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Sammanfattning 

Elektricitet är den viktigaste energibäraren för det moderna livet och för ekonomiskt välstånd. 

Många typer av utrustning använder el som sin kraftkälla, i hushållet såväl som I industrin, och 

det finns en tendens att öka användning av el inom alla områden. Moderna elnät levererar till de 

flesta städer och utvecklade områden. Dock har vissa landsbygdsområden fortfarande inte 

elförsörjning, på grund av svårtillgängliga områden och mindre utvecklade ekonomier. Detta gör 

att levnadsförhållandena i sådana områden är lägre än om man hade haft tillgång till el, och 

ytterligare hindrar den ekonomiska utvecklingen i dessa områden.  

Elektrifiering för landsbygdsområden har varit en viktig uppgift för vissa utvecklingsländer. Två 

extrema fall är att bygga ett fristående lokalt kraftsystem, eller att bygga nya kraftledningar för 

att ansluta till ett befintligt elnät. Ett fristående kraftsystem har historiskt sett typiskt berott på 

fossila bränslen, till exempel med en dieselgenerator, vilket ger lägre kapitalkostnad än en lång 

ledning, fast med betydande driftskostnader för bränsle. De senaste förbättringarna av förnybara 

källor och lagring, samt effektivare laster, har gjort förnybara källor mycket mer 

konkurrenskraftiga än tidigare för en fristående elförsörjning.  

Valet mellan de två ovannämnda alternativen är det första steget när man elektrifierar ett 

landsbygdsområde. Denna uppsats fokuserar på elektrifiering för landsbygdsområden och jämför 

dessa två metoder. Det är av aktuellt intresse eftersom tekniken för båda alternativen är i 

förändring. 

I denna uppsats, en matematisk modell för on-grid elektrifiering är föreslås och simuleras på 

MATLAB. Alternativet off-grid simuleras av HOMER. Resultaten visar hur LCOE av on-grid 

och off-grid elektrifiering såväl som nätverkskonfigurationen påverkas av olika parametrar som 

avståndet till rutnätet, lastbehovsnivå, PV kostnad, WT kostnad, lagerkostnad, dieselpriset och så 

vidare. Genom att jämföra resultaten, jämnpunkten av två alternativ är också presenterad. 
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Abstract 

Electricity is a fundamental energy carrier for modern life and for economic prosperity. All kinds 

of equipment use electricity as their power source, including domestic and industrial 

applications. There is a trend to adopting more electricity-based equipment in all areas. The 

modern power infrastructures can sufficiently supply most cities and developed areas. However, 

certain rural areas are still unable to get access to electric power due to the inconvenient 

locations or less developed economy. This makes the living conditions in such areas extremely 

inconvenient and further hinders the economic development in those areas.  

Electrification for rural areas has been a critical task for some developing countries. To 

accomplish this task, the options are limited to build a stand-alone power system or construct a 

power transmission line for the chosen location. A stand-alone power system has commonly been 

based on fossil fuel, such as a diesel generator, with low capital cost compared to a long 

connection, but with significant running cost of fuel. Recent improvements of renewable sources 

and storage, and more efficient loads, have made renewable sources much more competitive than 

before for a stand-alone electricity supply. The choice between different renewable energies 

depends on the local natural resources. It is a more flexible way to providing the electricity and a 

more efficient and environmental-friendly way since the energy loss caused by transmission is 

eliminated. On the other hand, the grid connection option involves building a transmission line to 

connect the rural area to the national grid, which is a more traditional approach to provide power. 

The cost of this method depends on the relative distance between the rural area and the nation 

grid.  

The choice between the above two mentioned electrification options is the first step when 

considering providing power to the rural area. This thesis focuses on the electrification for rural 

areas and comparing the above two methods, finding out the break-even point. It is of current 

interest as the technology for both options is changing, and the break-even is also changing.  

In this thesis, a mathematical model for on-grid electrification is proposed and simulated on 

MATLAB. The off-grid option is simulated by HOMER. The results show how the LCOE of on-

grid and off-grid electrification as well as the off-grid configuration are affected by different 

parameters like the distance to grid, load demand level, PV cost, WT cost, storage cost, the diesel 

price and so on. By comparing the results, the break-even point of two options is also presented.  

Key words: 

Rural electrification, Renewable energy, HOMER, Break-even point, Off-grid electrification, 

On-grid electrification. 
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Chapter 1. Introduction 

Electrical power systems are of great significance in modern society. They have been growing 

into the world’s biggest energy sources for individual households and all industries due to their 

fast and economic transmission capability. The electricity supplies for cities have reached its 

requirements mostly. However, the electrification for rural areas is still a difficult task due to the 

less accessible location and lower load demands. Besides, traditional fossil fuels consumed for 

electricity generation have caused serious environmental problems. Various researches have been 

conducted on using renewable energy as an alternative primary energy source for electricity 

generation. 

The first chapter will give a brief introduction on the research backgrounds and the main 

research objectives. 

1.1 Background 

For the promotion of economic growth and social equity, access to electricity is a crucial step. 

Rural communities are often the most deprived of electricity in the world. The rural 

electrification will have direct and indirect effects on the development of economic and social 

stability. For example, it will be helpful to increase employment opportunities and improve 

medical and educational conditions. This problem is particularly acute in some developing 

countries in Asia and Africa. Such as Senegal, a sub-Sahara African country, where more than 

75% of the rural population has no access to electricity. [75] 

The availability and usefulness of electricity to the world cannot be overemphasized. Electrical 

energy has a vital role in almost all levels of social development. It is indispensable for 

industrial, commercial, and residential facilities. 

Under current technology conditions, electricity can be produced from hydropower, nuclear, 

wind, solar, and heat sources. These sources can be categorized as renewable energy and non-

renewable energy. Renewable energy is the energy collected from renewable sources which can 

be naturally replenished within a human timescale. [76]. 

Population growth, urbanization and the introduction of numerous electrical appliances have 

increased the demand for electrical energy over the years. The choice of a source of energy 

depends on many factors including cost of generation, availability of resources, environmental 

effects, among other considerations. 

Some areas (e.g. some villages in India) are extremely poor and lack the comfort of the basic 

infrastructure necessary for human subsistence. Due to the remote location and the type of 

terrain, such villages can be hard to reach with infrastructure for grid connection. These locations 

are often overlooked when implementing basic infrastructure and social development programs. 

Due to its scalability, decentralized renewable energy sources are available as a valuable 

alternative. 
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The ideal combination of decentralized renewable energy options and implementation 

mechanisms can offset problems associated with grid expansion and have a significant positive 

impact on these populations. The small-scale decentralized energy system is the most 

advantageous because the extension of the traditional grid to remote villages with low demand 

involves a large amount of capital investment and a lot of transmission losses. 

Three main options for powering the village in a rural location are constructing a stand-alone 

power system with or without renewable energy or building long transmission lines to connect to 

the national power grid. The two options adopted are illustrated in Figure 1.1 and 1.2 

respectively. The choice between these two options is affected by various factors, and one of the 

main contributions of this thesis to find the break-even point of these two options. 

The stand-alone renewable energy system is more flexible for providing electricity to the load, 

not affected by the location of the rural village. However, it would be largely affected by the 

natural resource and the power outputs might be affected by the weather. On the other hand, the 

grid connection option is affected by the relative distance between the rural village and the main 

power grid. Choosing between these two options need to be well evaluated under different 

conditions. 

 

Figure 1.1 Powered by Renewable Energy [1] 
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Figure 1.2 Powered by Grid Connection [1] 

1.2 Aim and Objectives  

The aim and objectives of the thesis are elaborating the renewable energy based stand-alone 

system and grid connection option, investigating different factors that affect these two options, 

and comparing them to find the break-even points. 

1.3 Thesis Organization 

This thesis is organized in five chapters as following: 

• Chapter 1 has been an introduction to this problem which includes the background of this 

thesis, and thesis objectives. 

• Chapter 2 gives a brief review on different renewable energy technologies and the hybrid 

stand-alone power system formed by different renewable energy sources. 

• Chapter 3 presents the load characteristics of rural areas with certain open access data. It 

can give an illustration and certain degree of understanding on the rural area 

electrification. 

• Chapter 4 focuses on comparison and choosing between two rural areas electrification 

options. Detailed comparison and illustration are given, and the break-even points are 

presented. 

• Chapter 5 summarized the conclusions of this thesis and suggestions for future work. 
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Chapter 2 Literature Review  

2.1. Renewable Energy 

To meet the standard of sustainability, there are two core concepts: the emissions of greenhouse 

gases (GHGs) and the fuel usage. And the key is increasing the production of low-emission 

sources, renewable energies are considered more advantageous compared with the traditional 

energy source. On the other hand, to supply the rural areas with stand-alone option, there are 

several renewable energies available to be chosen from. Renewable energy sources, such as 

wind, solar and fuel cell, have received numerous attentions for supplying a stand-alone mini-

grid. Wind and solar energy are largely affected by the local natural resources and their 

intermittent characteristics. Thus, it is required to have certain energy storages to form a hybrid 

energy system when adopting the wind and solar energy. On the other hand, fuel cell can provide 

electricity to the load using hydrogen, which can respond to the load demands effectively. The 

hydrogen can be obtained from electrolyzing the water, which can be powered by intermittent 

energy sources. Hence, the fuel cell can be considered as a second-hand power source. 

For energy storages used in a hybrid power system, battery is the most popular choice currently. 

The sizing of a battery pack for a hybrid stand-alone system is of great importance to meet the 

load demand and the economic requirements. 

This chapter gives introductions to wind, solar energy, batteries and fuel cells as well as their 

characteristics. Then, an overview on the renewable energy system will be given. This chapter 

serves as the basis for the later discussion on implementing a stand-alone energy system for 

powering a rural village. 

2.1.1 Wind Energy 

In the past few years, wind energy has experienced significant expansion. The cumulative global 

wind power capacity has increased by 20 times in ten years and is expected to grow even faster 

in the future [2]. 

Among all renewable energies, wind energy is one of the most promising choice. It has little 

impact on the surrounding ecosystem. Besides, wind energy is an unlimited source for providing 

electricity to the grid. Under the above circumstances, many countries have dedicated to 

developing wind power generation technologies, especially countries like Denmark and 

Germany. Other governments have also issued policies to promote the development of wind 

energy.  

Wind turbines can be primarily classified into two types by its rotating method, the horizontal-

axis wind turbines (HAWT) and Vertical-axis wind turbines (VAWT). [77] The HAWTs have a 

horizontal rotor shaft and a generator at the top of a tower. The HAWTs can also be divided into 

two types, the upwind HAWT and downwind HAWT. The upwind WT is preferred because on a 
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downwind turbine the loading from the wind is changing, such as the wind passes the towner 

first then to the blades, which can cause damage to the turbine.  

 

Figure2.1 A type of VAWT [78] 

The VAWTs have its rotor shaft designed vertically. Figure2.1 is a type of VWAT. VAWTs have 

some advantages such as it does not need to be pointed to the wind to be effective which is very 

suitable for the area where the wind direction changes very frequently. Another advantage of 

VAWTs is the generator and gear box can be placed near the ground which is much easier for the 

maintenance. However, these designs produce much less energy compared with the HAWTs, 

which is the main drawback. 

 

Figure 2.2 Three-Bladed Horizontal Wind Turbine 
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The major type of wind turbine in the world today is Large three-bladed horizontal-axis wind 

turbines with the blades upwind towards the tower like shown in Figure 2.2. This type of wind 

turbines normally consisted by three main parts: the rotor, the generator and the surroundings 

part. The rotor part includes the three blades and pitch system for the blades, this part converts 

the wind energy to the Rotating mechanical energy. The generator part includes an electrical 

generator, the control electronics devices, and a gearbox to convert the low speed input rotation 

to the high-speed rotation for electricity generation. [79] The surrounding part includes the tower 

and yawing system which helps the turbines to face the wind, the wind direction is measure by a 

wind vane at the back of nacelle. Figure 2.3 shows the typical components in a HAWT. Besides, 

a gearless design is also widely used which the rotor connected directly to the permanent magnet 

generator. 

 

Figure 2.3. The components of a typical HAWT [80] 

In the recent two decades, the installed capacities of wind farms have increased rapidly with 

annual installations crossed 60 GW in 2015, as shown in Figure 2.4. The wind power installed 

capacity was only 3,760 MW in 2000 and has grown to 63,013 MW in 2015[3] which is the 

highest record until now.  
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Figure 2.4 Annually Installed Global Wind Energy Capacities 2000- 2015 [3] 

The total installed capacity is 434,856 MW by the end of 2015[81]. According to the newest 

statistic from World Wind Energy Association (WWEA), worldwide wind turbine installation has 

reached 539,291 MW by the end of 2017. [82] 

  

Figure 2.5 The Total installed capacity of wind turbines 2011-2015 (MW) [81] 

The newly installed wind energy capacity in 2015 of different countries are shown in Figure 2.6. 

It is shown in this figure that China has the highest newly installation capacity for 2015, 

followed by USA and Germany.  
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Figure 2.6 Newly Installed Capacities in Different Countries in 2015 [3] 

Wind energy is also an alternative electricity generation option for rural areas with stand-alone 

systems. Several RE projects considering wind systems have been done in Cajamarca, a northern 

highland region in Peru. El Alumbre is the first electrification project in Peru which uses the 

individual wind turbine for each household [4]. However, its installations for stand-alone 

systems will depend on the local wind resource. If the wind resource is inadequate, the energy 

supply might not be able to meet the load demands or larger sizing of the wind farm is required. 

2.1.2 Solar Energy 

Solar photovoltaic panels convert the energy from the sunlight to electricity through the 

photovoltaic effect which is quite related with the photoelectric effect. The photovoltaic effect 

first converts the light wave to electron, which convert the light energy to chemical energy. Then 

the electric potential is produced by the separation of charges. And the current is formed when 

there is a complete circuit. [83] 
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Figure 2.7 The photovoltaic effect [84] 

Solar PV panels can be made from single crystals, crystalline and amorphous semiconductors. 

[85] Currently most of the solar cells are crystalline silicon solar cell which are made of 

polycrystalline and monocrystalline silicon. By the end of 2013, over 90% of PV production 

worldwide is crystalline silicon solar cell  

At the very beginning, solar photovoltaic technology served only the space industry because of 

low efficiency and high costs. The first solar panel was produced in Bell Labs in the 1950s. In 

order to meet the needs of sustainable development, solar energy has attracted much attention, 

the related technology has been greatly developed, the efficiency have been improved and 

average cost decreased greatly in commercial industries, especially in Southeast Asia and China 

[5]. Take China as an example, China has the largest installed PV capacity all over the world. It 

is also the largest PV panel manufacture in the world. In 2007, the price of PV panels is 4.8 

$/Wp. By the end of 2010, the price has decreased to 1.2~1.4 $/Wp. At the end of 2014, the price 

of PV panels has been lower than 0.48 $/Wp, which decreased 90% in seven years.  

 

Figure 2.8 The Price of PV panels in China 2010~2014 ($/Wp) [86] 
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Meanwhile the efficiency of PV panels has improved significantly. According to the information 

from ITRPV (International Technology Roadmap for Photovoltaic), the efficiency of 

monocrystalline PV cell is around 18% in 2012 and about 19% in 2015. By the end of 2017, the 

efficiency of monocrystalline silicon PV cell has been over 20%. However, the efficiency of 

Polycrystalline silicon PV cell did not change too much which is around 16% to 18%. Currently 

the monocrystalline silicon PV cell has a better efficiency and a better space to promotion 

compared with the Polycrystalline silicon PV cell. [87] 

The government and public institutions are paying increasing attention to sustainable 

development and renewable energy production, and subsidy and tax reduction policies for 

renewable energy are reasons for the exponential growth of photovoltaic power generation. 

To build a sustainable world, the key is increasing the production of low-emission sources, solar 

photovoltaic power generation can be considered advantageous compared to many other energy 

sources such as thermal power. Solar photovoltaic power generation is considered to be a low-

emission energy source. In addition to the incident light from the sun, almost no fuel is needed 

during operation. The GHG of solar power is mainly from the production process of PV cells, 

and the emission is from the consumption of electricity generated from coal-fired power. So 

comparing the lifetime GHG emission during mining, manufacturing, and operations, the 

emissions of solar photovoltaic power generation technologies have been significantly reduced 

compared to non-renewable energy sources. 

However, the disadvantage of solar energy is the use of heavy metals and other environmentally 

harmful substances in the production of solar panels. For example, during the production process 

of crystalline PV several kinds of gas are released such as CO, SiC, CO2, C2H6 and so on. And 

per kilogram production of Industrial silicon will release 6.0 kg CO2, 1.6 kg H2O, 0.008 kg SiO2 

and 0.028 kg SO2. [88] Besides to fulfill the purity requirement of silicon for solar cell, the 

silicon need further purification. And in China the efficiency of this process is only about 20%-

30%, most of the silicon is released into the air.  

The solar photovoltaic (PV) technology has proved it could generate sufficient electricity during 

the day time. However, due to its relatively high cost, the deployment of solar PV systems was 

much slower compared with wind energy. Furthermore, without government subsidies and 

supports, high cost of solar PV weakened its market competitiveness when compared with 

conventional electricity without government subsidies and supports. Fortunately, the rapid 

improvement of the solar technology and tough market competition has reduced the cost of solar 

energy dramatically in the last few years. The solar PV modules price trend and the cumulative 

shipment is just like mentioned “no energy technology has changed more dramatically than 

photovoltaic (PV), the cost of which has declined by a factor of nearly 100 since 1950s” [6]. 

With the technology spread globally, the Chinese solar manufacturers took the dominant position 

in global solar industry and became the bigger solar producer since 2007. According to 

Greentech Media Research, Chinese solar manufacturers accounts half of the top 10 solar PV 

manufactures in 2013. With Chinese manufacturers coming into the global market, the solar 

module prices have declined significantly at a rate of 10% per year [68]. Since 2005 solar 

products have been massively utilized in the EU, US, Japan and China. 
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PV technology has become more and more popular in recent off-grid RE projects because of the 

strongly reduced price. The solar PV applications implemented in off-grid areas included both 

decentralized and centralized solutions. The decentralized solutions mainly include the solar 

home system (SHS) and solar lanterns (SL) and centralized solutions like solar PV microgrids, 

DC micro-grid and solar charging stations. [7] presents and compares various PV microgrid 

methods for electrification in the Sdakeni region of Cape Town, eastern South Africa. The 

microgrid is defined as a set of loads and a set of dedicated small to medium sized generators, 

which are usually with renewable and low carbon resources. It also has the ability to create a 

reliable independent power network with low greenhouse gas emissions per unit of energy. 

[8] presents a comparison between solar home systems and off-grid PV power plants (micro-

grid) on the annualized lifecycle costs. The results highlight that a microgrid is generally a more 

economic option for a village having a flat geographic terrain. In paper [9], the feasibility of off-

grid solar PV technology in Sub-Saharan African (SSA) countries is examined. In this study, 

only off-grid power systems were considered, and five major issues are analyzed for the 

feasibility of off-grid solar PV systems in SSA, which are cost-effectiveness, affordability, 

financing, environmental impact, and poverty alleviation. 

Besides, in south Asia the social and economic benefits brought by solar based off-grid 

electrification projects have been widely studied in [10-19]. Meanwhile, some studies also 

illustrated that a number of projects have not been so successful in this area [21]. These 

literatures are from the project level. At regional level, [22] made a study based on the recent 

peer-reviewed literatures and examined the trend of PV for RE in south Asia area. Solar Home 

System (SHS) is the most significant decentralized technology utilized to enhance the supply of 

electricity in rural communities [23]. SHS is very attractive for non-powered families living in 

remote rural and suburban areas, because of its better effectiveness. However, the evaluation of 

the impact of SHS on development aspects showed some negative results. The influence of the 

SHS project did not find much evidence showing power from the SHS support developments in 

Bangladesh [24]. A conclusion is presented in [25], by reviewing several SHS projects in various 

countries. The study shows that in spite of the social and environmental rewards, the economic 

feasibility is ambiguous. Therefore, because of its relative advantage over alternative energy 

sources, SHS is chosen as the preferred technology for rural areas to utilize electricity [26]. This 

guideline seeks to address the means by which government can force to bring socio-economic 

development to vulnerable families [27]. 

A figure of PV panels on a house’s roof top is shown in Figure 2.9 that get from “Baidu Picture”, 

which is a common practice to install the PV panels for generating electricity for a house. As for 

using the PV to supply the loads of remote areas, it would be the most beneficial choice for areas 

with lots of solar irradiation, such as Africa. 
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Figure 2.9 Solar Panels on the roof 

The growth of PV installations in the past and expected in the future are given in Figure 2.10. It 

is shown from 2010, the PV installation grows dramatically, and it is expected to continue this 

trend in the near future. 

 

Figure 2.10 PV Installation [29] 
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2.1.3 Fuel Cell 

Fuel cell is an electrochemical device that can continuously convert the free energy of reactants 

(i.e., fuel and oxidant) stored outside the cell itself into electrical energy. The basic physical 

structure of a fuel cell consists of an electrolyte layer in contact with two porous electrodes; an 

anode (or ‘fuel’) electrode to which the fuel of the battery is oxidized, and a cathode or an 

oxygen (or ‘air’) electrode on which molecular oxygen reduction occurs on either side [69].  

 

Figure 2.11 Fuel Cell 

Fuel cell has found its primary application in electric vehicles, while it is also an attractive 

choice for renewable energy systems. It can be used as an energy storage unit, which fueled by 

hydrogen coming from water dissociation. The intermittent nature of wind and solar can thus be 

smoothed by fuel cells. When the energy produced by solar and wind exceeds the load demand, 

the extra electricity can be used to produce hydrogen; when the load exceeds production, the 

hydrogen can be used in a fuel cell to generate electricity to meet the load demands. The fuel cell 

works as an energy storage unit in a similar way as a battery. 

2.1.4 Battery 

A lithium-ion battery typically comprises porous electrodes (anode and cathode), an electrically 

insulating separator in-between and an ionically conducting medium (electrolyte). Both 

electrodes are typically an electroactive material mixed with electrically conducting additives 

which are coated to an aluminum current collector (as the cathode) or a copper current collector 

(as the anode). The active material of the electrode serves as a host material into which mobile 

lithium-ions can be intercalated from the electrolyte or they can be extracted. The electrolyte 

consists of a salt dissociated in an organic mixture of carbonates, which immerses the anode, 

cathode and separator. This separator in-between anode and cathode prevents electron transport 

between the electrodes through the inside of the cell, while allowing lithium-ions to permeate. 
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When fully charged, a maximum amount of lithium is intercalated inside the anode. During 

discharge lithium leaves the anode and is each oxidized to an electron and a lithium-ion in an 

electrochemical reaction at the electrode/electrolyte interface.  

 

Figure 2.12 Battery 

A battery is the most common electric energy storage unit and plays an indispensable role in a 

stand-alone hybrid power system. The technical factors like efficiency, price, lifetime and so on, 

have a great impact on the design of stand-alone system for rural electrification. For example, if 

the battery has a lower price and better efficiency, than the off-grid rural electrification will be 

much attractive compared with the grid-connection.  

2.1.5 Hybrid Energy System 

In the last decades, hybrid systems consisting of PV and wind generators are more and more 

being used [30] and researchers are paying significant attention to the analysis and comparison of 

the best power source [31-32]. 

As introduced above, several energy sources show their capabilities as energy generators or 

energy storages for a stand-alone power system. For supplying the loads in rural areas, both 

energy generators and energy storages are required, to ensure continuously supplying the load. 

The stand-alone power system is more flexible than the grid connection option as the distance to 

the national grid is not critical. Even though hydrogen and diesel applications are still dependent 

on an infrastructure, for rural area we only need very small size in the hybrid system which is 

quite easier than building a long line to the grid. Meanwhile, the sizing of both energy generators 

and energy storages is important when designing a stand-alone hybrid energy system for a rural 

area. 

A stand-alone hybrid energy system for supplying electricity for remote areas is presented in 

Figure 2.13. It is shown it takes wind generators as the main power source and diesel generator 

as backup. It uses fuel cell as the energy storage unit, which is used to smooth the intermittent 

characteristics of the wind generators.  
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Figure 2.13 Stand-alone Hybrid Energy System [89] 

Recent projects to solve the electrification problem for rural areas are mostly focused on the 

study of the most suitable combination of power source with optimal sizing. Different research is 

using different methods and focusing on various aspects in different depth. [33] The lifecycle 

cost of related components and equipment for RE is deeply studied in [34-35]. [36] also 

simulated the Life Cycle Costing (LCC) of a model for a special created remote area, the 

simulation is done by HOMER which is a widely used decision making tool for RE projects. A 

simulation model is developed for an already designed Wind-PV system in [37]. [38] developed 

a methodology to optimize the size of a PV/wind/diesel system. This method is like a decision-

making model, which tries to find the optimal number of units for different energy type by 

minimizing the total cost and meanwhile guaranteeing the system reliability. A multi-objective 

optimization algorithm is proposed in [39] for a PV/wind/diesel and battery storage hybrid 

system. The objective is to minimize the levelized energy cost as well as the CO2 lifecycle 

emission. The study result shows that the solar energy is the most important energy source in the 

off-grid systems of south Europe on both environmental and economic aspects. Another model is 

proposed in [40] to find the optimal size for an off-grid PV system which aims to get a lower cost 

and a much better performance. [41] proposed a simulation model of PV-wind systems that have 

been projected. Under different considerations, the project of the hybrid system has been 

extensively studied [42-44], but less in developing countries.  

2.2 On Grid Technology 

The off-grid electrification has gained increasing attention and improved fast in the last decades. 

However, till today the grid-connected rural electrification approach remains the most favored 

one for the majority of rural areas mainly because of its subsidy regime. Some new technology 

also has been developed to support the grid connection approaches. Like the Station Service 

Voltage Transformer, Single Wire Earther Return, Shield Wire System and so on.  



16 

 

2.2.1 Station Service Voltage Transformer (SSVT) 

Station Service Voltage Transformer (SSVT) is developed for connecting into the existing high 

voltage transmission lines and providing a small amount of power at a voltage level suitable to 

electrify the small size communities nearby. Normally to provide electricity to an area, we need 

to build a high voltage substation, the protection equipment and the transmission lines. The 

equipment needs a high capital investment. As some communities are surrounded by high 

voltage transmission lines, but due to the low power load, it is not economically viable to build a 

conventional substation.  

The SSVT is a transformer which can transform the high voltage (up to 500 kV) from the 

transmission line directly to low or medium voltage. The SSVT has limited power ability but is 

suitable for the small communities. Besides, the SSVT is also available to provide a medium 

voltage power which enabled the remote villages which are too far away from the access power 

lines to lower the transmission loss [52]. 

ABB has built seven micro substations with the SSVT in rural villages in the southern part of the 

Democratic Republic of Congo which has already delivered electricity to over five thousand 

people. These villages have now experienced great changes; all the electrified villages are now 

becoming local hubs with markets, medical store, street lighting and other electric facilities [51]. 

2.2.2 Single Wire Earth Return (SWER) 

Single Wire Earth Return (SWER) is another technology that has been used for many rural 

electrification projects. SWER is a single-wire medium-voltage distribution line which provides 

electricity power from the power grid to the remote areas [53]. The earth is used as the return 

path for the current, which avoids a second wire line thereby lowers the cost significantly. SWER 

was first developed by Mandeno in 1925 [20] and experienced significant improvements till now. 

It is more suited for the modern areas with low loads. The SWER has the following advantages: 

low initial cost, simple design, easy construction, good reliability level and very low 

maintenance cost as it has fewer components [53].  

2.2.3 Shield Wire System (SWS) 

Shield Wire System (SWS) is a technology proposed by professor Franceso Iliceto and his team 

[70]. The SWS is designed to use the sky/shield wire which is at the top of every HV 

transmission line. Figure 2.14 shows the Circuit Schematic of Three-Phase Iliceto SWS 

Distribution for Villages. The sky/shield wire is normally grounded to protect the main power 

line below from the lighting strike. When the SWs is strike by the lighting, the closest protective 

gap will spark over and ground the SW through the arc. The gap spark-over will initiate a short 

circuit to the ground on the SWL, which will be tripped by the protection relays in the supply 

HV/MV station. In SWS, it has an additional role which is to transfer power. The shield wire will 
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be insulated from the tower body, suitable for medium-voltage (MV) operation. Thus, the SWS 

does the job of a MV sub-transmission line. 

The SWS system is proven to be technically viable and is proposed as part of transmission 

extension projects in Ghana and South Africa [70]. Up till now SWS has been implemented 

about 526 km of 161 kV lines in Ghana, 30 communities and over 10000 households are being 

electrified by this technology. The SWS has the same construction cost per kilometer as a LV 

network [71]. But by using the shield wire, the cost of sub-transmission towers, conductors, 

grounding mats and other materials can be saved.  

 

Figure 2.14 The Circuit Schematic of Three-Phase Iliceto SWS Distribution for Villages [71] 

2.2.4 “Appropriate design” engineering 

Besides these specific techniques, the “appropriate design” engineering is an approach to lower 

the cost by looking into the existing networks. This approach lowers the cost by analyzing the 

design, materials, construction methods, and many other aspects. By this approach a low-cost 

alternative scheme will be proposed at last.  

2.3 The electrification for rural areas 

Several literatures have discussed electrification for rural areas from different perspectives. A 

multi-criteria approach for evaluating the rural area electrification has been given in [54], where 

an approach for constructing the electrification options for rural areas using multi-criteria is 

given. In [55], the financial aspect of constructing an energy efficient home in the developing 
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countries is introduced. The solar energy is a really good option for rural areas of developing 

countries, such as south Asia and Africa, which has been evaluated extensively in [56]. 

There is a trend to involve more renewable energy for supplying the electrical loads for rural 

areas. Thus, building a hybrid power system to produce electricity is necessary. The hybrid 

power system is constructed based on the local natural resources and the load characteristics. 

Sizing and optimizing for such a system have been investigated in various literatures [57- 61]. 

Different methods and evaluation criteria are used in these literatures. 

2.4 Brief introduction of HOMER 

HOMER (Hybrid Optimization of Multiple Energy Resource) is a grid optimization software 

developed by Dr. Lilienthal [72]. HOMER aims to help make decision when you design a power 

system especially a hybrid system. There are lots of decisions need to make when designing a 

hybrid system. For example: Which kinds of energy resource should be included in the system? 

How to design the size for each resource? We need to consider both the cost of the system and 

energy availability when making these decisions. HOMER can help to make the decision by 

evaluating all the possible configurations. 

HOMER can run the simulation for a special designed hybrid system. The user can choose the 

technologies to include, the model and the cost of each component. Figure2.15 is the screen shot 

of the software. We can choose to create the special schematic for the system. For each 

component, we can set the technology and finical index freely, such as the efficiency, capacity, 

price, life time and so on. For the component like WT and PV panels, we need to give an energy 

source data which we can be downloaded from the NASA directly in the software of upload our 

own data to the software. Then with the model and input data, HOMER will simulate the energy 

balance of this system for the whole year which is 8760 hours. In each hour, HOMER will 

calculate the energy balance and the power flow. It will check the feasibility of each possible 

configuration. For the system with the battery or fuel cell, it will also decide the time to charge 

and discharge. After running all the possible configurations, HOMER will present the result in a 

list with the optimal capacity of each technology for different configurations as well as the 

LCOE (Levelized Cost of Electricity). With these results, we can do a comparison and find out 

the best configuration. 
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Figure2.15 A screen shot of the HOMER software 

Besides, HOMER can also do sensitivity analysis for the design system. One can choose one of 

the input data as the sensitivity variable. Then HOMER will run the model again and again for 

the range that defined for the sensitivity variable.  

The HOMER software is used in the optimal simulation for off-grid hybrid system in this 

project. The simulation results will be presented and analyzed in Chapter 4.  
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Chapter 3. Rural Area Load — Case study on Nigeria 

To powering the rural area load and choosing the suitable electrification options, the rural area 

loads should be well studied and understood. This chapter gives an introduction and illustration 

on the load characteristics of some rural areas. It can give an insight to the features of a rural area 

load. It will further give a comparison on the load characteristics between with or without energy 

efficient equipment. Moreover, the effect of efficiency improvement variation will also be given. 

3.1 Basic information of Nigeria 

To give an overall understanding of the load characteristics of an actual load in the developing 

country. In this section, a case study on Nigeria is presented using the open source analysis tool 

OnSSET [90]. Nigeria has a population of 182 million with around 50% of the population living 

in rural areas. Currently, only 18% of the rural area population have access to electricity. The 

electricity generation of Nigeria mainly depends on natural gas, with the help of oil and 

hydroelectric [62] as shown in Figure 3.1.  

 

Figure 3.1 Electrification Generation Sources of Nigeria 

3.2 The impact of grid consumption and diesel price 

As Diesel generator is a typical choice for rural electrification and is always used as the backup 

energy for solar and wind power [28]. Diesel energy is also studied in the project. With the help a 

GIS tool provided in the project “Electrification Path” that developed by UN DESA (United 

Nation Department of Economic and Social Affairs) and KTH [73], the open source data is 
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shown in the map as given in Figure 3.2 and Figure 3.3. The grid expansion plan with the 

increase of electricity consumption of Nigeria is shown in this figure. In this tool, it mainly 

considered diesel generator, solar and wind for the off-grid choices. The blue line represents the 

grid lines that already exist, while the light blue areas are the places for grid expansion to tackle 

the increasing of the load. It can be seen in the Figure3.2 that with the rising load demands, more 

grid connections are required as the diesel price is relatively expensive for providing power to 

the increasing load. 

 

Figure 3.2 Nation Grid Expansion for Increase of Averaged Electricity Consumption in 

Nigeria with high diesel price 

Compared with Figure3.2, it is still the same that with the increasing load demand, the grid 

expansion is applied in more areas, However, it is obvious that, when the diesel price is lower, 

diesel generator takes place of the grid connection in many areas.  
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Figure 3.3 Nation Grid Expansion for Increase of Averaged Electricity Consumption in 

Nigeria with low diesel price 

The total cost for electrification of Nigeria for the variation of the electricity consumption is 

given in Figure 3.4.  

 

Figure 3.4 Total Electrification Costs vs. Average Electricity Consumption 

The numbers on the x-axis is the assumed electricity consumption per year per household. Here 

it is defined into five scenarios: 20 kW (Basic lighting), 225 kW (Television), 700 kW (Washing 
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machine), 1500 kW (Oven) and 2200 kW (Air conditioner). Then the total cost for electrification 

is simulated based on Nigeria’s current population, geography and power grid information. It is 

shown that the cost is increasing with the electricity consumption, however, not completely 

proportional. 

3.3 The impact of electricity price and diesel price 

The impact of Grid electricity price  

Some on-grid technologies are introduced above in Chapter 2. These new technologies are 

designed to cut down the cost of on-grid electrification and improve the system reliability. With 

these on-grid technologies the grid connection cost should be decreased to a certain extent. The 

accurate value that the technologies contribute to reduce the cost is not studied in detail in this 

work. But we have taken some data from the GIS tool and made a comparison on the impact of 

grid electrification cost, which is similar as the impact of on-grid technologies. The data are 

shown in Table 3.1. 

Table 3.1 The proportion of different resources under different conditions 

Case 
Load 

(kWh/household/yr) 

Diesel price 

($/L) 

Grid electricity 

price 

($/kWh) 

National 

Grid 

(%) 

SA 

Diesel 

(%) 

SA 

PV 

(%) 

MG 

Hydro 

(%) 

MG 

Diesel 

(%) 

MG PV 

(%) 

1 

696 0.7 0.06 93.28 3.75 2.9 0.07 0 0 

696 0.7 0.08 91.98 4.62 3.31 0.09 0 0 

696 0.7 0.1 90.37 5.69 3.82 0.12 0 0 

2 

2195 0.7 0.06 98.90 0.44 0.28 0.04 0.02 0.31 

2195 0.7 0.08 98.90 0.44 0.28 0.04 0.02 0.31 

2195 0.7 0.1 98.29 0.65 0.39 0.06 0.04 0.57 

3 

2195 0.32 0.06 97.11 2.83 0.01 0.01 0.03 0 

2195 0.32 0.08 95.38 4.51 0.01 0.03 0.07 0 

2195 0.32 0.1 86.96 12.60 0 0.11 0.32 0 

 

Table 3.1 shows the proportion of different resources under different load, grid electricity price 

and diesel price. Three cases are studied here. In each case, three scenarios with different diesel 

price are compared. To show it clearer, the data is also presented in the maps below and shown in 

the pie charts.  



24 

 

 

Figure3.5 The electrification decisions under different grid electricity price in load of 696 

kWh/household/year and diesel price is 0.7 $/L 

Figure 3.5 shows the electrification decisions when the load is 696 kW and diesel price is 0.7 

$/L. From the map we can see that with the increasing grid electricity cost, the blue area is 

getting less, but the difference is not strongly apparent. In the figure, MG means “Mini Grid” and 

SA means “Stand Alone”. 

   

Figure 3.6 Capacity of Different Sources (Consumption:696 kWh/household, Diesel price:0.7 $/L) 
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The proportion of different resources are shown more clearly in the pie charts in Figure 3.6. The 

national gird option is taking less proportion when the electricity price grows up. And the SA 

diesel and SA PV is taking a larger proportion. 

 

Figure3.7 The electrification decisions under different grid electricity price in load of 

2195kWh/household/year and diesel price is 0.7 $/L 

 

Figure 3.8 Capacity of Different Sources (Consumption: 2195 kWh/household, Diesel price:0.7 $/L) 
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Figures 3.7 and 3.8 show the electrification decision when the consumption is 2195 

kWh/household/year and diesel price is still 0.7 $/L. Compared with Figures 3.5 and 3.6, the 

national grid takes a significantly larger proportion. Nearly the whole map gets blue in all these 

three scenarios. The proportion of national grid connected customers is also decreasing with the 

increasing grid electricity cost, but it is much less strong. Connected with the pie charts in Figure 

3.8, the electrification decision did not change when the grid electricity cost increased from 0.06 

$/L to 0.08 $/L. The national grid decreased 0.61% when the grid electricity cost increased to 0.1 

$/kW.  

 

Figure 3.9 The electrification decisions under different grid electricity price in load of 2195 

kWh/household/year and diesel price is 0.32 $/L 

Figure 3.9 and Figure 3.10 presented the result that when the diesel decreased to 0.32 $/L, at the 

same load level, the diesel generator replaced the grid connection in many areas. The proportion 

of national grid is decreasing as well with the raised grid electricity price. But compared with the 

first two cases, the electrification decision was more sensitive to the changes of grid electricity 

cost.  
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Figure 3.10 Capacity of Different Sources (Consumption:2195 kWh/household, Diesel price:0.32 

$/L) 

Figure 3.11 shows the percentage of electrification of national grid with respect to the varying 

electricity consumption under different conditions (different electricity and diesel prices). Under 

all conditions, the percentage of electrification of national grid grows with the increase of 

average electricity consumption. This means that connecting to the grid is a more cost-effective 

method for powering high demand loads, while it may not be very suitable choice when the load 

demands are low, since the construction for grid connections are expensive generally. When the 

diesel price is high (yellow and purple lines), national grid is likely to provide more electricity, 

since using diesel will become more expensive. When the grid electricity price is lower, there is a 

trend to use even higher percent of the national grid. 

 

Figure 3.11 Percentage of Electrification of National Grid vs. Average Electricity 
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Above is general analysis on the whole country of Nigeria, while it is also important to give an 

overview on a specific area. The following GIS figures are based on an area called Nasarawa in 

Nigeria.  

Figure 3.12 and 3.13 show the population of Nasarawa, as well as, the city and rural areas within 

Nasarawa. It is shown that the population density is relatively low while most areas are rural 

areas.  

  

Figure 3.12 Population distribution of Nasarawa         Figure 3.13 City and Rural Areas of Nasarawa 

Figure 3.14 and 3.15 show the distance to the road and the current grid distance in Nasarawa 

respectively. It can be seen that most areas are easily accessible to road, while the southern part 

of Nasarawa is relatively far from the current grid.  

 
Figure 3.14 Distance to Road of Nasarawa        Figure 3.15 Current Grid Distance of Nasarawa 

The solar implementation LCOE in these areas is presented in Figure 3.16. Since the solar 

resource is adequate in Nasarawa, the LCOE of solar in these areas can be low, which is a good 

option for providing power to the rural areas, where the distance to grid is far. 
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Figure 3.16 SA LCOE of Nasarawa 

Figure 3.17 shows pie charts of capacities of different electrification technologies for Nasarawa 

with varying electricity consumption and diesel price. It can be seen from the figure that both 

electricity consumption and diesel price have great impacts on the choice of electrification 

technologies. It is clear that when the load demand is low, the grid connection is not efficient. 

The diesel and PV-storage hybrid system shared the electrification and diesel takes most 

proportion. If the diesel price goes up, the solar PV hybrid system will take the place of diesel 

energy and take up nearly all the proportion.  

Figure 3.17 Capacity of Different Sources 
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When the demand increased, and the diesel price is low, the grid is a better choice than solar PV. 

Diesel energy still takes the most places and the national grid takes the rest.  
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Chapter 4. Off-grid and On-grid Option 

Based on the load characteristics analysis on Chapter 3, two different electrification options of 

off-grid and on-grid options will be introduced and analysis in detail here. An introduction of 

these two methods is given in 4.1 and the models used for later simulation calculations are 

presented. The off-grid model is simulated on HOMER software. The results obtained for 

respective methods are given and compared in the following sub-sections. 

4.1 Introduction to Rural Area Electrification Options 

Two widely adopted methods for rural area electrification are off-grid and on-grid. The off-grid 

option is also called stand-alone, which uses stand-alone hybrid power systems to provide power, 

such as solar, wind and battery. The on-grid option can also be referred as grid connection or grid 

expansion, which provides electric power to the rural area by constructing long transmission 

lines and transformers. 

The most important factor to consider when providing power to the rural area load is how cost 

effective this method is. Thus, the factor considered here for evaluating the on-grid and off-grid 

options are the total cost. The cost for either on-grid or off-grid option are affected by several 

factors. 

“The levelized cost of electricity (LCOE) is a measure of a power source which attempts to 

compare different methods of electricity generation on a consistent basis. It is an economic 

assessment of the average total cost to build and operate a power-generating asset over its 

lifetime divided by the total energy output of the asset over that lifetime. [74]” 

4.1.1 Grid extension Model 

The cost of electricity supply by grid extension is divided into cost of generation system LCOEg, 

cost of transmission electricity LCOEt, cost of distribution LCOEd and the associated loss factor 

due to deliver the power from the generation to customers 𝐿d. 

The LCOE can be calculated using following equation.  

LCOE =
TotalCost

TotalElectricity
                                                   (4.1) 

The cost of generation can be calculated as (4.2). 

 LCOEg =
∑ [CRF𝑖×𝐼𝑖+𝐸𝑖𝜑𝑖

HR𝐶𝑖
FC+𝛽𝑖𝐼𝑖]𝑚

𝑖=1

∑ 𝐸𝑖
𝑚
𝑖=1

                                     (4.2) 

Here CRF is the capital recovery factor, 𝐼  is capital cost of generation plant, 𝐸  is the annual 

electricity output, 𝜑𝑖
𝐻𝑅 is the heat rate of plant, 𝐶𝑖

𝐹𝐶  is the fuel cost, 𝛽 is the cost factor for annual 

operation and maintenance, i represents the power generating plant (1, 2,…., m), and m is the 

total number of power generating plants serving to the central grid. 
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The transmission cost LCOEt is dependent on the specific system. A general cost of transmission 

presented in [67] is given below. 

Table4.1 The General cost of Transmission 

 Large Scale Small Scale Mini-grid Off-grid 

Generator Size  50-300 MW 5-50 MW 5-250 kW 0.3-0.5 kW 

Transmission cost 
0.25 $/kWh  

(100 km circuit) 

0.5 $/kWh  

(20 km circuit) 
None None 

 

The transmission cost LCOEt depends on the size of transmission system. If off-grid option is 

used, the expense is eliminated.  

The cost of grid extension option for providing power to rural area is mainly depended on the 

distribution system for connecting the rural area to grid. The LCOEd is the levelized cost of the 

distribution system with the distribution line length of 𝑥d. 

The cost of distribution can be calculated as (4.3), which is mainly depend on the line length. 

LCOEd =
[

𝐶T𝑃PL
PF

+𝑥d(𝑎11𝑐11+𝑎2w𝑐2w+𝑎4w𝑐4w)](CPFd+𝛽d)

8760𝑃PL𝜓LF                            (4.3) 

Here 𝑃PL is predicted peak load of the rural area for which the distribution transformer is built; 

𝐶T is the unit capital cost of distribution transformers; PF is the power factor of the transformer; 

𝑥d  is the length of the electricity distribution line; 𝑎11𝑐11 + 𝑎2w𝑐2w + 𝑎4w𝑐4w  is the cost of 

building the distribution line; CPFd is the capital recovery factor of the distribution line; 𝛽d is the 

cost factor for annual operation and maintenance of distribution system, 𝜓LF is the load factor. 

The total cost of grid extension given in (4.4). 

LCOEtotal =
LCOEg

(1−𝐿d)
+ LCOEt + LCOEd                                    (4.4) 

4.1.2 The off-grid Model  

The section above gives the LCOE calculation for the on-grid option, while the calculation for 

the off-grid option is given in the following. Different methods for calculating LCOE of off-grid 

option have been used in literatures. In the following, two methods are introduced: one is the 

average values of LCOEdg , while the other one is specific calculation based on the HOMER 

software. 

Method 1: 

The following are the average values of LCOEdg for different off-grid system options. The total 

cost of off-grid LCOEdg can be calculated, depending on the specific renewable sources chosen 

and the size of the rural area. Note that the LCOE included the  

Table 4.2 The Average Levelized Cost of Electricity [63] 
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Off-grid system Size range (kW) LCOE ($/kWh) 

PV  1~25 0.50 

Wind Turbine 1~100 0.25 

PV-Wind  1~100 0.35 

Bio-gas 1~60 0.15 

Mini-hydro 1~25 0.30 

Diesel generator 1~25 0.20 

 

Method 2: 

The second method is doing the specific calculations for the specific loads. Based on the load 

characteristics, the sizing of the system should be done, and the price should be compared to get 

the optimal system design. Several computer programs are available for performing renewable 

hybrid system design. The most widely accepted software for such application is HOMER, 

which will be used in the following calculation for off-grid option. However, the specific 

calculation method for off-grid option is still presented, to give a better understanding. 

Consider a PV/Wind/ Battery/ Diesel hybrid off-grid system, with PV as main power source, 

Battery as energy storage and Diesel generator as backup. The total cost calculated for this stand-

alone system is given in (4.5). 

𝐶T = 𝐶cpt + 𝐶mtn + 𝐶fuel                                                     (4.5) 

Here 𝐶T is the total cost, 𝐶cpt is the annual capital cost, 𝐶mtn is the maintenance cost, 𝐶fuel is the 

total cost of fuel consumption. 

The annual capital cost can be calculated using (4.6) 

𝐶cpt =
𝑚(1+𝑚)𝑛

(1+𝑚)𝑛−1
[𝑁PV𝐶PV + 𝑁wind𝐶wind + 𝑁bat𝐶bat + 𝑁conv𝐶conv + 𝐶diesel]     (4.6) 

Here 𝐶𝑃𝑉, 𝐶𝑤𝑖𝑛𝑑 and 𝐶𝑑𝑖𝑒𝑠𝑒𝑙 are the unit cost of wind turbine, PV panel and diesel generator, 𝐶𝑏𝑎𝑡 

and 𝐶𝑐𝑜𝑛𝑣 are related to their lifetime, and 𝑁𝑃𝑉, 𝑁𝑤𝑖𝑛𝑑  and 𝑁𝑏𝑎𝑡 are the number of wind turbines, 

PV panels and batteries, which depend on the energy requirements for the specific rural area 

8760𝑃PL𝜓LF, m is the interesting rate, n represents the number of annuities received. 

Sizing of PV/ Battery/ Diesel hybrid system is based on the predicted load 𝑃𝑃𝐿. 

CRFdg =
𝑚(1+𝑚)𝑛

(1+𝑚)𝑛−1
 is the capital recovery factor of renewable system. 

The maintenance cost mainly includes the PV and diesel generators, which is given in (4.7). 

𝐶mtn = 𝑁PV ∗ 𝐶mtn
PV + 𝑁wind ∗ 𝐶mtn

wind + 𝐶mtn
diesel                           (4.7) 

Hence, the levelized cost of electricity generation using the off-grid option can be calculated by 

(4.8). 

LCOEdg =
𝐶T

8760𝑃PL𝜓𝐿𝐹
                                                  (4.8) 



34 

 

Searching for the break-even point between the grid-extension and off-grid options depends on 

many variables as given above. It is comparing LCOEtotal and LCOEdg. 

LCOEtotal is mainly dependent on the LCOEd, building the new distribution line for connecting 

the rural area with the grid. Since some of the cost is a set value, LCOEd is mainly dependent on 

the length of the distribution line. 

LCOEdg depends on the methods used and the size of the rural system. As different kind of 

system have different capital cost and maintenance cost. Meanwhile, as LCOE is levelized value, 

the size of the system impacted the "𝑃PL" in equation 4.8.  

The recent advance in LED lamps, batteries, PV, and controllers/inverters would have an impact 

on the above analysis, making the off-grid system a more attractive option than it would have 

been a few years ago. LED lamps can reduce the load demand of rural area, affecting 

8760𝑃PL𝜓LF. The development of batteries, PV, and controllers/inverters would make the cost 

lower (lower 𝐶PV, 𝐶bat and 𝐶conv) and lower capital recovery factor (lower CRFdg). 

4.2 On-grid Characteristics 

It is known from subsection 4.1 that the LCOE for the on-grid option consists of cost of 

generation system LCOEg, cost of transmission electricity LCOEt, and cost of distribution LCOEd. 

The sensitivity analysis of the on-grid option is presented here. The results are obtained using 

Matlab. The system data used for this study is given as following and is mainly obtained from 

studies in [64] and [65].  

Here we assume that there is no need for building extra power plants for adding the rural area 

loads, since the national power grid mostly have enough power rating. Thus, the term LCOEg will 

mostly depend on the fuel cost. The calorific value of the gas (MJ/m3) is energy stored in the 

fuel, which is considered as 36 here. The gas price ($/m3) is dependent on the price variation at 

different time and area, which is considered here as 0.161 as a base value. The heat rate of 

thermal power plants (MJ/kWh) largely varies with respect to different power plants and is 

considered here as 11.2 as a base value. Thus, the LCOEg can be calculated by fuel consumption. 

The transmission cost is depending on the size of the load: for a large load it costs around 0.25 

$/KWh [67], while for a rather small scale load the transmission cost can be considered to 

minimal. 

The power delivery loss varies with different areas. The typical data for power loss in 6 different 

countries are given in the following table. 
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Table 4.3 The Transmission and distribution loss of different countries [64] 

Country 

Transmission and 

Distribution Losses 

(%) 

India 26 

Philippines 13 

Vietnam 11 

Zimbabwe 15 

Kenya 17 

Bangladesh 19 

 

The cost of distribution is made up of the cost of transformer and construction of distribution 

line. The unit cost of transformer ($/kVA) is set as 105 here for calculation, and the power factor 

of the transformer is 0.85. The distribution line cost ($/km) is set as 8715 [67]. The load factor, 

which is the ratio of average load to the anticipated peak load of a power system, is set as 0.5 for 

base value. 

Simulation results: 

Based on the information given above, the simulation is performed on the characteristics of the 

on-grid option. The results are calculated and plotted in Matlab and shown below.  

 

Figure 4.1 The On-grid simulation on Line Length under various Load  
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Figure 4.1 shows the LCOE of Grid Extension option on Grid line length under different load 

demand levels. From the figure we can obviously find that the LCOE is increasing with the 

increasing line length. But with the same line length level, the LCOE is decreasing with the 

increasing load demand.  

 

Figure 4.2 The On-grid Simulation on Load to Line Length Ratio 

To further study the impact of load and line length. The relationship between LCOE and the 

Load to Line Length Ratio is presented in Figure 4.2. The Load to Line Length Ratio is in 

proportion to Load and in inverse proportion to the line length. From the figure above, we can 

see the LCOE is decreasing with the increasing Load to Line Length Ratio. The curve is sharp at 

the start and getting steady at the end. It means that when the load is large enough or the line 

length is small enough, the impact of load to length ratio and load factor acts less powerfully. By 

comparing the lines for different load factor, we can figure out that when the load factor is small 

the influence of Load to Line Ratio is more significant.  
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Figure 4.3 The On-grid Simulation on fuel price under various load 

The figure above illustrated the relation between the LCOE of Grid Extension and Fuel Price 

under varied load. According to the figure, we can see that the fuel price and the load demand 

level both have an impact on the LCOE for grid extension. And it is obvious that the load level 

has more significant impact on the LOCE, especially when the load demand is lower than 25 kW. 

When the load is large enough, the impact of load level becomes less important. 

4.3 Off-grid Characteristics 

As described above in the subsection 4.1, two methods are considered for the analysis of LCOE 

for off-grid options. In the first method we mainly take the data from a previous study which 

shows the average cost of different renewable sources. Then the results are plotted in Matlab. In 

the second method, we get some data of different components and use the HOMER software to 

get the LCOE of a system under different load demand. The sensitivity analysis for the unit cost 

of PV panel, WT, storage, converter and diesel price are also applied. 

Method 1: 

The data we used in the first method is shown below. In this method, the LCOE of different 

kinds of off-grid system are assumed to be a fixed value. The values are based on data in [63] 
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Table 4.4 The Levelized Cost of Electricity [63] 

Off-grid system Size range(kW) LCOE ($/kWh) 

PV  1~25 0.5 

Wind Turbine 1~100 0.25 

PV-Wind  1~100 0.35 

Bio-gas 1~60 0.15 

Mini-hydro 1~25 0.3 

Diesel generator 1~25 0.2 

 

Method 2： 

In method 2, an off-grid model is created and simulated by the Homer software. Several 

scenarios are generated and analysed. In this system, three power resources are considered which 

are wind power, solar power and diesel generator. Besides we added a battery system as the 

power storage for this model. A converter is also needed for the renewable energy. The structure 

and the power flow of this system is shown in Figure 4.4.  

 

Figure 4.4 The structure of off-grid system 

Technical data of the components 

The detailed data of the selected components in this system are presented in Table 4.5. Most of 

these data are provided by the HOMER software, as it provides the information of many 

products from different manufactures. The information we listed here are just for basic unit, and 

many of a particular component can be chosen by the program.  In this simulation, we chose a 

generic wind turbine with capacity of 1 kW. The PV panels we chose are PV117 from CAT with 

rating of 117.5 W. The diesel generator is a generic model rated10kW. A converter of 3 kW 

capacity is chosen. In the simulation, the diesel generator, wind turbines and PV panel are set as 

optional, so that the HOMER will run all the possible combination of these energy source and 
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generate the optimal size of each component for the feasible ones. Meanwhile HOMER will 

calculate the LCOE for each combination.  

Table4.5 The technical data for different components 

Wind Turbine 

Model Generic 1kW 

Rated capacity  1 kW 

Capital Cost  1804 $ 

Cut in speed 4 m/s 

Lifetime 20 years 

O&M cost  100 $/year 

Hub Height 17 m 

PV Panel 

Model CAT 117.5W 

Capacity  0.12 kW 

Capital cost  216 $ 

O&M cost 10 $/year 

Lifetime 20 years 

Efficiency 16.3% 

Diesel Generator 

Model Generic 10 kW Fixed capacity Genset 

Capacity 10 kW 

Fuel Diesel 

Fuel curve intercept 0.48 L/hr 

Fuel curve slope  0.286 L/hr/kW 

Initial Cost 4499 $ 

Replacement Cost 4499 $ 

O$M Cost  0.33 $/hour 

Lifetime 15000 hour 

Minimum Load Ratio  25% 

Power Converter 

Capacity  3 kW 

Capital Cost  1583 $ 

Lifetime 10 years 

Efficiency 95% 

Battery 

Model Trojan SAGM 06 315 

Voltage  6 V 

Capacity 2.06 kWh 

Maximum Capacity  344 Ah 

Capacity Ratio 0.0512 

Maximum charge current  300 A 

Capital Cost 310 $ 

Throughput (Lifetime) 1794.2 kWh 
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The Load information is presented below in Table 4.6. This is the baseline data of the load in 

each hour of the weekday and weekend. It is assumed to be the same all the year in this 

simulation. The load information is also provided by HOMER. Even though it is possible to 

change by ourselves according to our requirements, we decided to use this one as it shows the 

peak hours and valley hours clearly. The daily profile of the load is shown in Figure 4.5. The 

baseline load is used to set the profile of the load during a day, then we can scale this to a chosen 

total demand level of each day. In this simulation, the average daily demand is set to three 

different levels: 10 kW, 15 kW and 25 kW. Besides in the HOMER, the demand of different 

months in the year is also different. The box-plot of monthly baseline load data is shown below 

in Figure 4.6.  

Table 4.6 The load information in each hour of the day 

Hour Load for Weekday(kW) Load for Weekend(kW) 

0 0.109 0.109 

1 0.095 0.095 

2 0.095 0.095 

3 0.095 0.095 

4 0.327 0.327 

5 0.500 0.500 

6 0.550 0.550 

7 0.500 0.500 

8 0.420 0.462 

9 0.430 0.473 

10 0.495 0.545 

11 0.533 0.586 

12 0.691 0.760 

13 0.519 0.571 

14 0.418 0.460 

15 0.397 0.437 

16 0.409 0.450 

17 0.658 0.658 

18 1.231 1.231 

19 1.003 1.003 

20 0.676 0.676 

21 0.480 0.480 

22 0.300 0.300 

23 0.204 0.204 
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Figure 4.5 Daily Profile of Load 

 

Figure 4.6 Baseline data of monthly load 

Energy Resource data 

The resource data used in the simulation is from “Surface Meteorology and Solar Energy 

database”, which is a renewable energy resource website which developed by Prediction of 

Worldwide Energy Resource Project and sponsored by NASA. HOMER is able to download the 

data directly from this website, so we can choose the location from the map and HOMER will do 

the simulation based on the resource data in that area.  

The solar data is global horizontal radiation monthly averaged values over 22 years (July 1983-

June 2005). The location we choose for the simulation is Nigeria. The detailed data is shown 

below in Table 4.7.  
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Table 4.7 The Monthly Solar Global Horizontal Irradiance (GHI) Resource data of Nigeria 

Month Clearness Index 
Daily Radiation 

(kWh/m2/day) 

January  0.609 5.480 

February 0.605 5.840 

March 0.566 5.810 

April 0.543 5.700 

May 0.520 5.390 

June 0.539 5.500 

July 0.536 5.490 

August 0.535 5.550 

September 0.569 5.850 

October 0.576 5.640 

November  0.593 5.400 

December 0.605 5.300 

The wind energy from “Surface meteorology and Solar Energy database” is the wind speed at 

50m above the surface of the earth which, these values are the monthly averaged values for over 

ten years (July 1983 - June 1993). The detailed data of monthly average wind speed is shown in 

Table 4.8 

Table 4.8 The monthly average wind speed 

Month 
Averaged Wind Speed  

(m/s) 

January  3.590 

February 3.680 

March 3.490 

April 3.560 

May 4.220 

June 5.210 

July 4.690 

August 4.300 

September 4.400 

October 4.560 
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Month 
Averaged Wind Speed  

(m/s) 

November  4.570 

December 4.090 

Simulation result: 

The simulation results from HOMER software are shown in the following figures.   

 

Figure 4.7 The simulation result for 10 kW case 

Figure 4.7 shows the simulation result of the case with 10 kW load. The optimal results of five 

feasible technology combinations are shown in the figure above. The simulation result includes 

two parts: the architecture and cost. The icons in the first columns show the technology included 

in this combination. The capacity of each technology is presented in the following columns. 

According to the results, the levelized cost of electricity (“COE” in the table) of PV-diesel hybrid 

system is lowest in the five feasible choices. It includes 70 kW PV, 10 kW diesel-generator and 

356 kWh power storage. 

 

Figure4.8 The simulation result for 15kW case 

Figure 4.8 shows the simulation result for the 15kW case. There are four feasible combinations. 

The most cost-efficient model is PV-Diesel-Battery hybrid system which has the lowest LCOE 

of 0.386 $.  

 

Figure4.9 The simulation result of 25kW case  
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It is shown in Figure 4.9 that when the load increased to 25 kW, the most economic system is 

PV-Wind-Diesel-Battery system. The lowest LCOE is 0.394 $. 

4.4 Comparison of On-grid system and Off-grid system 

After the simulation for the on-grid and off-grid systems, comparison is made in this sub-section 

with the simulation results above. The comparison results are plotted in Matlab and the 

breakeven points are shown in the results.  

The LCOE of grid extension and off-grid hybrid system is presented in Figure 4.10 below. The 

trend of the grid extension cost is already discussed in the above section. There are several 

interactions shown in this figure which are the break-even points of the grid extension and off-

grid hybrid system. Take the red point we marked in Figure 4.10 as an example. This point is the 

break-even point of the gird-extension with a load factor of 0.1 and the 1 – 25 kW PV-wind 

hybrid system. It means that when the load factor is 0.1 and the load to line length ratio is about 

6.7, the on-grid extension has the same levelized cost with PV-wind hybrid system. From the 

figure, we can see many points like that. The lines of off-grid systems interact with each line of 

the on-grid system. So according to that figure, when we have the information of load factor, 

load to length ratio and the size of the system, this result can help make a decision.  

 

Figure 4.10 The LCOE of grid expansion and off-grid model (Method 1) 
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Figure 11 shows the LCOE of gird connection and off-grid electrification with different line 

length. The line length is decided by the distance to the grid. Figure 4.11 shows three cases of 

grid extension with load of 10 kW, 15 kW and 25 kW. The load factor is assumed to be 0.5. 

There are several interactions between these three cases and different off-grid systems. These are 

the break-even points of the on-grid and off-grid electrifications under that situation.  

The LCOE of PV-Hybrid and PV-Wind-Hybrid system of three simulated cases on Homer are 

plotted in Figure 4.12 together with the results of grid-extension.  

 

Figure 4.11 The LCOE of grid expansion (line length) and off-grid model (Method 1) 
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Figure 4.12 The LCOE of grid expansion and off-grid model 

From the results we can see that the off-grid model has crossover points with the on-grid model 

when the line length is 13 km and 19 km, which are the breakeven point of the off-grid option 

and on-grid option.  

4.5 Sensitivity analysis 

A sensitivity analysis is applied on several parameters. In the sensitivity analysis we choose the 

load level, unit PV cost, unit cost of Wind turbine, unit cost of storage and the diesel price as the 

sensitivity variables. We simulated the impact of these parameters on the configuration of off-

grid system and levelized cost of electricity (LCOE). The sensitivity analysis results are 

generated by the HOMER software and shown below. In each simulation, we set six load levels 

and the load level are defined in table below． 

Table 4.9 The load demand in sensitivity analysis 

Scenario Scaled average load (kWh/d)  Scaled average Power (kW) 

1 240 10 

2 360 15 

3 600 25 

4 800 33 

5 1000 42 

6 1200 50 
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With the load level defined above, the sensitivity simulation is done to 4 sensitivity variables, 

and six sensitivity multipliers are given to each sensitivity variable. 

4.5.1 Sensitivity analysis on unit PV cost 

The sensitivity analysis is first applied to the unit cost of PV panel. The unit PV cost is originally 

set as 216 $ per 0.12 kW which is the same as we presented above in Section 4.3. The sensitivity 

multiplier for the capital cost (Capital cost multiplier) is set as 0.5, 1, 1.5, 2, 2.5 and 3, which 

means that the capital cost is 0.5, 1, 1.5, 2, 2.5 and 3 times of the original cost. So there are 36 

scenarios in the simulation and the optimal configuration of system is shown in the figure below. 

The x-axis is the system level and the y-axis are the sensitivity multiplier on unit PV cost. The 

red area means that the optimal system configuration is PV-Hybrid and the green area means the 

optimal configuration is PV-Wind-Hybrid. 

 

Figure 4.13 The Optimal System Type with different unit PV Cost 

From the figure above, we can obviously see what kind of system we should use in different load 

and PV price. Then the LCOE of each scenario is shown in Figure 4.15. From the curves and 

data in Figure 4.14, we can see that the LOCE is increasing with the raised PV price. The LCOE 

of 33 kW is much higher than the other points when the PV price multiplier is smaller than 2. 

But when the PV price get much higher, the uptrend of LCOE gets smaller and is lower than case 

25 kW and case 50 kW. Besides that, the 25 kW case has the highest LCOE when the multiplier 

is higher than 2. So, there is a complex relationship between LCOE, load demand and the PV 

price. As the LCOE consists of several parts which include the capital cost, the fuel cost and 

O&M cost. These kinds of cost are impacted by PV price, the capacity of each technology, as 

well as the configuration of the system.  
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Figure 4.14 The sensitivity analysis on Unit PV Cost 

In conjunction with Figure 4.13 above, the optimal system type of most cases is PV-Storage-

Diesel system, only when the load is 33 kW and the unit PV cost is higher than the original price, 

the optimal system type is PV-Wind-Storage-Diesel. As shown in Figure 4.15, with the same PV 

price, the LCOE is increasing first when the load level climbed up gradually. But at some point, 

when the load is high enough, the LCOE get stable and decreased slightly. After that if the load 

keeps rising, the LCOE goes up.  
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Figure 4.15 The sensitivity analysis on Unit PV Cost 

4.5.2 Sensitivity analysis on unit WT cost 

The similar sensitivity analysis is also applied to unit cost of Wind Turbines (WT). The 

sensitivity multiplier for the capital cost of WT is set as 0.5, 0.8, 1, 1.5, 2 and 2.5. The simulation 

results are shown in the following figures.  

It can be seen from Figure 4.16 that the optimal system type of most cases are PV-Storage-

Diesel. Nevertheless, when the WT price is lower than 80% of the original price and the load is 

around 35 kW, we see that the optimal configuration is PV-Wind-Diesel-Storage system. I think 

there are some reasons for the results. Firstly, the solar resource is good in this area and the PV 

cost is much cheaper than WT, so in most time, PV system is a much better choice. But when the 

WT decreased, it is good choice to add some WT to the system even though PV and Diesel are 

still the chief technology.  

 

Figure 4.16 The Optimal System Type with different unit WT Cost 
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According to Figure 4.17 below, the WT price does not have any impact on the LCOE when the 

load level is 15 kW, 25 kW, 42 kW and 50 kW. I think it is because that the WT price cannot 

influence the other possible configurations and operation strategies at these demand levels. But 

we see that it did impact the operation strategies of 10 kW and 33 kW cases. So we can get a 

conclusion that even though WT is not used in the system, the WT price still has the capability to 

influence the system operating strategies and LCOE. By checking the results of the 33 kW case 

in more detail, we found that when the WT cost increased, the operating strategy of the system is 

changed from Cycle Charging (CC) to Load Following (LF). Cycle Charging is the generator 

operating strategy that whenever a generator is required, it operates at full capacity and surplus 

energy charges the battery. Load Following means that whenever a generator is needed, it only 

supplies enough power to meet the primary load and use the renewable resource to charge the 

battery. Thus, when the generator strategy is changed, the capacity of different technologies is 

also changed, which influenced the LCOE. 

 

Figure 4.17 Sensitivity Analysis on Cost of WT vs. LCOE 

In conjunction with Figure 4.18, it can be seen that the LCOE is quite sensitive when the load is 

33 kW. Besides that, the LCOE of the other cases are on nearly the same level. 
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Figure 4.18 Sensitivity Analysis on Cost of WT vs. LCOE 

4.5.3 Sensitivity analysis on unit cost of storage 

This section presents the sensitivity analysis results of unit cost of storage. The sensitivity 

multiplier for the capital cost of storage is set as 0.5, 1, 1.5, 2, 2.5 and 3. From the figure below, 

PV-Diesel-Storage is the optimal configuration of most scenarios. When the storage cost is about 

1.5 time of the original and the load is around 33 kW, the optimal system type is PV-Storage 

system. 

 

Figure 4.19 The Optimal system type with different unit cost of storage 

In conjunction with the figure below, when the load level is 10 kW, the LCOE of the system is 

increasing at a lower rate compared with the other cases. The other curves have the similar rate. 

0.388

0.39

0.392

0.394

0.396

0.398

0.4

0.402

0.404

0.406

10kW 15kW 25kW 33kW 42kW 50kW

L
C

O
E

($
/k

W
h

)

Sensi t iv i ty  Analys is  on  Cost  o f  WT vs .  LCOE

0.5 0.8 1 1.5 2 2.5



52 

 

 

Figure 4.20 Sensitivity Analysis on Unit Cost of Storage vs. LCOE 

According to Figure 4.21, the LCOE is fluctuating around with the increasing load. When the 

sensitivity multiplier of storage price is lower than 2, the LCOE of the system is quite stable. But 

when the price increases to 2.5 and 3 times of the original price, the LCOE increased obviously 

at start with the rising load and became stable after that.  

 

Figure 4.21 Sensitivity Analysis on Unit Cost of Storage vs. LCOE 
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4.5.4 Sensitivity analysis on Fuel Price 

At last the sensitivity analysis is done to the diesel price. The diesel price is set as 0.8 $/L, 1.34 

$/L, 2 $/L, 2.5 $/L, 3 $/L and 3.5 $/L. The other parameters are set the same as original cases. 

The simulation results are presented below. Figure 4.22 illustrated that there is only a small area 

where the optimal system type is PV-Wind-Diesel-Storage. Except for that part, PV-Diesel-

Storage is the optimal configuration.  

 

 

Figure 4.22 The Optimal system type with different cost of fuel price 

The trend and values of LCOE is shown below. According to the curves in Figure4.23, the LCOE 

is fluctuating with the increasing fuel price when the load is 33 kW and 15 kW. When the load is 

10 kW, the LCOE increases dramatically at the start with the rising price, then it gets stable and 

rises gradually. 

As can be seen in Figure 4.24, when the fuel price is fixed, the LCOE is fluctuating with the 

increased load. So, even though the system configuration is not changed by the increasing load 

and fuel price, they did impact the operating strategies of the system.  

Based on the simulation results, it is possible to find a break-even point for a specific location. 

But to get that result, we need to know exactly the affordable LCOE or grid connection price in 

that location. To get that value, we need to study detail of that area and design a grid connection 

plan specifically for it. Afterward, we can calculate the precise LCOE for the grid connection by 

the model we proposed above. And draw the line in the figures, to study the impact of the 

sensitivity variables on the on-grid and off-grid decisions.  
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Figure 4.23 Sensitivity Analysis on Fuel Cost vs. LCOE 

 

Figure 4.24 Sensitivity Analysis on Unit Cost of Storage vs. LCOE 
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Chapter 5. Conclusions and Future work 

5.1 Conclusion 

This thesis studied the options for electrification in rural areas. A mathematical model is 

proposed for accessing the LCOE of the on-grid electrification. The off-grid electrification is 

simulated by HOMER, and a sensitivity analysis is done to the relative parameters. Finally, a 

comparison is applied between the on-grid electrification and off-grid electrification. The break-

even point is found by comparing the LCOE of each electrification option.  

The simulation results of the on-grid model show that the line length, load level and fuel price 

are the most important parameters which affected the LCOE of on-grid electrification.  

➢ The on-grid option is more effectual when the load demand is at a higher level.  

➢ The LCOE is also increasing with the increasing line length, but when the load demand is 

large to a certain extent, the line length does not much affect the LCOE.  

➢ Similarly, when the load is large enough at a level, the influence of increasing load gets less 

important. 

➢ Fuel Price has a slight impact on the LCOE under the same load demand.  

For the off-grid system, there are several influential factors. By comparing the off-grid results 

and on-grid results, it can be seen that the off-grid and on-grid options have some break-even 

points.  

➢ By analyzing the results of sensitivity analysis on the off-grid model, we can see that the PV 

cost, WT cost, storage cost and the diesel price all have an impact on the system 

configuration and LCOE of the system.  

➢ With the increasing PV cost, the LCOE is increasing, as solar is the main resource of the 

hybrid system. But the LCOE is not always increasing with the increasing load, as the 

configuration and generator operation strategy is changed at some load point which 

influenced the LCOE.  

➢ From the sensitivity analysis on the WT cost, it is shown that the LCOE is quite stable with 

raising WT price. But the LCOE of 33 kW case fluctuated around. The reason is that the 

changing WT cost influenced the optimal operating strategy of generators and thereby 

changed the capacity of each technology and the LCOE.  

➢ The fuel price impacted the LCOE a lot, as can be seen from the result. The LCOE 

fluctuated around obviously with the growing diesel price. As the fuel price have a great 

impact on the operating strategy of diesel generator.  

➢ In the final analysis, the configuration of system and generator operating strategies are the 

two main reasons that effected the LCOE. 
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5.2 Future work 

This thesis mainly proposed a mathematical model for the on-grid system. A simulation was 

performed using Matlab and HOMER software. A sensitivity analysis was also applied on the 

relative parameters. Nonetheless there is still some further work can be done in the future. 

The impact of advanced on-grid technology can be further studied in detail. As we said before, 

this work needs a lot of real and detailed geographic information about the area. The system is 

also needed to be specially designed for that area. Then the two systems can be simulated and 

compared.  
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