distance between DG (PV) Site and the Load on the GHE 

Distribution Network 

The result of the load flow of the PV-connected GHE distribution network under variant 

distances between the PV site and the load, conducted to investigate the impact on the 

performance indices, is presented as follows. 

4.4.1 Impact of distance between DG (PV) site and the load on voltage profile of 

the GHE distribution network 

i. First scenario: PV systems connected to bus 7 and 8 

The comparison of the results obtained is shown in Figure 4.20. 
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Figure 4.20: The impact of distance on voltage profile of PV connected GHE distribution 

network (PV connected to bus 7 and 8) 

 

From the result, distance negatively impacted voltage profile and was even more at 10 

km. Bus 7 that earlier improved to 1.00p.u before the distance was considered, dropped 

to 0.94p.u and 0.89p.u at 5 km and 10 km respectively. Both values violated the lower 

limit of 0.95p.u, but more severe at 10 km. 

ii. Second scenario: PV systems connected to buses 7, 8 and 9 

The result obtained is shown in Figure 4.21. This scenario produced a similar result to the 

first, bus 7 was still critically low at 10 km. The voltage on bus 8 dropped to 0.96p.u at 5 

km, slightly above the lower limit and dropped deeper to 0.91p.u. Similarly, the voltage 

on bus 4, 0.93p.u dropped below the lower limit. 

 

Figure 4.21: The impact of distance on voltage profile of PV connected GHE distribution 

network (PV connected to bus 7, 8 and 9). 
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iii. For the third scenario: PV system connected to bus 4 

The result obtained is shown in Figure 4.22. 

 

Figure 4.22: The impact of distance on voltage profile of PV connected GHE distribution 

network (PV connected to bus 4). 

 

Expectedly, voltage drop also occurred as a result of the distances introduced. Buses 7 

and 8 recorded 0.97p.u at 5 km and 0.96p.u at 10 km. However, no bus dropped below 

the lower limit of 0.95p.u. 

4.4.2 Impact of distance between DG (PV) site and the load on fault level of the 

GHE distribution network 

i. First scenario: PV systems connected to bus 7 and 8 

The result of the load flow is shown in Figure 4.23. 

 
Figure 4.23: The impact of distance on fault level of PV connected distribution 

network (PV connected to bus 7 and 8) 

 

The result showed no visible difference on the bus bars of the two networks except on the 

additional PV system bus bars (PB1 and PB2). The network did not suffer any significant 
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effect resulting from the distances of PV integration. PB1 and PB2 recorded 2.17kA and 

1.93Ka at 5 km respectively. At 10 km, the magnitude of the fault on these bus bars were 

1.28 kA and 1.19 kA respectively. It was observed that the fault magnitudes decreased as 

the distance between the PV and the load increased. 

ii. Second scenario: PV systems connected to buses 7, 8 and 9 

The result obtained is shown in Figure 4.24. 

 
Figure 4.24: The impact of distance on fault level of PV connected distribution 

network (PV connected to bus 7, 8 and 9). 

 

 

The result exhibited similar trend with the first scenario. The second scenario has on 

effect on the fault status of the network. However, PB3 recorded 2.04 kA and 1.23 kA at 

5 km and 10 km respectively. The magnitude was more for the farther distance. 

iii. Third scenario: PV system connected to bus 4 

The result obtained is shown in Figure 4.25. 

 
Figure 4.25: The impact of distance on fault level of PV connected distribution 

network (PV connected to bus 4). 
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The graph shows similar result with the two previous scenarios. However, larger 

magnitudes of fault on the PV bus (PB1), 2.82 kA and 2.16 kA at 5 km and 10 km 

respectively, were observed. This is could be attributed to the PV output, having about 15 

parallel inverters as shown on Table 4.3. 

4.4.3 Impact of distance between DG (PV) site and the load on line losses of the 

GHE distribution network. 

i. First scenario: PV systems connected to bus 7 and 8 

The result obtained is shown in Figure 4.26 

 

 

(a)                                                                        (b) 

Figure 4.26: The impact of distance on PV-connected GHE distribution network line 

losses at (a) 5 km and (b) 10 km (PV connected to buses 7 and 8) 

 

Active power losses in the existing network were generally minimal due to the PV 

system's capacity as discussed earlier. Active power on Line 2 increased from 0.02 MW 

to 0.07 MW, from 5 km to 10 km respectively. However, reactive power losses were 

pronounced as seen from the graphs. Line 2 increased from 0.21 MVAR to 0.93 MVAR 

as the distance increased from 5 km to 10 km while lines 1 and 3 showed no significant 

difference. The PV lines recorded more losses due to maximum output of the PV systems 

supplying the network. Active power loss on PV line and PV line 1 were 0.42 MW and 

0.1 MW at 5 km, and increased to 1.05 MW and 0.27 MW at 10 km respectively. The 
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reactive power losses were severely pronounced on the PV lines. PV line and PV line 1 

increased from less than 1 MVAR to 3.71 MVAR and 1.77 MVAR respectively at a site 

distance of 5 km. Similarly, both lines increased to over 3 MVAR when the distance was 

increased to 10 km. 

ii. For the second scenario: PV systems connected to bus 7, 8 and 9 

The result obtained is shown in Figure 4.27 

  

(a)                                                                       (b) 

Figure 4.27: The impact of distance on PV connected GHE distribution network 

line losses at (a) 5 km and (b) 10 km (PV connected to bus 7, 8 and 9) 

 

Similar results were obtained with the additional PV line for this scenario, PV line 2. 

The line active power loss negligibly increased from 0.01 MW to 0.07 MW for both 

values of distance. The reactive power losses, though significant, were the same with 

the first scenario. 

iii. Third scenario: PV system connected to bus 4 

The result obtained is shown in Figure 4.28. 
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(a)                                                                            (b) 

Figure 4.28: The impact of distance on PV-connected GHE distribution network line 

losses at (a) 5 km and (b) 10 km (PV connected to bus 4) 

 

The result showed a significant active power loss on the PV line 3 as the distance 

increased from 5 km to 10 km. At 5 km, the active power loss was 0.12 MW and rose to 

3.22 MW at 10 km. Similarly, the reactive power loss on the PV line 3 increased from 

1.70 MVAR to 3.47 MVAR. The remainder of the network showed no variant results 

from the previous scenarios. 

4.4.4 Impact of distance between DG (PV) site and the load on thermal loading of 

the GHE distribution network 

i. First scenario: PV systems connected to bus 7 and 8 

The previous procedure that considers distance of PV site and the load was repeated to 

determine the network loading. The result obtained is graphically shown in Figure 4.29. 

 
Figure 4.29: The impact of distance on thermal loading of PV-connected 

distribution network (PV connected to bus 7and 8). 
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From the result obtained, the loading of the network increased with the introduction of 

distance between the PV system and the load. For this scenario, the loading of line 2 

increased to 25.44 % and 46.09 % at 5 km and 10 km respectively, from 9.29 % when 

distance was not considered. Generally, the loading of the network remain within 

acceptable limit despite the distance. However, line 3 became slightly overloaded (80.24 

%) at 10 km. Furthermore, the PV lines (PV line and PV line 1) connected the PV sites 

with the load via bus 7 and 8, respectively, were heavily overloaded and the severity 

increased with distance. The PV line recorded 170.7 % and 186.69 % at 5 km and 10 km 

respectively, while PV line 1 was 85.33 % and 87.74 % load at 5 km and 10 km 

respectively. The PV outputs, PV and PV (1) were also overload with values 85.37 % and 

80.24 % respectively at 10 km.  Although, the focus of this research is on GHE 

distribution network, the huge loading of the PV lines was mitigated by paralleling the 

lines. Three paralleled lines of equal length, signifying the conventional 3phases, was 

introduced and the loading of the PV lines were reduced to acceptable values. PV line 

dropped to 56.3 % at 5 km and 56.5 % at 10 km. PV line 1 dropped to 28 % and and 28.3 

% at 5 km and 10 km respectively. The PV outputs dropped to 76.8 % and 77.6 % 

respectively, at 10 km. Similarly, line 3 that was slightly overloaded, greatly reduced to 

16.3 %. Therefore, the concern about the prohibited loading of the PV systems and their 

lines was solved. 

ii. Second scenario: PV systems connected to bus 7, 8 and 9 

The result is shown in Figure 4.30 
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Figure 4.30: The impact of distance on thermal loading of PV connected GHE 

distribution network (PV connected to bus 7, 8 and 9). 

 

The result shows no overload of the existing distribution network. Only the PV and the 

PV lines were slightly beyond the 80 % limit. These values were not as critical as in the 

first scenario, and the solution of paralleling the lines, already proffered and validated. 

iii. Third scenario: PV system connected to bus 4 

The same procedure was repeated for this scenario and the results obtained are shown in 

Figure 4.31. 

 
Figure 4.31: The impact of distance on thermal loading of PV connected GHE 

distribution network (PV connected to bus 4). 

 

The third scenario shows no existing network equipment overload due to the distance 

between the PV site and the load. Even the PV output was not overloaded except the PV 

line 3 that was 84.2 % and 83.92 % at 5 km and 10 km respectively. As stated earlier, the 

current practice of 3phase paralleled transmission and distribution lines, was tested in the 

first scenario and validated to proffer solution to the overload. 
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4.5 Viability of the Research Findings 

Solar energy is abundantly available around the chosen case study. An annual average 

solar radiation of 5.55 kWh/m2/day was obtained, sufficient for efficient and sustained 

DG. The voltage profile of the utility distribution network was not adversely affected. 

Rather, it significantly improved with the connection of the PV system in conformity with 

the allowable limits of 0.95p.u to 1.05p.u, stipulated in the grid code for the Nigeria power 

system. The improvement was observed regardless of the PV system connection scenario 

and the distances introduced between the PV system and the load. Minor deviation could 

be addressed via the established voltage regulation techniques. The thermal loading of the 

network drastically reduced with additional power generation from the DG. Thus, the 

adverse effect of network overload is mitigated to less than the maximum 80 %, and this 

could preserve the system to the designed lifespan. The 3-phase paralleling the PV lines 

mitigated the significant loading of the lines. Furthermore, line losses slightly increased 

as expected but not outrageously. However, losses were minimized on the critical 

overloaded line due to reduction in loading with the connection of PV system. On the 

other hand, the inverter-based PV systems contributed no visible fault to the existing 

distribution network. Faults from the PV system were only significant on the PV bus bars 

and lines, which the power system protection schemes can handle. 

 

Therefore, based on the conformity of the findings to the established designs, and the 

provisions of the grid code for the Nigeria power system, wheeling renewable energy 

from DG to diverse and stochastic residential load via the GHE Distribution Network for 

power supply improvement, is practicable and technically viable. 
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CHAPTER FIVE 

5.0   CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

DG, off-grid or grid-tied, as an emerging component of a deregulated power system, 

improves consumer electricity supply. This emerging system in Nigeria, catalyzed by the 

Electric Power Sector Reform Act (EPSRA) 2005, is associated with wheeling which 

refers to transportation of energy from an IPP to a purchaser via the existing distribution 

network. While the overall aim is to improve power supply, the resultant network 

characteristics could be distorted. In this research study, the potentials and viability of 

renewable energy to meet the residential load demand of GHE, Abuja using HOMER 

software was determined. The can simulate, optimize and provide the best system 

configuration. Subsequently, DIgSILENT software was used to comparatively investigate 

the distribution network's voltage profile, fault level, line losses and thermal loading 

characteristics, with and without DG connections, thereby enabling wheeling energy to 

the diverse and stochastic residential load. The impact analysis was based on three 

scenarios of DG connection and distance between DG and the load. DIgSILENT has 

capability for modelling, simulation and is used to conduct grid-based DG network 

analysis efficiently. 

 

The findings are presented as follows: 

i. The geographical location of the case study has considerable potential for solar 

energy generation. The annual average solar radiation of 5.55 kWh/m2/day was 

realized. On the other hand, the potential for wind energy resources was very 

low, with an annual average wind speed of 3.01 m/s at anemometer height of 
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50m. The wind speed fell short of the minimum of about 3.4 m/s at 10 m hub 

height required for viable energy generation. Furthermore, the wind turbine was 

not a component of the second most techno-economical configuration obtained 

from HOMER optimization. Thus, further study on wind energy generation was 

discontinued.  

ii. The architecture of the optimal system is made of the grid, PV and converter 

with NPC and LCOE of $72.4 million and $0.0188 respectively, in realization 

of objective number 1 for this research study. 

iii. The load flow of the distribution network conducted to ascertain the 

characteristics of the parameters shows that the voltages of bus 7 and 8 are below 

the allowable limit of 0.95p.u. Both buses are on 0.94p.u, and this could be 

attributed to the loading of line 2 that feeds the two buses, and also being among 

the farthest bus bars. Bus 4 which also feeds from the same line was on the lower 

voltage limit 0.95p.u, while the rest of the buses operates within the allowable 

limit of 0.95 to 1.05p.u. However, with PV connected to the distribution 

network, the voltage profile of the network improved to the allowable limit, for 

the three scenarios considered (For the first scenario, PV systems were 

connected to buses 7 and 8, and for the second, PV systems were connected to 

buses 7, 8 and 9. The third scenario had PV system connected to bus 4 only). 

The buses approximately recorded 1.00p.u, including the critical buses 7 and 8. 

Subsequently, the adverse effect of distance was observed on the voltage profile. 

The first and second scenarios were critical, as the voltage of bus 7 dropped to 

0.94p.u at 5 km, and crashed to 0.89p.u at 10 km. Therefore, shorter distances, 5 

km in this case, provides best voltage delivery to the load. 
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iv. The thermal loading of GHE distribution network was ascertained and it was 

observed that 33 kV Gwarinpa line, denoted as line 2, is 81.26 % loaded, against 

the maximum 80 %. This is not unexpected because the line is the most loaded 

among the lines feeding the estate case study. This state of line 2 could adversely 

affect the line losses as it does on voltage profile of the linked bus bars earlier 

stated. However, other network equipment such as the transformers and the lines 

were usually loaded. The highest value is 59.69 % on 15 MVA, 33/11 kV, TR 3 

and TR 4, and the lowest value is 2.03 % on 132 kV Kubwa line (line 1). 

 

However, with PV connected to the distribution network, the loading of the 

system reduced significantly. The critical line 2 dropped to an approximate value 

of 9 % under the three scenarios, while TR3 and TR4 reduced to 8.76 % under 

the first and second scenarios and 56.3 % under the third. On the other hand, 

distance reduced the improvement with PV connection. Line 2 increased to 25.44 

% and 46.09 % at 5 km and 10 km respectively under the first and second 

scenarios. 

v. Line losses were generally minimal as observed from the result obtained except 

on line 2. Active power losses were generally insignificant unlike with the 

reactive power loss. The reactive power loss was highest on line 2, with 

magnitude of 3.11 MVAR while the active power loss was 0.199 MW. However, 

with PV connected to the distribution network, reactive power losses on line 2 

reduced significantly to 0.06 MVAR as a result of drastic reduction in loading.  

However, slight increases were observed, particularly on line 1 (0.99 MVAR). 

On the other hand, distance increased the losses slightly but significant on the 

PV lines. 
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vi. The fault level of the distribution network obtained from short circuit analysis, 

indicated highest magnitude of 43.74 kA on 132 kV bus 1, and lowest value of 

4.04 kA on 33 kV bus 4. The 11 kV bus 7, 8 and 9 recorded 7.18 kA, 5.10 kA 

and 5.98 kA respectively. Despite connecting PV to the network, the magnitude 

of the short circuit currents are unchanged, and regardless of distance. However, 

fault currents were observed on the additional bus bars introduced at the DG site 

and the magnitudes decrease with distance. 

vii. The integration of renewable DG for wheeling energy to GHE impacted 

positively on the existing distribution network voltage, thermal loading, line 

losses and fault level. The outcome of objective iii conforms to the 

characteristics of efficient power systems and therefore, affirms the viability of 

wheeling renewable DG to residential loads. 

5.2 Recommendations 

Based on the findings of this research study, the following recommendations were 

made: 

i. Similar research study could be undertaken at geographical locations with viable 

potential for wind energy resources. Special types of turbines that requires less 

wind speed could also be considered for future study.  

ii. Energy wheeling of renewable DG to multiple categories of consumers such as 

industrial and residential could be considered for future to determine its impact 

and viability on the resultant load characteristics. 
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5.3 Contributions to Knowledge 

This thesis has contributed the following to knowledge: 

i. Determination of the optimum hybrid renewable DG for Gwarinpa housing 

estate using HOMER. 

ii. Simulation and load flow of the Gwarinpa housing estate’s distribution network 

using DIgSILENT 

iii. Determination of the impact of wheeling DG on the voltage profile (6.38 % 

improvement on the critical buses 7 and 8), thermal loading (overloaded state of 

line 2 relieved by 88.9 %) line losses ( reduction of reactive power losses by 98% 

on line 2) and fault level of Gwarinpa housing estate’s distribution network using 

DIgSILENT. 

iv. Determination of the viability of wheeling renewable DG to residential loads via 

the existing distribution network infrastructure ascertained as the outcome of iii 

positively impacted the wheeling network. 
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