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Abstract 
This bachelor’s degree project was conducted as both a literature study and a Minor Field Study in 
Fiji. Today, many of Fiji's remote villages are supplied with electricity from diesel generators while 
others have no electricity at all. The project aims to examine the expected economical, 
ecological and social benefits of electrification using solar photovoltaic cells (PV). Earlier 
reports from around the world conclude that PV-systems are fully competitive with diesel generators 
economically. This study examined whether this was the case for Fiji as well. 

Among the aspects covered in the report is the importance of rural electrification, the negative 
aspects of global warming and Fiji’s high oil dependency. Emphasis is put on PV-systems and 
how these can be financed. Three remote villages are examined in the field study, where the social 
aspects and the energy usage are in focus. This among other parameters would be the basis for the 
modeling in MATLAB, which was used to calculate cost and potential profit for the PV-system, and 
compare it to using diesel generators. 

The results show that the PV-systems are cheaper than small diesel generators over a 24-year period, 
and many times more reliable. However, there is yet unawareness and lack of understanding about 
the maintenance and use among the villagers, which could be a potential problem. This calls 
for education, but also smarter systems that minimize the complications that might arise through 
misuse. Reduced fuel transports, which facilitate the daily life for the villagers together with less 
exposure to air pollution, are also positive side-effects from solar electrification. Because PV-systems 
have large initial investment costs, it is crucial that the payment can be split and paid over a longer 
period. 
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Sammanfattning 
Det här kandidatexamensarbetet utfördes delvis som en litteraturstudie och även som en Minor Field 
Study i Fiji. Idag förses många av Fijis avlägsna byar med el från dieselgeneratorer, andra saknar el 
helt och hållet. Arbetet syftar till att undersöka den förväntade ekonomiska, ekologiska och sociala 
vinningen som elektrifiering med hjälp av solceller (PV) skulle medföra. Tidigare rapporter från olika 
delar av världen fastslår att PV-system är helt konkurrenskraftiga med dieselgeneratorer. I arbetet  
undersöktes ifall detta kan fastslås även för Fiji.  

Bland aspekterna som tas upp i rapporten återfinns vikten av att elektrifiera byar, problematiken 
med global uppvärmning samt Fijis starka oljeberoende. Stor vikt läggs vid PV-system samt hur dessa 
kan finansieras. I fältstudien undersöks tre avlägsna byar där de sociala aspekterna och 
användningen ligger i fokus. Detta tillsammans med andra parametrar blev sedan till grund för en 
modellering i MATLAB. Modellen går ut på att kalkylera kostnader och vinstpotential för ett 
införande av PV-system, och jämföra detta med dieselgeneratorer.  

Resultatet visar att el via PV-system är billigare än el från mindre dieselgeneratorer, räknat på en 24 
årig period. Det är dessutom ofta mer driftsäkert. Dock finns ännu en okunskap gällande underhåll 
och användning bland byborna, vilket kan ses som ett potentiellt problem. Här behövs utbildning, 
men även smartare system som minimerar komplikationer som uppstår genom felaktig användning. 
Minskade bränsletransporter, vilket underlättar det dagliga livet för byborna, tillsammans med 
mindre utsatthet för föroreningar är positiva bieffekter av elektrifiering via PV-celler. Eftersom PV-
system har stora initiala investeringskostnader, är det en avgörande faktor att betalningen kan delas 
upp över en längre period. 
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Abbreviations and nomenclature 

Abbreviations 
Abbreviation Full Meaning 
AC Alternating Current 
ADB Asian Development Bank 
CO2 Carbon Dioxide 
CHP Combined Heat and Power 
DC Direct Current 
DOE U.S. Department of Energy 
EDS Energy Distribution System 
EIA U.S. Energy Information Administration 
EPS Energy Production System 
EUS Energy Usage System 
FDoE Fiji Department of Energy 
FEA Fiji Electricity Authority 
GDP Gross Domestic Product 
GHG Greenhouse Gases 
HFO Heavy Fuel Oil 
IDO Industrial Diesel Oil 
IEA U.S. Energy Information Administration 
IPCC Intergovernmental Panel on Climate Change 
IPPs Independent Power Producers 
IRENA International Renewable Energy Agency 
IVA Kungliga Ingengörsvetenskapsakademin 
KVA Kungliga Vetenskapsakademin 
LED Light Emitting Diode 
LPG Liquefied Petroleum Gas 
NASA National Aeronautics and Space Administration 
NPV Net Present Value 
O&M Operation and Maintenance 
OPVI Oil Price Vulnerability Index 
PHES Pumped Hydro Energy Storage 
PIGGAREP Pacific Islands Greenhouse Gas Abatement through Renewable Energy Project 
PV Photovoltaic 
SCB Statistiska Centralbyrån 
SHS Solar Home Systems 
SMA The Swedish Maritime Administration 
UNDP United Nations Development Programme 
USP University of the South Pacific 
USD United States Dollar 
WHO World Health Organization 
WWF World Wide Fund for Nature 
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Nomenclature 
Term Meaning Unit 
C Cost USD 
v Velocity m/s 
n Number of times  
r Interest rate % 
𝑷𝒑 Watt peak (Nominal power output at an insolation of 

1000W/m2) 
Wp 

𝑷𝒅 Power output for diesel generator  W 
𝑷𝑽𝑬 Present value USD 
𝜼 Efficiency  
𝑬 Energy kWh 
𝑬𝒖 Energy used kWh 
𝑬𝒍 Energy losses in battery kWh 
𝑬𝒕𝒐𝒕 Energy supplied kWh 
P Power W 
U Voltage V 
I Current A 
𝑺𝒉 Insolation on horizontal surface kW/m2 
𝑻 Tilt factor  
𝑺𝒕 Tilt-corrected Insolation kW/m2 

𝑷𝒑 Power production W 
𝑨 Area m2 
𝑽 Liters of diesel l 
𝑽𝒕 Volume diesel tank l 
𝑫 Liters of diesel required to produce 1 kWh of electricity l/kWh 
𝑪𝒃 Battery capacity kWh 
𝒒  CO2 emissions per volume kg/l 
𝒇 Frequency  Hz 
𝒕 Time Hours 
𝒎𝑪𝑶𝟐  Mass of CO2 kg 
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1 Introduction  
Electricity is a service the Swedish population takes for granted, but in a large part of the world there 
is none. Many people living in remote areas on the Fiji islands will most likely never get grid power. 
For these people diesel generators or kerosene lanterns are often the only alternatives for electricity 
and lighting. Previous reports from around the world have showed that solar electricity is a 
competitive alternative to diesel generators, and this study aims to verify if this is the case in Fiji as 
well. This study will also look at what electric components are being used, and calculate cost 
scenarios for them. 

An important factor is that the rural villagers will be able to pay for the electrification themselves. 
This is both due to the tight economy in developing countries, but also that people often do not feel 
the same responsibility for free giveaways. (Raturi, 2012) This fact is likely to scale down the system 
size to an affordable level. However, the MATLAB program was built versatile, to make it possible to 
use it for testing all kinds of devices and system sizes, all over the world.  

The project was partly performed in Sweden as a literature review and partly in the Fiji islands as a 
Minor Field Study. The results from the field trips will determine the in-parameters in the final 
modeling. 

All prices and costs are in the report given in US dollars (USD). The exchange rates were established 
2012-04-11 and are found in Appendix 1 – Exchange rates. All costs in the result will be in year 2012 
monetary value. 
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2 Problem formulation and goal description 
This section will cover the rationale of the project. 

2.1 Purpose 
The overall purpose of the project was to investigate the potentials of solar cell technology for rural 
electrification in Fiji, and compare it to existing alternatives. The purpose has three dimensions: 
social, ecological and economical.  

2.2 Objective and problem formulation 
The objective with the project was to examine the feasibility and costs of rural electrification through 
standalone solar cell systems. The timeframe was set to eight weeks of preparations and literature 
reviewing in Sweden, as well as another eight weeks of field studying in the Fiji Islands. The problem 
formulation and the objectives were decomposed in the following bullets: 

• To find the life cycle cost of a solar cell system, for a variation of the most common electronic 
devices, in an average rural household 

• To determine the cost of using diesel oil, for the same amount of electricity produced by a 
PV-system 

• To find CO2 saving potentials for solar cells, compared to diesel generators 
• To evaluate the feasibility of solar cell systems in rural electrification and make a 

recommendation if they are to be used or not 

The milestones were: 

• To conduct a literature study 
• To develop a MATLAB program for modeling solar cell systems 

o By using facts found in the literature study 
o By examining the solar cell set up at the USP 

• To map out an average usage pattern in rural households  
o By interviewing the responsible for rural electrification at the FEA  
o By visiting three rural villages for observations and interviewing 
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3 Literature review 
In this section, research and other facts, which are of value for the study, are reviewed. Firstly, the 
importance of rural electrification is stated among with information about Fiji and the global 
warming and oil issues. Secondly, Fiji’s current and potential electricity systems are presented to show 
why standalone systems are needed. The photovoltaic (PV) technology is given a major part of the 
converter section, since this is the technology that was used in the model. The system design and the 
financing are also reviewed. 

3.1 The importance of rural electrification 
Electrification of rural areas is important for several reasons, whereof the most important are 
enhancing of education level, health, quality of life and economic growth. However, for a long period 
of time many people claimed that rural electrification did not contribute to development at all. They 
argued that electrification comes naturally when a society reaches a certain level of development 
(Foley, 1992). These views may have had a basis in overly optimistic expectations on the 
development and people’s ability to pay for electricity. Others argued that the electricity in too little 
extent had been used for productive purposes. (Zomers, 2003). Additionally, some previous studies, 
which ranked poor people's basic needs, put electricity lower than water, health care etc., and 
considered it to be an unnecessary and expensive luxury. (Ranganathan, 1993) 

However, more recent research has shown that socio-economic outcomes are much more positive 
than previously thought. Also, the electrification of villages can be seen as a symbol of progress and 
modernity. Thus, it is a very important part of the development: Politically, socially and 
psychologically, for the residents (Zomers, 2003). In a report from 2010, where off-grid PV-systems 
were evaluated, the authors confirm that the impact on socio-economic and cultural development in 
villages cannot be ignored. (Chaurey & Kandpal, 2010) 

3.1.1 Increasing living standard  
In a case study from the Sagardeep Island (India), where around 2500 families now have access to 
electricity, the raised living standards and social improvements are obvious. The electrification has 
for example helped students continue to study at night, extend the working day, created 
opportunities for entertainment activities, provided power to hospitals, increased the safety with 
street lights and helped women in their household work. (Moharil & Kulkarni, 2009)  

Moreover, when the demand is low, and the power generation is high during daytime, the supply to 
the mini-grid is switched off and pumps are connected to pump clean and safe drinking water from 
the aquifers. (Moharil & Kulkarni, 2009) Further, this shows that it is important to use the electricity 
in a smart way. 

The same positive effects on education level as in Sagardeep are found in Africa as well. It was also 
shown that students, who did not have access to electric lighting in their own homes, also were 
benefitted since they gathered in electrified places to study together (Gustavsson M. , 2007). 

3.1.2 Externality and health 
Howells et al. suggest that in addition to operation cost, performance and capital needed, a wide 
range of other factors are relevant when deciding which energy source to use. This includes factors 
such as convenience, trendiness and pollution (M.I. Howells et al., 2005). 
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An example of “trend” is the post-Fukushima solar wave in Japan. The meltdowns in three of the 
nuclear reactors led to power shortages in the country, which in turn pushed the policy makers into 
quick decision-making. By 2020, the goal is to have 28 GW installed PV power in Japan (Barber, 2012). 

Health-related externality costs are difficult to calculate, but illness caused by indoor air pollution is a 
problem in much of the developing world. Around 3 billion people across the world use open fires 
and leaky stoves for cooking and heating, running on solid biomass fuel. Nearly 2 million of these die 
prematurely every year due to illness derived from this issue. (WHO, 2011). Another health problem 
related to lack of electricity is storage of sensitive goods, such as medicine or food, which often have 
to be retained in a refrigerator. 

In Kohjig (eastern coast of Thailand) a hybrid system, consisting of diesel generators and PV-cells, was 
evaluated to see the acceptance for the system. The report showed that the rural dwellers were 
most satisfied with the positive effects of the complementing PV-system, due to both reduced noise 
and environmental pollution (Phuangpornpitak & Kumar, 2011). 

Further, there are environmental externalities derived from the use of fossil fuel. This makes an 
investment in renewable energy sources a better option even if it is more capital-expensive. 

3.1.3 Electrification as part of development program 
In contrast to several previous studies, the rural residents value a modern energy supply highly. For 
example, entrepreneurs in rural areas regard lack of reliable and qualitative energy distribution as 
one of the biggest obstacles for their companies. (Zomers, 2003)  

Moreover, electrification of villages should not be seen as a solitary activity, which many times has 
been the case, but part of a development program (Zomers, 2003) & (Chaurey & Kandpal, 2010). A 
poor farmer cannot buy an electric pump if he is unable to obtain credit. In this way, no electricity 
will be used, which means it cannot contribute to any economic development. (Ranganathan, 1993). 
According to Zomers, it is not a question whether rural areas should be electrified or not. Instead it 
depends on how much one is willing to spend on improvement of people’s living conditions. (Zomers, 
2003) However, it is still of importance to find out if the villagers want the service or not (Käck, 
2012). 

3.2 About Fiji 
Fiji has 837 271 inhabitants (2007 census) and consists of 330 islands, where two main islands Viti 
Levu and Vanua Levu are by far the largest. These two stand for 87% of the total land area of the 
island country’s 18 333 km2 (Fiji Bureau of Statistics, 2010). The Fijian population is divided into two 
main groups: Fijians (iTaukei) and Indo-Fijians. The Indo-Fijian population was brought to Fiji as labor 
workers for the sugar cane industry, at the time when Fiji was a British colony. 

A report by a UN-commission, states that 92% of the rural dwellers of Fiji have access to electricity in 
their homes, through grid extension made by Fiji Electricity Authority (FEA) (Recap apctt, 2011). FEA 
is working towards providing all inhabitants with electricity through the Rural Electrification Scheme. 
In 2005, a total of 3360 rural customers were connected (FEA, 2012b). A rising electrification rate has 
although resulted in increased amounts of diesel generated electricity. Due to the rising oil price this 
has caused wide negative economic impacts. (Recap apctt, 2011)  



 

Page 14 of 80 

Further there are hundreds of remote un-electrified villages and settlements for which FEA grid 
extension is not cost effective. It has been estimated by the Fiji Department of Energy, FDoE, that in 
average these locations have moderate energy demand (lighting and small devices), which fits well 
with small solar systems. (Recap apctt, 2011) According to M. Dornan about 26 percent of Fiji’s 
population could be served by off-grid solar systems, since the electricity grid only extends to three 
of Fiji’s 106 populated islands and there are no plans for further extension in the predictable future 
(Dornan, 2011).  

3.3 Climate change and global warming 
Climate change is heavily discussed around the world, and has been for a long time. It occurs as a 
result of increased greenhouse gas emissions, which are not part of the planet’s natural ecosystem. 
The most prominent greenhouse gas is CO2, which is emitted as a result from using fossil fuels. The 
fossil fuels are a non-renewable source of energy, meaning that it takes longer to re-create these 
sources of energy than the rate they are being used. 

The most feared consequence from higher amounts of greenhouse gases is global warming. Global 
warming makes the sea level rise, it is responsible for extreme weather such as drought or flooding 
and it also aggravates the conditions for some species, making them endangered (WWF, 2011). IPCC 
reports claim that the average temperature of the South Pacific is expected to rise between 0.99 to 
3.11 degrees Celsius in the period 2040-2069 relative to the levels of 1961-1990 (Mimura, 2007). 

The effects of climate change make the Pacific island countries among the most vulnerable countries 
in the world (PIGGAREP, 2011); hence these effects are considered a threat to the Fiji islands for 
several reasons. The actual size of the islands is about to decrease as a result of sea level rise, 
Extreme weather and natural disasters may become much more severe, the very existence of Fiji’s 
coral reef is threatened and the supply of fresh water is in danger (Mimura, 2007). 

3.3.1 Sea level rise 
As the Earth is being exposed to global warming this affects the water levels across the world. When 
water temperature increases, the water expands thermally. This is considered as the main reason for 
sea level rise, but IPCC also points out the effect of melting ice caps from the planet’s glaciers 
contributing to sea level rise (IPCC, 2007b). Different prognoses are pointing out that the water levels 
will rise between 19 and 58 cm by the end of this century (IPCC, 2007a). If this would occur the land 
surfaces closest to the sea would be permanently covered by water. The rise will therefore affect 
low-lying areas, worst in particular small islands. The consequences for some of the smallest islands 
might even be that they cease to exist. 

3.3.2 Extreme weather, cyclones 
Fiji already lies in the danger area for being struck by severe storms. There is a cyclone season 
between November and April on the islands. Climate change does not seem to affect the amount of 
cyclones according to IPCC statistics, but these statistics show that the wind speed and precipitation 
rates of the storms have increased, which very likely is a result of climate change (Mimura, 2007). As 
the islands’ natural defenses become severely damaged, the consequences of cyclones might be 
even worse in the future (Mimura, 2007). As of today this already costs both great financial resources 
and many human lives. 
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3.3.3 Coral reefs 
Coral reefs are vital for as much as 25% of all underwater life (WWF, 2012). They provide food for fish 
and protect coastal areas from storms. Coral reefs are sensitive ecosystems that are facing a risk of 
dying, due to higher temperatures and lower oxygen concentration in the water, which are both 
results of climate change. Fiji is surrounded by coral reefs and is facing all the dangers mentioned. 
This will also have a negative consequence for the Fijian fishing industry. 

3.3.4 Altered precipitation rates 
Climate change can result in both reduced and increased amounts of precipitation in different areas 
of the world. IPCC shows a prognosis that the Fiji precipitation lies in range of either being reduced 
by up to 14.0% or increase by 14.6% by year 2040 (Mimura, 2007). A decrease of precipitation will 
affect the freshwater supply, and will decrease the possibility to produce hydropower. Projections on 
the Kiribati islands show that decreases in precipitation by 10% will likely result in a freshwater 
supply decrease of 20% (Mimura, 2007). Higher sea levels also increase the risk that salt water will 
enter the freshwater reservoirs (Mimura, 2007). 

3.4 The impact of the rising oil price 
In Figure 3.1, projections of the oil price development by the U.S. Energy Information Administration 
(EIA) are shown. The reference case is based on the assumptions that current practices, politics and 
supply will be unchanged (“business as usual”) as well as a continuous steady growth in countries 
such as China, India and Brazil. The low projection involves, among other things, assumptions of 
decreasing oil demand and increased production. The high oil price forecast assumes high demand 
for oil along with constrained supply availability. (EIA, 2011) This far, somewhere in between of the 
“High Oil Price” and “Reference” case seems most accurate with an up-going trend and a price per 
barrel of 108 USD (Oil-Price.net, 2012). 

      

Figure 3.1 Average annual world oil price with projections, 1980-2035 (USD/Barrel) (EIA, 2011) 

The Pacific countries are very dependent on foreign oil, especially diesel. Oil intensity is a 
measurement of how many tonnes of oil consumed for every 1000 USD of the country’s GDP. Many 
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Pacific countries have an oil intensity of more than 80%. Some countries like Kiribati, Solomon 
Islands, Nauru and Tonga rely almost exclusively on oil products for the commercial energy demand 
(ADB, 2009). Fiji’s import rate of oil 2010 was about 14% of GDP and the proportion is expected to 
increase during the following years (Dornan et al., 2012). See Table 3.1 for a comparison between 
some countries.  

Table 3.1 Oil intensity for some countries, shows vulnerability for changes in oil price. (Dornan et al., 2012) 

Country Oil intensity  
Fiji 0.31  
China 0.23  
India 0.20  
Australia 0.08  
 
In 2007 UNDP developed an Oil Price Vulnerability Index (OPVI), to show different nations’ exposure 
and vulnerability for changes in the oil price. New calculations from Asian Development Bank (ADB) 
show that Fiji is far more exposed to crude oil supply in the long term than previously thought. Fiji is 
ranked nr 6 in the world of developing countries, with an OPVI of 0.73 (1 being the worst) (ADB, 
2009). This large oil dependence will naturally have vast effects on the economy when the price rises 
yet more. ADB believes that this will result in (ADB, 2009): 

• Imported goods become more expensive 
• Increased inflation in the long run, when the oil price shock has been adjusted 
• Slowing domestic economy 
• Weaker household consumption  
• Weaker private investments 
• Rising unemployment rates 

This should show policy makers the importance of thinking beyond current fluctuations in oil price, 
and why investments for the future should be made (ADB, 2009). Investing in renewable energy 
could help reducing the risk associated with the intensive oil consumption (Dornan et al., 2012). 
Other policy options are to reduce import duties for environmental friendly goods, and increase 
them for goods that are not environmental friendly. However, renewable energy will be of 
importance, and the high investment costs are in the long run a low price to pay, compared to the 
volatility in oil price (Jayaraman & Lau, 2011). 

3.5 Energy system 
A definition of energy system used by Nationalencyclopedin states the following: “An energy system 
is the interconnected devices and facilities necessary for supply and use of energy in every moment in 
a certain limited area of usage” (Nationalencyklopedin, 2012b). This means that an energy system 
must be defined for every specific case, before reviewed. An energy system can be divided into three 
main sections (with underlying sections) shown in Figure 3.2 below:  
 



 

Page 17 of 80 

 
Figure 3.2 Schematic figure of an energy system ((IVA) & (KVA), 2009) 

The three sections of the energy system (Energimyndigheten, 2011b) & ((IVA) & (KVA), 2009): 
 

• In the energy production system1 (EPS) the energy sources are supplied and converted into 
new energy carriers. For example solar energy is converted into electricity inside a solar 
photovoltaic (PV) cell and the chemical energy, bound in the biomass, is converted into heat 
in a furnace.  

 
• In the energy distribution system (EDS) the energy carriers are distributed to the users. From 

the last example: The electricity generated in the PV-cells is distributed through power lines 
and the heat generated in the furnace is distributed with water in pipelines. 

 
• In the energy usage system (EUS) the energy is used by the end user, i.e. the value occurs 

when the user utilizes the service, i.e. when using a lamp or tapping warm water. 
 
The energy system used is specified in the model. 

3.6 Fiji’s current electrical system 
This section will cover the different sources of electricity production that is used in Fiji today, to give a 
picture of the current situation and future possibilities. 

3.6.1 Energy conversion 
As seen in the Figure 3.3, Fiji has a greater percentage of renewable electricity (shown in transparent 
colors) than the world average. Industrial diesel oil (IDO) and Heavy fuel oil (HFO) are both regarded 
as oil in the world graph. 

                                                           
1 According to the first law of thermodynamics, energy cannot be produced. However, the expression 
“Energy production” is widely used and will therefore also be used in this report.  
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Figure 3.3 Fiji and world electrical sources, IDO stands for Industrial diesel oil and HFO for Heavy fuel oil (FEA, 2010), (IEA, 
2010a) 

Fiji’s energy sources today consist mainly from hydropower, oil and biomass. For electricity 
production, hydro has been the main source for a long time. Lately, hydroelectricity has not been 
able to fulfill the increasing demands. In order to meet these, thermal electricity production from 
diesel oil and heavy fuel oil, has been the chosen alternative. Of Fiji’s electricity production, 
hydropower had a share of 48%, oil of 49%, wind of 1% and biomass of 2% in 2010 (FEA, 2010). 
Figure 3.4 shows the historical ratio between hydro and thermal electricity between the years 1992-
2010. 

        

Figure 3.4 The changes in the hydro and thermal mix in Fiji since 1992 (FEA, 2010) 

Electricity demand is increasing annually at around 5% and is expected to continue growing more 
rapidly in the future (REEEP, 2010). This is illustrated in Figure 3.5.  
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Figure 3.5 Increasing electricity demand in Fiji (FEA, 2010) 

Fiji’s total electricity production was 774.6 GWh in 2008 (Nakavulevu, 2010), higher than shown in 
Figure 3.5 due to losses. The country’s use of electricity is although fairly low compared to 
industrialized countries such as Sweden. Sweden’s electricity production was 146 971 GWh in 2009 
(SCB, 2010). Calculated per capita the average Fijian uses about 5-6% of the energy the average 
Swede uses. Note that this calculation also includes the Fijians that have no electricity at all. 

Most electricity services are handled by FEA, who are responsible for all grid connected electricity in 
Fiji. FEA owns 98% of all the grid connected power plants (FEA, 2010), and even some off-grid diesel 
generators (Raturi, 2012). The remaining 2% are produced by Independent power producers (IPPs). 
The electricity produced by IPPs is mostly from biomass. FEA has a goal that 90% of all electricity 
should come from renewable energy by the year 2015 (Nakavulevu, 2010). However, according to Dr. 
Raturi at the USP, only a few of these new renewable power plants or will be on time (Raturi, 2012). 

3.6.1.1 Hydropower 
The Fijian hydropower comes from the 80MW Monasavu dam, which is located on the biggest island 
Viti Levu. The dam was completed in 1983 (Narayan & Singh, 2007) under a programme called ”The 
Hydro Scheme”. The programme had the goal of minimizing the country’s oil dependence, and is 
continuing to run as of today. The Monasavu dam produced between 344-481 MWh of electricity 
every year between the years 2000-2010 (FEA, 2010). The differences are mostly due to variations in 
the amounts of rain over different years. Today another large hydroelectric plant is being built, which 
is called the Nadarivatu dam. The dam will be ready for use in 2012 (Nakavulevu, 2010). The capacity 
of the Nadarivatu dam will be 40MW, half of the output of the Monasavu dam (FEA, 2012b). Because 
Fiji has a rainy part of the year between November and February, the supply of hydro will be higher 
during this part of the year. Since hydro is currently balanced with thermal energy, this is not a 
problem, but combined with other more unpredictable energy sources this might increase the need 
for additional storage to provide enough electricity throughout the entire year. 
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3.6.1.2 Oil 
Lately, Fiji has had to complement the hydropower for electricity production. The use of oil for 
electricity production has almost multiplied by four from 2000 to 2010 (FEA, 2010). Fiji’s oil is mostly 
imported from Australia and New Zealand (REEEP, 2010).  

Oil is both used for grid connected large power plants as well as for small off-grid villages that uses 
diesel generators. Diesel generators have been the technology of choice for both on- and off-grid 
electricity because it has a lower initial cost than most other energy sources, and can provide a large 
stable amount of energy. The drawbacks for diesel generators are the high fuel and transport prices 
to remote areas as well as the need for service and maintenance. Since 2007 grid connected 
electricity is also provided by the use of Heavy Fuel Oil (HFO), which is cheaper but more polluting 
(Raturi, 2012). 

3.6.1.3 Wind power 
Wind power accounts for around 1% of Fiji’s electricity production (FEA, 2010). Wind is a relatively 
new energy source for Fiji and has been in commercial use since 2007 (FEA, 2010). There is a 
currently installed wind farm in the Butoni ridge, which is capable of providing 10 MW of energy.  

3.6.1.4 Biomass 
Biomass has been used for a long time in Fiji for other purposes than electricity production. Many 
Fijian households use wood for cooking (Tukana & Lloyd, 1993), and biomass accounts for at least 
half of the total used energy in Fiji (REEEP, 2010). Because of the increasing demand for electricity 
and high oil prices, bioenergy is considered an interesting component of the Fijian energy system in 
the future (Nakavulevu, 2010). 

3.6.2 Distribution 
Most Fijians live on the two largest islands Viti Levu and Vanua Levu. The Fiji power grid covers most 
of the coastal areas of Viti Levu and some small areas of Vanua Levu, see Figure 3.6. There is also a 
small power grid on one of the smaller islands, Ovalau. The areas not covered by the grid either have 
their own standalone power systems, mostly diesel generators, or no electricity at all. 
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Figure 3.6 Power grids on the Fijian islands (FEA, 2010) 

3.6.3 Future potential for Fijian renewable electricity generation 
There is potential for different types of renewable energy in Fiji. This section will review these 
different alternatives. 

3.6.3.1 Hydro 
Hydro is already used for macro scale electricity production. Since hydro is a major energy source it is 
highly sensitive to the probable effect of climate change which might reduce the amounts of rain on 
the Fiji islands. It is although possible to extend the production of hydropower through small-scale 
hydropower plants. According to Dr. Raturi, if hydropower is available, this is always the best 
alternative (Raturi, 2012). 

3.6.3.2 Wind 
The installed wind farm on Fiji seems not to be the ideal solution and has experienced a range of 
problems. The average wind rate for Fiji is too low to run wind power efficiently. It is actually just 
above the minimum level of 6 m/s (see Figure 3.7) required to run wind power according to the 
MIUU-model (Blomqvist et al., 2008). The rated power for a wind power plant is usually measured at 
wind speeds of 12-14 m/s (Energimyndigheten, 2011a). According to Karan there were errors in the 
calculations of wind speed, made before the wind park was built (Karan, 2009). The cyclone season is 
also a threat to the wind power plants, which need to be dismounted during the storms (FEA, 2012c). 



 

Page 22 of 80 

 

Figure 3.7 Wind speed at 50 m above the surface of the ground (Suva) (NASA, 2012) 

3.6.3.3 Biomass 
Nowadays, there are many projects ongoing about expanding the bio power industry, and according 
to IRENA, biomass will provide about 33% of the total supply by the year 2015 (Nakavulevu, 2010). 
Bioenergy is produced from waste from the large wood and sugar industry in Fiji (Smiles, 2011). 
There are also discussions of introducing coconut oil for bioenergy production (Smiles, 2011). 

3.6.3.4 Solar 
The potential for solar energy varies among the year, but is at an all year sufficient level. As seen in 
Figure 3.8, the average insolation is above 6 kWh/m2/day during the summer and around 4 
kWh/m2/day in the winter (NASA, 2012). Hence, the Fijian insolation gives a high average value with 
low differences between minimum and maximum values. Figure 3.9 shows the average insolation per 
day for every month. 

 

Figure 3.8 Insolation on a horizontal surface (Suva) (NASA, 2012) 
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Figure 3.9 Daily average insolation on a horizontal surface for each month (Suva) (NASA, 2012) 

3.7 Diesel generators 
A diesel generator is basically an engine running on diesel oil, which is connected to an electrical 
generator. In this study, the performance of four different diesel generators was compared. All 
numbers were calculated while running at half of the maximum load. Figure 3.10 shows that large, 
high-power generators have higher efficiency, and thus lower fuel consumption per kWh than 
smaller generators. Large diesel generators are most commonly used in grid connected systems and 
in most cases they will not reach remote villages. 

 

Figure 3.10 Efficiency of four different diesel generators (Electric Generators Direct, 2012) 

3.8 Solar power 
During 90 minutes, enough sunlight strikes earth to provide the entire planet's energy needs for one 
year (IEA, 2011a) This energy, which makes life on earth possible, is however often ignored in energy 
statistics where the focus is exclusively on consumption of traditional fuels (Everett et al., 2012) 
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PV/Thermal  
(combined electricity- 
and heat generation) 

In this report, the solar conversion technologies are basically divided into three main categories: 
biological, solar thermal and photovoltaic. This is illustrated in Figure 3.11. The focus will be on 
existing PV technology, but the others will be described briefly. In fact all energy sources, except 
nuclear, originate from the sun. 

 

 

Figure 3.11 Categories of solar energy converters 

3.9 Biological solar power 
There are some interesting future technologies in the biological field:  

• Artificial photosynthesis – where the natural process of photosynthesis is imitated to 
produce hydrogen. 

• Photobiological hydrogen production – where a certain type of blue-green algae 
(Cyanobacteria) convert solar energy into hydrogen.  

Both the artificial photosynthesis and photobiological hydrogen production offer a way of storing 
energy, in the form of hydrogen. (Energimyndigheten, 2007). The two technologies are however still 
under basic research and development. 

3.10 Solar thermal power 
Solar thermal power plants are basically thermal power plants. Their energy supply comes from 
concentrating solar energy towards a flowing medium. This medium is eventually used to run a 
turbine, which generates electricity. 

Concentrated solar thermal power is the cheapest option as of 2008 but has several limitations 
(McKinsey&Company, 2008). Solar thermal plants often cannot be installed close to customers, and 
instead require a distribution system. They also require almost perfect solar conditions since direct 
sunlight is needed for them to operate. This makes solar thermal plants unsuitable for the pacific 
region, which has more variance in direct insolation compared to Spain for example. (Raturi, 2012) 
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Non-concentrated solar thermal power is usually used for purposes such as water heating, hence not 
for electricity generation. 

3.11 Photovoltaic 
Photovoltaic is a technology that converts solar radiation into direct current electricity through the 
photovoltaic effect in semiconductors. The commercially most common technology is the silicon 
crystalline PV modules, why the focus is on that.  

3.11.1 PV History 
The photoelectric effect was first observed be the scientist Edmund Becquerel, in 1839, but it would 
take as long as until the 1960s before it started to appear in real applications. The space industry was 
among the first to use PV technology. (Knier, 2011) 

During the energy crisis in the 1970s, PV started to get attention as an alternative energy source for 
non-space applications. (Knier, 2011) However in the 1960s and 1970s, the energy required for 
producing the cells was higher than the power delivered during its lifetime. Many improvements 
have been made in the efficiency and the manufacturing processes since then, resulting in a much 
shorter payback time and an increased cell-lifetime (Messenger et al., 2007). 

PV-cells have been made by various semi conductive materials, including silicon (Si), gallium arsenide 
(GaAs), copper indium diselenide (CIS), cadmium telluride (CdTe), and a few other materials. The 
most commonly used today is single- and multi crystalline silicon (c-Si) wafer technology, 
contributing to more than 95% of the PV-industry (Messenger et al., 2007), and this will keep 
dominating the market In the near future (Fossum, 2012). 

3.11.2 Single- and multi crystalline silicon cells 
Single crystalline silicon cells are made out of one single silicon cell. The wafers are extremely thin 
and the individual cells have uniform appearances. (EA Energy Alternatives Ltd., 2012) 

Multi crystalline cells are cut out of an ingot of crystals, why they have irregular patterns. Both multi- 
and single crystalline cells have an expected lifespan exceeding 25 years, but the second one is 
slightly more efficient. (EA Energy Alternatives Ltd., 2012) 

3.11.3 C-Si PV explained  
A junction, with an uninterrupted Si crystal structure, of p- and n-doped silicon, which is called a p-n 
junction, wafers composes the PV cell. The n-layer has an abundance of free electrons while the p-
layer has a deficiency of electrons (or equally: abundance of free “holes”). This uneven distribution 
creates a built-in electrical field. When the photons of light are absorbed in the silicon wafer, 
electrons are knocked loose from the atoms and driven to the n-side, which becomes negatively 
charged. The p-side experiences a “positive“ charge and this imbalance generates an electric 
potential between the two sides. This drives a current of electrons via the external load, which 
continues as long as the cell is lit at. If the irradiation is interrupted, the potential is once again 
neutralized, thus the electric generation stops (Sigurd & Stolt, 2012), (Messenger et al., 2007) & 
(Knier, 2011). See Figure 3.12 for an illustration. 
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Figure 3.12 A diagram of a PV cell (Yastrebova, 2007) 

3.11.4 Band gap – determinant of efficiency  
The main constraint for the efficiency is related to the band gap in the semi conductive material used 
in the PV-cells. (Messenger et al., 2007) 

A photon of light with energy that is equal to or greater than the band gap in the material is able to 
free-up one electron when absorbed into the material. Photons with less energy than the band gap 
create heat in the cell when absorbed. This is equally true for the excess energy above the band gap, 
in photons with more energy than needed (See Figure 3.13 A). The theoretical efficiency maximum is 
less than 25% in the single junction PV cell because of this phenomenon. (Messenger et al., 2007) 
The theoretical limit is also known as the Shockley Queisser limit. 

When the solar cells heats up, it has been shown that the efficiency decreases (Radziemska, 2003), 
and if exposed to high temperatures for long periods, its lifetime is affected negatively. By spraying 
water over the PV modules, these adverse effects can be reduced (Abdolzadeh & Ameria, 2009). 

Another solution to this problem is a combined PV/thermal module. The thermal part in the module 
works as a heat exchanger, and except from cooling the PV-cells, it can deliver warm water. By 
combining the two technologies, the efficiency is increased in the PV, as well as its total lifetime. 
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Figure 3.13 The red area in (A) shows the part of the spectrum, which theoretically can be used by Si PV-cells. (AM1.5 is a 
typical solar spectrum for northern Europe.) (B) shows a multijunction PV cell. (Yastrebova, 2007) 

3.11.5 Price trends 
Silicon is one of the most common materials on earth. Therefore it is not the lack of silicon, but the 
capacity to perform the complex and capital-intensive purifying process that sets the price. (DOE, 
2011) The price increase during 2003-2007 derives from a growing interest in PV technology, 
especially from countries such as Germany and Spain, with a restraining access to silicon. When the 
global recession struck, demand was reduced and prices continued to decrease. 

Since the 1980s the prices for crystalline silicon PV modules have dropped significantly (see Figure 
3.14). In 2008 the price for modules was around 4 USD/Wp DC and was thought to reach 1.50 
USD/Wp DC at the end of 2011 (Woodhouse et al., 2011). The sites “Solarbuzz” and “Energytrend” 
show current (2012-03-03) retail PV-cell prices that are as low as 1.08 USD/Wp (Solarbuzz, 2012d) 
respectively 0.75 USD/Wp (EnergyTrend, 2012).  

 

Figure 3.14 Global average price for all types of PV-cells between 1984-2010. The yellow line shows actual prices, and the 
green line shows the same information, but in 2010 USD value (DOE, 2011) 

(A) (B) 
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3.11.6 Future PV-cells 
As mentioned earlier, the C-Si PV technology is used most commonly used today. There are however 
many technologies coming up. Figure 3.15 illustrates today’s situation, with the wide variance of cost 
and efficiency of PV-cells, as well as future potentials. In the coming section, a sample of interesting 
future technologies is given. 

 

Figure 3.15 Estimate and comparison of achievable cost per watt peak as a function of production cost (€/m2) and 
conversion efficiency (%). (Messenger et al., 2007) 

3.11.6.1 Multijunction PV 
One technique to increase the utilization of the energy in the solar irradiation is to use multijunction 
cells. This is done by adding several layers of p-n junctions, of various semi conductive materials on 
top of each other. Every layer has a band gap higher than the layer below it. A photon with greater 
energy than needed in the first layer would pass through it and be absorbed in a layer below, which 
has higher band gap (See Figure 3.13 B). A theoretical limit of multi-junction solar cells is 86.8 % 
(Yastrebova, 2007). For this to work, the layers have to be very thin, which makes this technology 
suitable for thin-film solar cells (Messenger et al., 2007). 

3.11.6.2 Thin film solar cells 
Since production of conventional c-Si PV consumes a lot of bulk material, the thin film PV technology 
has great potentials. Thin film PV uses less material for the active component, than the crystalline 
cells, why this is a preferable technology to reduce costs. (Messenger et al., 2007) As mentioned 
above, this technology makes it possible to produce multijunction cells. It is though still not available 
in the same extent as ordinary silicon PV-cells. 

3.11.6.3 Organic/polymer solar cells 
Organic/polymer solar cells are a relatively new technology but with big possibilities, especially given 
the potential for very short payback times. The cells are made out of plastic with nano-thin layers of 
tailored polymer to cover the solar spectra, in other words they are made multijunction.  

Since the organic solar cells are made out of plastic, they are very flexible and can be folded in “w-
shape” for increased efficiency. However, it is neither their efficiency nor stability that is the 
competitive advantages. Hopes are that it will be possible manufacturing them in printing presses at 
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low costs, like other organic electronic components (Nationalencyklopedin, 2012a). This will generate 
possibilities for mass covering of non-fertile areas at low costs (i.e. rooftops, roads etc.). 

By manufacturing semitransparent organic cells, it is possible to create electric-generating windows 
that also provide shade. (Meiss et al., 2011). Hence, they are agile, and can be integrated in new 
ways. 

3.11.6.4 Improving existing technology’s efficiency with nanotechnology 
Researchers at MIT have found a way to genetically modify a virus to produce carbon nanotube 
structures, in order to enhance the efficiency of electron collection from a solar cell's surface. It is 
shown that this could improve solar-cells efficiency by nearly one third. One advantage is that this 
process would just add one simple extra step to the existing manufacturing method of solar cells, 
why it could be implemented easily. It is also a flexible technology, which will cope with different 
types of solar cells. (Chandler, 2011) 

3.12 Energy Storage 
Many renewable energy sources, such as PV-cells and wind power can only produce energy 
momentarily, and have relatively uneven energy flow. This means that there is a need for energy 
storage to balance the energy system in relation to the demand.  

3.12.1 Batteries 
Batteries store chemical energy through inner imbalances (charges). The technology has been used 
for a long time to provide energy storage, and have the advantage that they are easy to install and 
substitute. Batteries are also good for small-scale use which differentiates them from many other 
storage alternatives. The downside using batteries is their need to be replaced fairly often, and that 
they are expensive to use in large-scale systems. 

There is much research undertaken at the moment, which most likely will lead to better prices and 
performance of batteries. There are already many different types of batteries, and they are all 
suitable for different needs. To store energy from a power plant the highest priority is price and 
durability. 

3.12.1.1 Deep cycle lead-acid batteries 
The most commonly used battery type for storing energy from renewable sources is the deep cycle 
lead-acid battery (Energy Development Co-operative Limited, 2012). The price for solar power 
batteries is currently about 0.213 USD/Wh (Solarbuzz, 2012a). Within the lead batteries two common 
ways of absorbing the acid exist: The absorbed glass mat (AGM) and Gel batteries. AGMs consist of a 
fine fiberglass mat between the lead plates. In gel batteries, the acid has been treated with silica-gel 
which converts the acid to a solid mass (Wind & Sun, 2009). 

The advantages of lead batteries are that they can store good amounts of energy at a fair price and 
the technology is well developed and tested over time. Lead batteries last up to 1600 charge cycles 
and provide an overall energy efficiency of 80% (ScienceDaily, 2012). Disadvantages are that lead is 
hazardous to people’s health and may cause damage to the nervous system as well as many organs. 
The battery industry is mostly located in developing countries, and accounts for 80% of the global 
lead production (ScienceDaily, 2011). Even though 97% of all lead batteries are recycled (Battery 
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Council International, 2009) there is still pollution from leaks that come from mining, smelting and 
battery manufacturing (ScienceDaily, 2011). 

3.12.1.2 Lithium batteries 
Lithium batteries have among the highest energy densities of all batteries. They are a relatively new 
type of battery and have been used commercially since 1991 (Battery University, 2010). The most 
commonly used type of lithium battery is the lithium-ion battery, which is rechargeable. Its standard 
application is in cell phones, computers and other consumer electrical devices. Since it is a relatively 
new technology it is constantly being developed with new chemical combinations to maximize the 
efficiency and minimize the cost. Lithium batteries are still on the expensive scale compared to other 
batteries. A current research project in the UK has although showed that a certain type of lithium 
batteries gives better performance, and costs less per Wh than lead-acid batteries (ScienceDaily, 
2012). These batteries are still not mature for the consumer market yet. 

3.12.1.3 Dimensioning battery capacity 
To dimension how much storage capacity that is needed a rule of thumb is to have batteries with a 
capacity of about five times the daily energy demand (Bright Green Energy, 2012). This will be 
enough backup for days when there is not enough sunlight, and will not wear the battery life down 
by deep discharging. 

3.12.2 Pumped hydro energy storage 
In the dam of a hydropower plant there is a great possibility for energy storage, which makes 
hydropower an excellent technique for energy storage. 

It is also possible to run a hydropower plant backwards and pump water to the upper dam. This 
technique is called pumped hydro energy storage (PHES). By pumping the water to a higher location, 
energy is being stored as potential energy for later use, to generate electricity as an ordinary 
hydropower process.  PHES can be used both in combinations with existing hydropower plants as 
well as standalone systems. PHES systems have an overall energy efficiency of about 80% (Vattenfall, 
2011). The flexibility is also high and they can change directions more than 100 times per day 
(Vattenfall, 2011). 

Historically, PHES systems have been primarily used to balance power plants with low flexibility, at 
locations where natural hydropower is not available. There has not been a high demand to build 
PHES systems on hydropower plants since they already function as a balance support system. Lately 
the need for energy storage has increased due to the lack of ways to store energy in many renewable 
power plants. In normal operation PHES plants are used to store energy during nighttime and 
generate electricity during the day, but with solar energy it is likely to be the other way around. 

Prerequisites for a PHES system are the following: Sufficient amounts of water to pump, a 
geographically suitable location with height differences, and a solid ground to build the upper dam. A 
study shows that the cost of PHES systems varies as much as fivefold per installed kW, due to 
different geographical conditions. Another study shows that PHES systems also are suitable for small-
scale use on islands with only a few thousand inhabitants (Katsaprakakis, 2011).  
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3.12.3 Flywheels 
It is possible to store energy through rotating a flywheel in a low friction environment. A NASA 
flywheel rotates at extreme speeds with a maximum at about 60000 rpm or about 2.5 the speed of 
sound (NASA, 2005). A generator and a motor are used for transmission of energy in and out of the 
wheel. The flywheel is ideal for extremely fast changes in loads since it can charge and discharge in a 
matter of seconds. It is although not a commonly used method for energy storage over long time. 

3.12.4 Thermal storage 
Thermal solar power plants have the possibility to store thermal energy in isolated reservoirs. The 
medium being heated is kept in a reservoir until the time when the sun sets. The turbine then runs 
on heat from the medium pumped from these thermal reservoirs during nighttime. 

3.13 Other components of a PV-system 
A PV-system may consist of different components depending on the application. Common 
components, except arrays of PV-cells and batteries are charge controllers and DC to AC-inverters. 

3.13.1 Charge controllers 
A charge controller is a safety controller for the battery to prevent it from overcharging or deep 
discharging. Charge controllers stabilize the battery’s normal operation and also insure that the 
battery does not take damage from overcharging or deep discharging. 

3.13.2 Inverters 
An inverter converts the electricity generated by the solar cells as well as electricity from the battery 
to electricity that is usable for electric devices. In Fiji the power output standard is 240V 50Hz AC. The 
inverter should therefore convert the DC electricity to this standard. 

3.14 Designing a PV-system 
This section will cover considerations needed before installing a PV-system. It also includes models of 
systems from previous studies.  

3.14.1 Tilting the solar panels 
By tilting the solar panels to face the sun more directly, they will pick up more solar energy. The rule 
is to tilt the solar cells equally or close to the latitude of the geographic location they are being used 
at (Raturi, 2012). In the Fijian cities Suva and Nadi the latitudes are -18.1 and -17.8 respectively. The 
tilting provides better insolation at times of low insolation, but lower values of the best months, 
shown in Figure 3.16. 
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Figure 3.16 Performance ratio of 𝒕𝒊𝒍𝒕𝒆𝒅
𝒉𝒐𝒓𝒊𝒛𝒐𝒏𝒕𝒂𝒍

 placing of solar cells (Retscreen, 2012) 

3.14.2 Simple maintenance  
The solar cells must never be partially shaded, because of the nature of semiconductors. The shaded 
segment will turn into a conductor, thus heating up and taking damage. Therefore it is vital to clear 
trees and cut grass so the panels stand freely from interfering shades. Since the air in the Pacific 
islands is both moist and salty, the panels also need to be cleaned regularly to avoid damage. 

3.14.3 Excess capacity 
A recommendation is to install 50% excess capacity for the solar cells, inverter and charge controller, 
to have flexibility for increasing load. (Alliance for Rural Electrification, 2011) As mentioned in section 
3.12.1.3, the batteries should have a capacity of about five times the daily electricity demand. This is 
however location-dependent. If the volatility of sunless days is low, this factor might be possibly be 
scaled down. 

3.14.4 Users 
Many projects have failed just because too little effort has been put on recognizing the demand from 
the local population. A European project in South Africa aimed to facilitate cooking for rural dwellers. 
However, they did not take in consideration the lack of transportation options, hence heavy LPG 
cylinders had to be carried by hand for long distances (Käck, 2012). 

3.14.5 Electric services sought after in rural households 
In studies from Kiribati and South Africa, it was found that PV-cells were used for the following 
applications in the rural (Mala et al., 2009) & (M.I. Howells et al., 2005): 

• In and outdoor lighting 
• Water pumping in villages and schools  
• Powering electrical devices: communication devices (phone, fax machine and citizen band 

radio), flashlights, fans, refrigerators etc. 

3.14.5.1 Low consumption electric devices 
In a standalone PV-system it is important that the all the connected components coup with the 
system. Mills concludes that the non-electrified rural situation is a great opportunity for 
technological leapfrogging (Mills, 2005), which means that technological advances make it possible to 
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adapt directly to the best technology available. One example is how developing countries invest in 
mobile telephone networks rather than first building a conventional cable net. ((IVA) & (KVA), 2009). 
At the same time, it is also important to consider the cost, why low-cost and low-consumption 
devices are vital for the energy system. 

3.14.5.2 Rural lighting 
A very common source of light in rural areas is kerosene lanterns (Elvidge et al., 2009), and this also 
applies to rural Fiji (Malm, 2012). The only investment cost using kerosene lighting is the inexpensive 
lantern (Mills, 2005).  Mills shows that this is an expensive lighting method compared to PV-systems. 
Furthermore, several other surveys have shown that the cost of fuel used for lighting in non-
electrified areas exceeds the life cycle cost for solar home systems (SHS). This means that the 
majority of the dwellers could afford SHS solutions for lighting, if the cost were charged on life cycle 
basis (Dornan, 2011). 

3.14.5.3 Mobile phones 
The total world population of 2009 was 6.8 billion (Population Reference Bureau, 2009) and in the 
same year, 5.5 billion had access to electricity (IEA, 2012). In the end of 2008 there were 4.1 billion 
mobile subscriptions, with developing countries accounting for about two-thirds of the mobile 
phones in use (The Guardian, 2009). This means that many people have a mobile phone, without the 
possibility to charge it. There are examples from Africa, where people had to walk for half a day to 
get their phones charged, and then walk back again. (Gessler, 2012 ) 

3.14.6 Samples of PV-systems 
In Figure 3.17, four samples of PV-system design are given. Examples of their usage are given below: 

(a) A solar powered calculator might just consist of a PV array that is connected directly to the 
load. Hence it can only be operated when exposed to light.  

(b) A standalone system, which utilizes the power at night, will require some sort of energy 
storage, i.e. batteries. This might also require a charge controller. This set up might be 
appropriate for a lighting system. 

(c) If transmission losses should be avoided and electric devices such as TV, fridge etc., are to be 
used, a sine-inverter is usually needed. A standalone system can also be supplemented with 
another power converter, which makes it a hybrid system and decreases the need for 
batteries. A PV-system could for example be complemented with a wind turbine or a bio-fuel 
generator. 

(d) If the PV array is to be grid-connected, the system does not need batteries but a sine-
inverter. Both setup a) and d) can also be sufficient for water pumping, depending on the 
engine used. 
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Figure 3.17 Samples of PV-system design (Messenger et al., 2007) 

In Figure 3.18, an example of a solar cell system in Kiribati is given. However, since the aim is to 
design a system that uses the solar energy as much as possible when it is utilized, this set-up is not 
optimal. All power is namely routed through the battery, which creates unnecessary losses.  

 

Figure 3.18 A solar cell system used in Kiribati (Mala et al., 2008) 

3.14.7 The Green Fales Project at USP 
Dr. Raturi is running a number of pilot projects at the University of the South Pacific (USP). One of 
them is called “Green Fales Project”. It is funded entirely by Pacific Small Environment Grants from 
the US embassy in Suva. 
 
The rationale for the project is the lack of electricity for the majority of people living in the pacific, as 
well as the climate change issues and fossil fuel dependency. It is stated that off-grid hybrid system, 
based on renewable energy resources like solar and wind, can play a crucial role in the future, 
supplying electricity to people in remote areas. 
 
The university has constructed a number of Tongan Fales (also known as “Bure” which is a traditional 
hut). The grid-based electricity, for lighting, has been replaced with renewable solar PV, for use 
during evenings and nights. The PV produces enough power to support an additional, separate, 
circuit which allow charging of computers, mobile phones etc., and is utilized almost 16- 18 hours 
every day. The whole PV-system, consisting of 10 x 120 W solar panels, produces more than 1 MWh 
per annum (on average) and reduces the carbon footprint in excess of 1 ton of CO2. These facilities 
are used for educational purposes since a prerequisite for the vision with PV power is to educate 
people who can conceptualize, design, build, operate, and maintain these decentralized installations. 
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3.15 PV advantages  
The PV technology has been shown to have numerous advantages over conventional energy 
converters (Messenger et al., 2007) & (Dornan, 2011): 

• The PV-cells are solid-state devices with no moving parts. Their simple and robust design 
makes them require nearly no maintenance.  

• They do not need any fuel to operate, which means less transport. 
• They have the uniqueness of being totally scalable, which gives the possibility to expand the 

system if demand increases.  
• The life cycle cost is comparable with diesel and petrol generators, and is generally lower 

than for other conventional lighting sources in developing regions, such as kerosene lamps. 
• They are a sustainable electricity alternative, which cope with the nature. 

A consequence of the two first bullets is that PV technology is exceptional in remote areas, since the 
demand for transportation of fuel, parts and technicians is low. This can alone be a reason to choose 
PV. 

The Swedish Maritime Administration (SMA) commenced replacements of their gas propelled 
lighthouses more than 30 years ago. This was mostly a work environment issue, since the gas-
lighthouses entailed many heavy transports of gas cylinders to remote locations. Indeed these 
transports accounted for large costs as well (Gustavsson & Lage, 2012). 

Today, the service visits to lighthouses have been reduced significantly, and if nothing exceptional 
happens, SMA expects the operational life of the solar system to be 25 years (Gustavsson & Lage, 
2012). 

PV is also said to have great synergies to the economy. The Spanish REA estimate that all money 
invested in PV will benefit to the economy is threefold (reduced emissions etc. is taken into account) 
(Ernst & Young, 2011). 

3.16 PV-system drawbacks 
There are mainly two reasons why PV-projects might fail. Firstly it is the big upfront cost and 
secondly maintenance issues. Many times the source of these problems can be found at the policy 
level (Dornan, 2011), the projects are not given the right prerequisite to succeed.   

The specific context (location and application) determines to a great extent service cost and lifetime 
of the PV-system. In some cases operation and maintenance (O&M) have accounted for half of the 
service cost. (DOE, 2011) The environmental conditions in the South Pacific are characterized by hot, 
humid and salt air. This is said to be the reason to the death of many PV-systems (Alliance for Rural 
Electrification, 2011). Therefore this is an important design consideration, which in reality means that 
sometimes manufacturers specialized on durability is the only alternative (i.e. Outback power 
systems) (Raturi, 2012). 

Batteries are a recurring problem area. In the report from Kiribati, malfunctioning batteries were one 
of the main problems that the participants experienced (Mala et al., 2009). The best way of make use 
of a PV-system is to utilize the electricity when it is generated. As earlier mentioned, batteries are 
expensive, inefficient and not environmentally friendly (Fossum, 2012). Also, most lead batteries 
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evaporate in hot climates (Gustavsson & Lage, 2012). Without the right maintenance and a faulty 
usage, where the batteries become in a state of near constant discharge, their life becomes 
unnecessarily short. The production of batteries is also questioned as well as the recycling. There is a 
risk in remote areas that used batteries end up in the backyard, where they might i.e. pollute fresh 
water (Fossum, 2012). 

Studies have shown that it is important to put the responsibility for managing the PV-system in the 
hands of someone capable of handling the system, to prevent any malfunctioning from result in long 
power outages and eventually destroying the components (Niez, 2010). Proper education and 
responsibility will increase the stability and durability in the system, and thereby reduce costs. It is 
also important that there is a developed standard for the off-grid systems, which facilitates the 
maintenance and reparation processes for the systems. If this is not done, risks are that the systems 
will break and be abandoned, because of lack of knowledge on how to repair them. 

3.17 Financing rural electrification 
The rural consumer is usually a poor resident who is in the lower section of the country’s economy. 
There is commonly a big gap between the cost for a rural electrification programme and the 
maximum cost the average rural customer can pay. The rural customer is although often capable and 
willing to pay for the regular use of the energy services, but usually cannot afford the installation 
(Niez, 2010).  

Since solar power has very low variable cost compared to the installation cost, this is where the 
problem needs to be tackled. To actualize the idea of rural standalone solar power systems the 
installation cost needs to be spread out over multiple years to give the households a chance to be 
able to pay for it. Therefore, there must be some financial agreement between the rural community 
and an external investor to make the financing for rural electrification. These external investors are 
usually the government, financial institutes and private developers (Mainali & Silveira, 2010). There is 
although a risk that the price will be at a non-affordable level for the rural customers, which makes 
subsidies a must in this situation. 

Financial services such as credit from banks against collateral, leasing, fee-for-service and 
cooperative funding are all considerable alternatives for funding electrification projects. Fee-for-
service is a popular and approved method for off-grid systems in many African countries, such as 
South Africa, Namibia, Senegal and Morocco, credit from banks against collateral is used in Nepal 
(Mainali & Silveira, 2010). 

The pyramid in Figure 3.19 shows a model used by the World Bank on the percentage of rural 
households that are able to pay for the different solutions mentioned. To reach a larger target group, 
more advanced business models are needed, and to provide electricity for the whole settlement a 
social program is needed (World Bank, 2008). A combination of fee-for-service and subsidies is 
practiced by FEA in their Rural Electrification Scheme. This means that the household pays a monthly 
fee for the electricity service, similar to if it was grid connected. 
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Figure 3.19 Financing Pyramid (World Bank, 2008) 

When choosing which business model to use, it is also important to pick one that fits the culture of 
the rural area. Successful off-grid implementations of the past show that all actors in the 
electrification programme must work together for the same goal. They also show that clear 
understanding from all parts, on which roles they have, is crucial for completing rural electrification 
(World Bank, 2008). 

3.17.1 Subsidies 
Subsidies must be relevant according to the target group. I.e. it is completely useless to offer 
subsidized installation costs for solar installations if the rural settlement cannot afford the remainder 
of the cost. Subsidies in this case must make solar power an attractive and reliable source of energy 
that is more cost efficient than other energy sources. Subsidies are although a finite resource from 
governments with already tight budgets. 

3.17.2 Tariffs 
There is no perfect way of setting the tariff, but there is a widespread belief that the tariff must be at 
an extremely low level for the rural households. According to IEA this is not the fact (Niez, 2010). Dr 
Raturi also confirms this by his experiences that giving away things for free is not a good option 
(Raturi, 2012). The poorer rural households do not use as much electricity as rich households due to 
the fact that they cannot afford to buy as much electricity consuming devices as richer households. 
Because of that, the variable cost will not be as high for the rural households as one would expect. As 
previously mentioned, the problem for these households is the initial cost. 
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3.17.3 Private vs. cooperative ownership 
The land in the Fiji villages has cooperative ownership with the chief as head. He or she decides over 
how the villagers may use the land. It is a big focus on the community and people help and look after 
each other (Malm, 2012). If someone gets sick, his/her plantation and family is well looked after by 
the others (Fiji Islands Culture Guide, 2012). If the solar cells would be cooperatively owned, this 
would have the advantage of providing more power than if privately owned and the risks are also 
spread. However, this means that everyone needs to share the resources. This can for example be 
arranged through something similar to how washing machines are shared in apartment buildings 
(time table with cylinder keys) (Fossum, 2012). 

3.18 Alternatives to electricity in rural homes 
Depending on the user patterns for different applications, i.e. cooking; there are existing alternatives 
that might be better solutions than using electricity. Some of these alternatives also have a synergy 
effect, which makes them even more preferable. A sailboat is an example of a small limited energy 
system, which uses different energy sources in an optimal manner. Energy-hungry applications, like 
propulsion and cooking, use wind respectively spirit/propane. Lighting and other less power-intense 
applications (i.e. radios, mobile charging etc.) use electricity, which often is generated by PV-cells. 

3.18.1 Tap water heating 
There are simple and cheap ways to heat the tap water from the sun. From just having a black 
painted barrel on the rooftop to slightly more sophisticated systems with a panel, reservoir and a 
cable system. However, some kind of heat booster might be needed in early mornings. 

3.18.2 Biogas for cooking 
From all around the world, examples of homemade biogas digester systems can be found. From 
Costa Rica a homemade system is claimed to be able to generate 16 hours of burn time every day 
(based on a daily feed of 50 kg fresh manure dissolved in 200 liters of water). Its initial cost is said to 
be around 120 USD, for material and installation costs (Rural Costa Rica, 2007). 

If not utilizing the biogas, much methane would otherwise be released in the atmosphere. Since 
methane traps 20 times more heat in the atmosphere than CO2 (EPA, 2011); to use biogas for 
cooking is, except a cheap energy source, also a good way of reducing the GHG emissions. 

3.19 System model software 
Computer simulation programs are used for simulation of systems, where courses of events affect 
each other. Hence it is possible to see how changes in different parameters affect the final result.  

3.19.1 Stella 
Stella is a scenario modeling software used for dynamical visualization of complex systems. 
Dynamical means that it is time dependent, which gives system builder the opportunity to simulate 
sequences that change over time. The software has a user-friendly interface, which makes it easy to 
use and very agile. However, it has no support for optimization. 

3.19.2 HOMER 
HOMER is an energy modeling software for designing and analyzing hybrid power systems. It lets the 
designer find the most suitable combination of different power alternatives at a given location, 
hence it optimizes. A drawback with HOMER is however that it is inflexible when it comes to building 
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a custom system. Therefore, it needs certain data to operate, which might not be of interest for the 
model. 

3.19.3 MATLAB 
MATLAB is an agile numerical software for algorithm development, data visualization, analysis etc. It 
is not specifically made for modeling energy systems, but it is possible to build programs to work 
with the requirements needed. It supports vector and matrix calculations, which is one of the 
reasons it becomes handy for this project. It is also possible to make optimizations through 
iterations, and the built in graph functions makes visualization easy. However, it is not as user 
friendly as for example Stella and it usually needs to be built up from the beginning.  
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4 Method 
In this chapter, the field study plan, model, formulas for calculations, assumptions and limitations are 
presented. By making assumptions about the system's behavior, the complex reality is simplified so 
that the model can be used as a tool for understanding it, thus providing a ground for proper 
investments decisions. A sensitivity analysis will also show how changes in assumed and dynamic 
parameters will affect the system. 

4.1 Field study 
The field study consisted of two different activities. The first activity was field trips to three remote 
villages, for observation of the power usage patterns as well as dialogs with the villagers. The second 
was on-campus activities, which involved examining and testing PV-systems at the USP. 

4.1.1 Village visits 
Through the project’s infield supervisor, Dr. Atul Raturi, we were fortunate to participate in one of 
his projects, funded by the French government and called “Banish the kerosene lamp”. This project 
aimed to give rural dwellers the possibility to buy solar lights and replace their existing kerosene 
lights, by offering generous payment plans. This could be referred to as the cash and micro-credit 
program shown in the Financing Pyramid, Figure 3.19. Dr. Raturi’s project also opened up the 
opportunity to visit three remote villages: Namou, Waisa and Valelawa; the first located on Viti Levu 
and the two others on Vanua Levu. In these villages power usage patterns were observed, as well as 
discussions with the villagers on their views on energy. 

4.1.2 On campus activities 
The USP had several PV-projects, including the “Green Fales Project”, “Banish the kerosene lamp” as 
well as a “golf cart” charging station project and a grid connected PV power station project. By taking 
part of these, the expectations were to get a better understanding of the practical use of PV-systems. 

Insolation data was measured at the USP, using an insolation meter. The point of this is to verify the 
insolation data used in the model. 

Meetings with energy consultants from the FEA would be arranged, to get their view on today’s rural 
electrification programme and to acquire a better understanding on today’s rural situation. 

4.2 Model 
This model aimed to find the required capacity of a PV-system, and its cost. A MATLAB program was 
written for this purpose. The program was meant to be versatile and to work for PV-systems of all 
sizes. Components used in the modeled PV-system were: PV-modules, lead-acid gel batteries, charge 
controllers and inverters. 

Figure 4.1 illustrates the model used. Four different inputs were added in the model:  

1) Input data: all the parameters of the three parts of the energy system: EPS, EDS and EUS, as 
well as a number of assumptions. 

2) User input data: consumer specific information, i.e. when, how often and for how long a 
component is used. 

3) Feedback data: Using both the input from the field study and the mid-results, some of the 
assumptions could be proven wrong. 



 

Page 41 of 80 

4) Comparison with diesel: Parallel to the PV-system, a case with a diesel generator will be 
modeled for comparison. The CO2 savings will be calculated to show the environmental 
benefits of the PV-system. 

 

4.2.1 Limitations and assumptions 
To make it possible to create a model of the complex reality, system boundaries are needed. For this 
model they were:  

• This model only examines electricity 
• User data is assumed to vary according to a given pattern 
• The solar data in the model comes from the average values of June, the month with the least 

insolation 
• The model does not take installation cost in consideration 
• The model will not cover the purchasing of electric devices such as electric lamps, fans etc. 
• Village households are assumed to own a diesel generator 
• The pricing of all PV-system components are applied to a linear formula, i.e. solar cell prices 

are given per m2 
• The modeled PV-system with all components is 12V DC, no inverter is needed2 
• Interest rates in the model are only to compensate for the inflation 

 

                                                           
2 This limitation was added after the mid result, resulting in that a couple of electrical devices also were 
removed. 

Figure 4.1 Illustration of the model used 



 

Page 42 of 80 

4.2.2 Equations 
In the following section the equations used in the model will be presented.  

For the PV-system, the payback time is set to i years. The investment, C, is equally divided over this 
time. This is then divided by the factor (1+r)n which is the interest rate multiplier (Berk & DeMarzo, 
2011). 

Present value 
𝑃𝑉𝐸 =  �

𝐶/𝑖
(1 + 𝑟)𝑛

𝑖

𝑛=1

 
(4.1) 

 

Efficiency, 𝜂, is defined as the useful input, Eu, divided by the total input, Etot. Efficiency is 
dimensionless, and this formula is used for various applications, such as batteries, PV-cells etc. 

Efficiency  𝜂 =  
𝐸𝑢
𝐸𝑡𝑜𝑡

 (4.2) 

 

The formula for power, P, used in the model is voltage, U, times current, I. 

Power 𝑃 =  𝑈 ∙ 𝐼 (4.3) 

 

Since the data used in the model comes from horizontal measurements made by NASA, a formula for 
tilted insolation is needed. The tilted insolation, St, is defined as the horizontal insolation, Sh, times a 
tilt factor, T. 

Insolation (tilted) 𝑆𝑡 = 𝑆ℎ ∙ 𝑇 (4.4) 

 

The electricity production in the PV-cells, Pp, is defined as the area, A, of the PV-cells times the tilted 
insolation, St, times the efficiency of the cell, 𝜂. 

Production 𝑃𝑝 = 𝐴 ∙  𝑆𝑡 ∙ 𝜂 (4.5) 

 

The liter per kWh ratio for diesel, D, is calculated with the formula below. Vt is the volume of the 
tank. It is divided by the run time to empty tank, t, times the maximum power output of the 
generator, Pd. Since the consumption of diesel is given for half of the rated maximum power, the 
factor 2 is added in the numerator. The factor 1000 is necessary for presenting the results in kWh. 

Liters of diesel per kWh 𝐷 = 2∙1000∙𝑉𝑡
𝑡∙𝑃𝑑

  (4.6) 
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A diesel generator requires a certain amount of diesel oil to produce 1 kWh of energy. L denotes the 
total liters required. D is the diesel per kWh ratio and 𝐸𝑢 is the total energy used. 

Liters of diesel 𝐿 = 𝐷 ∙ 𝐸𝑢 (4.7) 

 

The battery capacity required, Cb, is a function of the amount of days to run the system without any 
solar insolation, nc, times the used energy, Eu, plus the energy losses in the battery, El.  

Battery Capacity 𝐶𝑏 = 𝑛𝑐 ∙ (𝐸𝑢 + 𝐸𝑙) (4.8) 

 

The energy used and produced, E, is measured in kWh, and is obtained by multiplying the power, P, 
times the time elapsed, t.  

Energy 𝐸 = 𝑃 ∙ 𝑡 (4.9) 

 

One of the main concerns when using a fossil fuel is the CO2 emission. The mass of emission, 𝑚𝐶𝑂2, is 
calculated by multiplying the consumed volume of the fossil fuel, L, with q, which denotes how many 
kg of CO2 a certain amount of fuel emits when consumed. For diesel q = 2.48 kg/l. (Konsumentverket, 
2011) 

CO2 emissions 𝑚𝐶𝑂2 = 𝐿 ∙ 𝑞  (4.10) 

 

4.2.3 The MATLAB program in detail 
The model has its roots in the three components of the energy system: Production, distribution and 
usage. The energy system will be standalone and use PV solar power as primary energy source with 
battery backup. The devices used will be sorted according to their electricity consumption, and it will 
later be discussed what is reasonable to power using solar PV. 

4.2.3.1 Energy Production System 
The power supply in this model is solar power. The input values used are solar cell efficiency as well 
as insolation data and solar cell price per m2. Solar electricity production is calculated by equation. 
4.5, and to convert horizontal to tilted insolation equation 4.4 is used. Some excess capacity will also 
be needed to cover for battery losses and days of low insolation. Excess capacity is entered as a 
target percentage of the total production. The required area of the PV-cells will be calculated by the 
program through iterative methods. 

4.2.3.2 Energy Distribution System 
The distribution system consists of two local circuits: One that sends the power directly from supply 
to usage, and the other one through a battery. The model is programmed so that the first choice is to 
send the power directly, and the second choice is to either use the energy from the battery or to 
charge it. The battery has two input variables. The first variable is efficiency, which is assumed to be 
evenly divided during both charge and discharge phases. The second is the amount of days that the 
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battery should be able to handle before it will be completely discharged if there would be no sunlight 
at all. Equation 4.2 is used to calculate the battery losses. The program then calculates the amount of 
total storage that is needed through iterations of equation 4.8. If the battery is completely 
discharged a graph will show the shortages in power. If the battery is fully charged, the charge 
controller will stop the battery from further charging, and the unused capacity will be plotted in the 
same graph as the shortages. The same graph will also show battery losses from normal use of the 
system. 

4.2.3.3 Energy Usage System 
The components each have their power consumption and daily usage schedule, which differs 
depending on whether it is a weekday or weekend. Some of the components are although running at 
a constant level, i.e. a refrigerator. The components used in the model are given in Appendix 2 – 
Input data parameters for mid-, and Appendix 3 – Input data parameters for final The program will 
calculate the amount of diesel oil needed, using equation 4.7, and the CO2 emissions from the diesel, 
using equation 4.10. 

The complete MATLAB code with comments is included in the Appendix 4 - MATLAB code. 

4.2.4 Financing 
The present value method, equation 4.1 with 5% interest rate for compensating the inflation, will be 
used for calculating the costs for the PV-system (Fieber & Nilsson, 2005). Different payoff alternatives 
will be plotted and discussed. These will be cash, 10 year and 24 year payment, and a payment that 
has the same yearly fee as diesel. The investment horizon is set to 24 years due to the warranty for 
the solar cells. The diesel price is expected to increase by 50% by the end of this horizon, according to 
section 3.4. 

4.2.5 System devices and suppliers 
In the mid-simulations price information is gathered from Conergy, Ecodirect, Solarbuzz as well as 
some own assumptions. 

In the final results the device and price information are gathered from the company Clay Energy in 
Suva, which also provides all the solar lights for the USP projects. The diesel generator used in the 
modulation is chosen even though it is too powerful for a single household. This is because the 
model is meant to be scalable to multiple households, and is therefore a good approximation of an 
average value for the diesel generator efficiency. 
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5 Results 
In this section the results from the mid-simulation, the field study and the final simulation will be 
presented and discussed. A sensitivity analysis will be performed to test how changes in dynamic 
parameters and assumptions affect the result. 

5.1 Mid-results 
The purpose of these results is to test and evaluate the model at an early stage, and to get a 
preliminary result. By doing this, it is possible to find potential weaknesses and problems with the 
model. In these mid-results our own assumptions about usage patterns are used. Prices for the solar 
system are for the US market, the actual prices for Fiji are likely to be higher. The parameters used in 
the mid result can be found in Appendix 2 – Input data parameters for mid-simulation. 

5.1.1 Individual component costs 
At first, the individual cost for a PV-system powering a particular device was calculated. Since the PV-
system is assumed to be fully scalable, it is just a matter of adding up the individual cost for each 
component to get the total of a larger system. Each device’s contribution to a PV-system’s total cost 
is visualized in Figure 5.1. It shows that high consumption devices make both diesel and solar systems 
very expensive. The electricity produced by the PV-system is less expensive than the electricity 
produced from the diesel generator. 

 

Figure 5.1 Life cycle cost (24 years) for PV-systems powering individual devices 

5.1.2 Simulation of a typical rural household 
The devices included in this mid-simulation are: Lamps, phone charger, fan, radio and fridge. The 
MATLAB program returns the following results from the simulation: 

• Solar cell surface needed: 2.7 m2  
• Battery Capacity needed: 5.8 kWh  
• Total cost of PV-system: 4200 USD 
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• Diesel system cost for 24 years: 5600 USD 
• CO2 saving compared to using diesel: 8.9 tonnes 

The MATLAB program also returns various plots that will be discussed below. 

Figure 5.2 shows that the daily fluctuations of the battery. The green dotted line, “lower limit”, 
indicates the maximal discharge allowed before the battery starts to take damage. The “max 
capacity” shows the charge limit for the battery. The charge fluctuations are low, since five days of 
battery backup is used. An assumption could easily be made that the battery capacity is sufficient for 
this system. Seen from these results, there will most likely be room for lowering the battery capacity 
to reduce costs for the system. 

 

Figure 5.2 Battery cycles over a week 

The production and the usage do mostly not occur at the same time, as shown in Figure 5.3. This 
requires storage capacity, and is therefore not optimal. If it would be possible to adapt the usage 
towards the daytime; less battery capacity will be required. Lamps will however always be used 
during nighttime. 
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Figure 5.3 Electricity production vs. usage in the household during a week 

Figure 5.4 also shows the imbalance between electricity production and generation. There are losses 
in the battery as well as “losses” from the not utilized solar energy. During a week these become 
relatively high, about 3.5 kWh altogether. Shortages do not occur in this simulation, which is why 
that line is at zero throughout the whole week. 

 

Figure 5.4 Losses in the PV-system 

In Figure 5.5, the life cycle cost for the PV-system is visualized. It shows that the PV-system is cheaper 
than the cost of the diesel needed to produce the same amount of electricity. There might still be 
apparent error sources in parameters used this mid-simulation. The local PV-system prices are 



 

Page 48 of 80 

probably higher, and diesel generators also have maintenance costs, which are not taken under 
consideration in here. Diesel is calculated to have a price raise of 50% in the 24 years this simulation 
runs. The payoff time for the whole PV-system is set to 10 years with annual equal payments, 
compensated for the inflation. This is why the cost curve is slightly bent. The PV-system cost 
intersects the diesel cost around year 17, which advocates a longer payoff time. The payments start 
at year zero and are paid in advance every year in this mid-simulation, to facilitate the programming. 
(These programming issues were although overcome in the final results.) 

 

Figure 5.5 PV-system lifecycle cost vs. diesel cost for the equal amount electricity 

The components’ percentage lifetime cost of the above system is shown in Figure 5.6. Over 80 
percent of the system cost derives from the battery. 

 

Figure 5.6 Cost breakdown of the PV-system used in the mid-simulation 
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5.2 Results from the field study 
The field study gave many valuable inputs for the modeling as well as various problems and 
possibilities with electrification, which will be presented in the following section. 

5.2.1 Confirmation of the insolation data 
During a couple of hours of two different days in mid-April the momentarily insolation data was read 
and compiled as two series in Figure 5.8. The result still showed that the NASA and the 
measurements were corresponding fairly well. The sudden drop around 11 a.m. and 1 p.m. in Series 
1 was due to rainfall. The test site is shown in Figure 5.7. 

 

Figure 5.7 Collecting data for confirmation of insolation data and the MATLAB model 
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Figure 5.8 Two series of measured insolation in April 2012, compared to tilt correlated NASA data for the same month 

5.2.2 Results of the village visits 
All the villages mentioned previously were visited, and several solar lights and solar home systems 
were sold to the dwellers, which was the point of the “Banish the kerosene lamp” project. The 
meetings in the villages, where the solar lights were presented, also developed into interesting 
discussions, where the villagers shared their experiences and concerns regarding energy usage. We 
were also invited to many homes, to help with installation of solar home systems, but also just for 
casualties. This also became natural occasions for questionings, as seen in Figure 5.9 and Figure 5.10. 

 

Figure 5.9 Meeting in the Waisa-village 
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5.2.2.1 Usage 
The energy usage varied according to the villagers’ income. In the poorer households it was found 
that lighting was primarily sought after. Today almost everyone had kerosene lamps; some of them 
were even homemade from PET bottles. Some villagers also had a mobile phone, but the lack of 
electric power in the village forced them to walk long distances for charging.  

The villagers agreed that lighting was most important for their children, so they could study after 
sunset, and did not have to inhale the smoke from kerosene lanterns. In the village Namou, one 
family had already changed to solar lights, due to the fact that all the smoke from burning kerosene 
had made the wife in the family develop asthmatic problems.  

There were also richer households, even if they represented a small share, with more electronic 
devices, such as radios, TVs and refrigerators. To provide the electricity some of the villagers had 
privately owned diesel generators, and some used PV-systems.  

The first assumptions were that some villagers had more advanced components in their homes, such 
as electrical stoves, washing machines and air conditioning. These units were although not found in 
any village household. Electrical stoves were not found in neither rural nor urban Fiji. 

5.2.2.2 Difficulties with fossil fuels 
The three visited villages were all located in highly remote areas. Due to bad road conditions and lack 
of transportation opportunities, the villagers had little contact with the rest of the world. They lived 
almost self-sufficiently and provided their own food. What they needed that they could not get from 
their own village was fuel.  Most villagers agreed that both fuel transport and high fuel prices were 
big issues. They were also worried about the recent rise of fuel prices. Today, a normal weekly cost of 
kerosene was around 5.60 USD for two lanterns, which have poor lighting quality. That summarizes 
to around 290 USD per year. To be able to buy fuel they had to travel to the nearest town and carry 
the fuel either by foot, on horsebacks or on unreliable, expensive buses. All of these alternatives 
were time consuming, which affected how much they had for harvesting etc. 

The households who had a diesel generator, as well as representatives from schools, also explained 
that the generator often broke down, and they had to wait for long before anyone could repair it. 
The school teachers in the Namou village explained that problems with the school’s generator 
affected the fresh water supply as well as part of the education, since they could not use the 
computers. The villages powered by FEA diesel generators often had a scheme of 4 hours of 
electricity every day, from 6 p.m. to 10 p.m. (Raturi, 2012). 

This shows that the use fossil fuel, and especially kerosene, is a poor energy alternative, particularly 
in remote areas. Fossil fuel affects health, it is expensive and it involves a lot of time consuming 
activities, which instead could be used for productive purposes. Given the amount of money villagers 
spend on these fuels, everyone could afford some sort of solar PV-system that suits their energy 
demand, provided there is a payoff plan. Since grid is not likely to reach these villages, PV-systems 
seem to be the best alternative.  
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Figure 5.10 Villagers show their interest in PV technology in Namou 

5.2.2.3 Complications with solar systems 
When the solar lighting systems were introduced to the villagers they were very enthusiastic about it. 
Many people walked long distances from neighboring villages just to be able to look at and buy these 
solar lights. The demand overall seemed to be high and many villagers bought single lights and solar 
lighting systems. However, there were three major problems observed: installation, maintenance 
and funding. Many villagers had never used solar systems before, and needed instructions on how to 
set them up properly. This included appropriate placement of solar panels and connecting all the 
cables, the charge controller and battery correctly. There were some existing PV-systems in the 
villages, but the panels were often tilted in every possible direction. Even professional installations 
were not always reliable. One example of this was an installation at a post office in the Waisa village, 
which had two different solar systems on the rooftop. One was tilted towards the south, when it 
should be north, and the other one had no tilt at all, which prevented it from being cleaned by rain.  

In the discussions with the villagers, a few of them already had relatively new solar home systems, 
whereof some were already defunct. Almost all of the broken systems had worn out batteries, which 
could indicate that the villagers had failed to charge them in a proper way, thus damaging them 
through deep discharging. According to some villagers, many of them did not bother to turn the 
lights off at night, since they felt too lazy after their kava drinking sessions. Another explanation is 
that the charge controllers do not break the current when the discharge is less than 40 percent 
(applies for lead-acid batteries). Additionally, a concern was that many villagers had altered their 
system, connecting more lights than it was rated for. One more example of poor maintenance was a 
defunct solar power station installed 1998 in Nabouwalu, where the panels had broken due to 
shades from the surrounding high grass. It can be clearly seen that a better control system is needed, 
which takes these kinds of things into account. This could be a build-in timer on the light switch, 
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which deactivates the circuit if it has been running for too long. It is also important that the charge 
controller has is set to break the current before the battery reaches harmfully low levels.  

Since the villages were so remotely located, most dwellers did not have the opportunity to make use 
of any warranty that came with the systems. They usually had to travel all the way to Suva, which 
was something that only few could afford. There were no on-the-spot services for maintaining and 
supporting the systems. 

The villagers also had difficulties funding the bigger systems. The USP project used its subsidiary 
funds for lending the villagers money for the systems. The dwellers then agreed to pay a monthly fee 
to a responsible person in that village, who thereafter handed the money back to the USP project. If 
the villagers did not pay, they had to give the systems back. This was according to Dr. Raturi a tryout 
model to see if the villagers actually paid the fees, and on time (Raturi, 2012). It was agreed that the 
villagers only should pay the equal amount of money per month, as they do for kerosene today. In 
this way, changing to solar systems became an easy choice. Simple table lamps would pay 
themselves back in about a month, and after that provide free lighting for years. 

5.3 Final modeling result 
In the final modeling, some of the input data parameters have been modified from the mid-
simulation. The findings from the villages include both more accurate user patterns as well as power 
consumption of the devices used, i.e. the dwellers were more likely to have 3W lamps instead of 7W. 
Local prices for PV-systems were also gathered and used in the final modeling. To compile one 
average load curve for a typical rural Fijian household becomes difficult even after the field study, 
since the energy usage differs much between the dwellers. Because lighting was observed as the 
most important application for solar electricity, the final modeling will focus on lighting together with 
a few other basic electronic devices. In the final simulation the battery backup was also reduced from 
five to three days, to reduce costs. The consequences this has for stability will be further discussed in 
section 5.4.3, the sensitivity analysis. 

5.3.1 Individual component costs 
In Figure 5.11 the lifecycle cost for systems with different components is given, just like in the mid-
simulation. The devices with the highest electricity consumption have been removed, as a result of 
the field study. The modeled scenario is due to findings from the field study, based on an “average” 
household’s electricity consumption, Another vast difference from the mid-result is that the system 
in this result runs on 12V DC, which then has no need for an inverter. This brings down the cost and 
has fewer losses. All the input parameters used in the final modeling are found in Appendix 3 – Input 
data parameters for final simulation. 
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Figure 5.11 Lifecycle cost (24 years) for systems consisting of different components 

5.3.2 Simulation of a typical rural household 
The devices included in the final simulation are: Lamps, phone charger, fan and radio. The MATLAB 
program returns the following results from the simulation: 

• Solar cell surface needed: 0.32 m2  
• Battery Capacity needed: 0.44 kWh  
• Total cost of PV-system: 650 USD 
• Diesel system cost for 24 years: 930 USD 
• CO2 saving compared to using diesel: 1.3 tonnes 

As seen, these results show that a much smaller system is needed compared to the mid-simulation. 
The main reason for the change is the removal of the refrigerator. 

The battery charge has higher fluctuations than in the mid-simulation due to the reduced capacity. 
This means less stability but lower system cost, which was a compromise that was taken because of 
the high battery cost in the mid-simulation. This is shown in Figure 5.12. 
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Figure 5.12 Battery capacity with three days of backup 

Lamps are the high consuming devices for this simulation, and these are used when there is no 
sunlight. That means that the energy is not produced and used at the same time, and almost all 
energy goes through the battery. The original thought was to develop a smart system that runs most 
components during daytime, but since the primary need in the villages was lighting, this could not be 
accomplished. The production and usage curves are shown in Figure 5.13. The usage curve shows 
that a night light is being used from 10 p.m. until 6 a.m. the next day. From 7 to 7.30 a.m. and 6 to 7 
p.m. a radio is turned on. All the lamps are turned on around 6 p.m. to 10 p.m. During the weekends, 
these patterns are slightly different, with a somewhat higher consumption. For details, see Appendix 
4 - MATLAB code. 
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Figure 5.13 Electricity production vs. usage in the household during a week 

Figure 5.14 shows that the used electricity during a week is around 0.8 kWh while the produced 
electricity in the PV-cells, is almost 1.3 kWh. Since the battery level is roughly the same after one 
week, the conclusion is that the 0.5 kWh difference is either losses in the battery or not utilized solar 
energy, which means that the losses are still immense. However, if lights are to be used, losses must 
be accepted using today’s technology. Losses are shown in Figure 5.15. Just like the previous 
simulation, there are no shortages. 

 

 

Figure 5.14 Electricity production vs. usage in a household during a week 
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Figure 5.15 Losses in the PV-system during a week 

There is still the same trend with cost as in the previous simulation. The PV-system is slightly cheaper 
than running a diesel generator over a 24 year period, but the high initial investments do not pay 
themselves off until after around 14 years compared to diesel (see Figure 5.16). The method of 
payment for the PV-system used this time is cash, to clarify when the actual purchasing of 
components occur. The slope of the PV-system curve derives from the time interval in the MATLAB 
program, which is set to one year intervals. The financing options will although be discussed in 
section 5.3.3, and different payment scenarios will be shown. 

 

Figure 5.16 PV-system lifecycle cost vs. diesel cost for the equal amount electricity 
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The percentage distribution of the components cost looks similar to that of the mid-simulation, 
except that the inverter has been removed. The battery’s percentage share has been reduced slightly 
because of the decreased battery storage backup; from five to three days. The local prices for PV-
cells were also higher in Fiji than the prices used in the mid-simulation, which increased their 
percentage share. The percentage shares are presented in Figure 5.17. 

 

Figure 5.17 Cost breakdown of the PV-system 

5.3.3 Financing the modeled PV-system 
Figure 5.18 shows a graph of how different payment plans could look like. The options discussed are 
except to pay in cash, to pay off the system in 10 or 24 years, as well as paying the same rates as the 
projected diesel price. 10 years payoff time would result in 14 years of free usage for the villagers, 
and 24 years payoff time would result in the lowest annual cost. A 24-year payoff plan might 
although be a service few financial institutes are willing to offer. Paying the same price as diesel oil 
would be the option with less change for the villagers who already have diesel generators. All 
payment plans in this comparison are for programming reasons paid annually and in advance. It must 
also be mentioned that no interest rate, except compensation for inflation is used. If a financial 
institution would issue these loans, the total cost would naturally also increase. It is for this reason 
preferable that the government, or a non-profit organization, issues them. 
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Figure 5.18 Different payment plans of a solar system 

5.4 Sensitivity analysis  
The sensitivity analysis contains cost and stability analyses for the model. Different future price and 
usage scenarios will be taken into account to see what the margins are both cost wise and usage 
wise. The tested parameters are: Dynamic parameters, which are hard to predict, and assumptions 
that might differ from the reality. This analysis will hence test the certainty of the result.  

5.4.1 Generator performance, diesel and battery cost 
The choice of generators has a notable impact on the performance and cost of a system. This is tested 
along with different cases for diesel and battery cost. 

5.4.1.1 Battery price reductions 
Battery prices are the only dynamic value of the PV-system, since batteries need to be changed every 
six years. The batteries are in heavy development, and prices will most likely drop over the coming 
years. The modeled scenario is however calculated with no price drops, which is shown by the solid 
blue line in Figure 5.19. The two broken blue lines show a scenario with battery price reductions of 
10% resp. 20% every time the battery needs to be replaced. If the battery prices would drop, this 
would increase the feasibility of the solar power system. It will thus still not make a dramatic change 
in the overall cost. 

5.4.1.2 Generator efficiency 
There are numerous different types of generators used in the villages. Some are used for a part of or 
an entire village, and some used for the individual households. The generator in the model was 
assumed to be medium sized, with a maximum capacity of 5.5 kW. Figure 5.19 shows that the choice 
of generator makes a vast difference over the long term. The small generators, often even less 
powerful than the 3kW generator, are very fuel inefficient. The medium sized have better efficiency. 
The large and more efficient generators are although more likely to be used in larger grid connected 
systems.  
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5.4.1.3 Diesel price development 
Oil and diesel prices vary substantially over time and are difficult to predict, but they will likely 
increase due to the increasing worldwide demand and the diminishing supply of oil. Three different 
diesel price scenarios will be compared. The scenario used in the model states that the price will 
increase by 50% in 24 years. This is shown as the pink, red and turquoise solid lines in Figure 5.19 as 
the solid lines for each generator. The other scenarios with either no price rise, or a 100% price rise 
for the 24 years, are shown in the broken lines for each generator. This comparison shows that a 
raise in diesel price has a potential effect on the total costs for the diesel generator, depending on its 
efficiency. For the small generator, the difference between no price rise and 100% rise is almost 4000 
USD in the end of the 24th year. 

5.4.1.4 Payoff times 
The time it takes before solar power pays itself off is about 7 years compared to the smaller 
generator, 13 years compared to the medium generator and about 24 years compared to the large 
generator. All these numbers are although oil price dependent. With a high diesel price scenario and 
a small generator, the payoff time is about 6 years. With the medium generator and a low diesel 
price scenario, the payoff time is about 18 years. The only scenario where the diesel system is less 
expensive than the PV-system is for the low diesel price scenario with the large generator. This is 
however not very likely to be the case, as discussed above. If the battery prices would drop by 20% 
for every 6 years (lowest blue-dotted line); the PV system cost will be equal even to the most 
efficient diesel generator with the lowest diesel price scenario. One must also take in consideration 
the fuel transports and environmental pollutions, why the PV-system is preferable. 

 

Figure 5.19 Different cost scenarios for three different generators, three possible diesel price developments (shown in 
the same color as the generators), and three different battery price scenarios (all shown in blue). 
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5.4.2 Battery performance 
The system is set to have 50% excess capacity to cover for both battery losses and days of either high 
load or low insolation. As seen in Figure 5.20 the system runs fairly well with a load increase or an 
insolation decrease of 25%. Since most of the applications runs on energy that passes through the 
battery, the 25% additional load makes the battery not charge fully even though the excess capacity 
is 50%. This is because of the 80% efficiency in the battery. When calculating this excess capacity 
becomes: (100% + 50%) ∗ 80% = 120%. When the insolation is 50% less than average or the load 
is 50% more, the system can run for about four days without damaging the battery. Since the 
insolation data comes from June, the month with the least insolation, this system will most likely be 
stable. June is also a month with small weather variations due to the relatively dry weather (See 
Figure 3.8). 

 

Figure 5.20 Battery level. Two curves are shown of increased load of either 25% or 50% from normal use, and two curves 
when the insolation is decreased by either 25% or 50% from average levels of June. 

5.4.3 Battery dimensioning 
When dimensioning the battery, two parameters are considered: Cost vs. capacity. Figure 5.21 shows 
a comparison of the amount of days the battery can back up the system with the cost. In the figure 
the blue line shows the cost of the current PV-system divided by the cost of the PV-system with five 
days of battery backup. This trend line is linear. The red line shows the minimum charge the battery 
gets in a day of normal usage. Even though most recommendations say that the battery should be 
able to handle five days, the result of the model using only three days of backup is a bit of a 
compromise between cost and performance. One can see in the graph that the minimum charge 
changes about 12 percentage points between five and three days of battery backup. The cost of the 
system however is diminished by 32%. To cut the costs even more only two days of battery backup 
would be considerable since it cuts the costs by another 16% compared to the five day backup 
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system. This would however also lower the minimum daily charge by 14 percentage points, which 
makes it far less stable. As the battery ages the maximum storage capacity also gets reduced. Only 
having two days of battery backup would probably not be enough to ensure stability. 

 

Figure 5.21 Days of battery backup, cost and minimum daily charge. 

  

0

10

20

30

40

50

60

70

80

90

100

5 days 4 days 3 days 2 days 1 day

%
 

Total PV
System Cost

Minimum
daily charge
level



 

Page 63 of 80 

6 Discussion 
Solar power has numerous advantages for off-grid electrification compared to fossil fuels. The results 
of this report indicate that the installation of PV-systems can be beneficial for the rural dwellers. 
Some obstacles still exist, but there are ways to handle them. The result of this report seems to be 
consistent with the results of other studies. The modeling shows that the dimensioning is similar to 
the solar home systems observed in the field study. Since this system is a model of reality, limitations 
need to be applied. Because of these limitations there are a few effects that the model does not take 
into account. 

Lead-acid batteries, which are used in this simulation, are hazardous to people’s health as well as the 
environment. These effects cannot be measured as easily as CO2 emissions, and are therefore 
difficult to include in a model. Hopefully these batteries will be phased out by more environmental-
friendly alternatives in the future, but as of today they are still being used. 

In the model all components are set to be scalable, which is not the actual case. The components for 
a PV-system do have fixed capacities, which might not always be the same as the model calculates. 
I.e. the modeled results for a battery might be that it needs 0.8 kWh of storage capacity, but the only 
available options are 0.5 kWh or 1kWh. In that case an extra 0.2 kWh has to be purchased. 

There might also be variations of the usage, and the numbers used in the model based on the field 
study have a level of uncertainty. In grid connected system these variations will more or less even out 
between all the connected households. This is nevertheless not the situation for off grid single 
household systems. 

No installation costs are included in the model. Villagers that buy larger systems might not be able to 
install them on their own, and will therefore need professional help for installing the systems. This is 
especially expensive in remote areas where service technicians might need a whole day just to drive, 
or in areas only accessible by boat. The same matters also apply for service and maintenance. 

The comparison used in this model was between solar and diesel powered systems. No other sources 
of energy were investigated such as small scale hydro or biopower. 

Some activities mentioned in the model could not be performed due to the extensive flooding in Fiji. 
With following power outages and road closures, our mobility and ability to interview people was 
restricted. These problems persisted for two weeks and we had to cancel the interview plans with 
FEA and a fourth village visit. 

  



 

Page 64 of 80 

7 Conclusion 
The results from the modeling and the sensitivity analysis show that PV-systems are a good 
alternative for off-grid electrification. The lifetime cost of a basic rural PV-system is calculated to 650 
USD whereas the cost for a diesel generator system is 930 USD. The long term costs are therefore 
lower than using diesel generators, and fuel transports to remote areas will no longer be needed. 
This saves both time and money for the villagers, which could be used for more productive purposes. 
However, education of how to use and maintain the systems is vital to make the investment 
worthwhile. There must although be a payoff plan for the villagers, because few can afford the high 
initial costs of a PV-system.  

The findings from this study have also shown that most rural dwellers have basic needs for 
electricity. Lamps are the far most important device for the villagers. Since most of them still use 
kerosene lanterns, it would be a giant leap to replace these with solar powered lights. Solar systems 
will not only be an economical benefit, but in addition also friendly for the environment and the 
health of the dwellers. Since global warming is a threat for the Fiji islands, as well as for the rest of 
the world, removing the fossil fuels will be essential for a sustainable development. In the final result, 
a CO2 saving of 1.26 tonnes per household was calculated over 24 years. 

The sensitivity analysis shows that the PV-system is less expensive, or at the same level, as the diesel 
powered system under almost all tested circumstances. The stability of the PV system is at a 
sufficient level, since it is dimensioned after the month with least insolation. Further, the analysis 
shows that the battery has enough capacity to handle common variations of insolation and usage. 

The report thereby concludes that PV-systems are suitable for electrification of rural households in 
Fiji. It is also preferable over diesel generators.  
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8 Further studies 
Because some limitations were applied in the model, the spectra of the model could be widened by 
investigating the following topics. 

8.1 Synergies from applying PV-systems for multiple households 
This study has its focus on single households. By implementing PV solar systems for multiple 
households this could imply lower excess capacity required and shared maintenance costs. This could 
also improve the probabilities of getting subsidization. 

8.2 Adapt usage towards daytime 
Batteries stand for the larger part of the cost of a solar system. By implementing a system with 
components that run or could run during the day, as well as educating the villagers to use the 
electricity when it is being produced, this would cut the costs by as much as 50-60%. In practice this 
could be done a similar installation as the Green Fales project: Two separate systems: One for lights 
with battery backup, and one for the other applications, with none or little battery backup. 

8.3 New PV and battery technologies  
This study was done using only components that are available on the market today. Future 
technologies for PV-cells and batteries were although discussed briefly in the literature review. By 
including these in the model this would generate a perspective of what a similar system using future 
technologies could be like, both performance wise and cost wise. 

8.4 Hybrid systems 
A hybrid system between PV and other renewable energy sources could diminish or eliminate the 
need for batteries. Suitable for this could be a generator running on biogas, or a small scale 
hydro/PHES plant. 
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Appendix   

Appendix 1 – Exchange rates 
 

The exchange rates were established 2012-04-11 (Google, 2012): 

 US Dollar 
1 Fiji Dollar 0,5562 
1 Euro 1,3077 
1 Australian Dollar 1,0255 
1 Swedish Crown 0,1468 
 

Appendix 2 – Input data parameters for mid-simulation 
 

Parameters set to perform this model run (Conergy, 2011)1, (Ecodirerct, 2012)2, (Solarbuzz, 2012a)3, (Solarbuzz, 2012c)4, 
(Solarbuzz, 2012b)5 

Parameter Value 
Solar efficiency 13.8%  1 
Excess capacity 50% 
Diesel required to produce 1 kWh of electricity 0.4 l 
Days the battery can run without sunlight 5 
Battery efficiency 80% 
Solar Price per m2 279.95 2/1.668 1 = 167.84 USD/m2  
Battery price per Wh 0.213 USD/Wh  3 

Diesel price per liter 2.28 FJD = 1.27 USD/l 
Inverter price per W 0.711 USD/W  4 

Charge controller price per W 0,49 USD/W  5 

Life span of the system 24 years 
Paying time for the solar system 10 years 
Interest rate 5% 
 

Maintenance costs and expected lifetime (Raturi, 2012) 

Component Expected lifetime (Years) Maintenance cost 
PV 25  
Battery 6  
Inverter 12  
Diesel  0,025 USD/(kW∙h) 3 
 

Electrical devices and their initial modeling power consumption (Vattenfall, 2012) 

Unit Power Consumption (W) 
Lamp 7 
Phone Charger 5 
Fan 10 

                                                           
3 kW refers to the maximum power output on the diesel generator 
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Stereo 15 
Laptop 25 
Refrigerator 30 
TV (small) 70 
Freezer 40 
Electric Stove 1000 
Washing Machine 1000 
Air Conditioning 1000 
 

Appendix 3 – Input data parameters for final simulation 
 

PV-system components used in the final modeling (Clay Energy, 2012)1, (Electric Generators Direct, 2012)2 

Component Model Data 
Solar Panel1 BP Solar 4175T 175W, 1.587m*0.790m 
Battery1 Trojan 5S-HP 12V, 125AH, GEL  
Charge Controller1 Suresine 300 12V, 300W 
Diesel Generator2 Winco W6010DEX  
 

Input parameters for final modeling (BP Solar, 2010)1, (Electric Generators Direct, 2012)2, (Clay Energy, 2012)3 

Parameter Value 
Solar efficiency 14.0%  1 
Excess capacity 50% 
Diesel required to produce 1 kWh of electricity 0.48 l  2 

Days the battery can run without sunlight 3 
Battery efficiency 80% 
Solar Price per m2 682 3/1.2537 1 = 544 USD/m2  
Battery price per Wh 0.258 USD/Wh  3 

Diesel price per liter 2.33 FJD = 1.30 USD/l 
Inverter price per W 1.242 USD/W  3 

Charge controller price per W 0,559 USD/W  3 

Life span of the system 24 years 
Paying time for the solar system 10 years 
Interest rate 5% 
 

Maintenance costs and expected lifetime (Raturi, 2012) 

Component Expected lifetime (Years) Maintenance cost 
PV 25  
Battery 6  
Charge controller 25  
Inverter 12  
Diesel generator 25 0,025 USD/(kW∙h) 4 
 

                                                           
4 kW refers to the maximum power output on the diesel generator 
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Electrical devices and their initial modeling power consumption 

Unit Power Consumption (W) 
Lamp 3 
Phone Charger 5 
Fan 5 
Radio 5 
Laptop 25 
Refrigerator 30 
TV (small) 50 
 

Appendix 4 - MATLAB code 
 
hold off 
clear all 
clc 
  
%% input data 
Solareff = 0.14; % Solar cell efficiency 
Targetexcess = 0.5; % Excess capacity between overall production and usage 
Dieselperkwh = 0.48; % Liters of Diesel needed to produce 1 kWh of 
electricity 
Btcycles = 3; % number of days the battery can run the system alone 
Bteff = 0.8; % Battery overall efficiency 
Chargerate = 1; % Initial rate of battery charge 
Days = 7; % number of days to run 
  
%Device switches (0=off, 1=on) 
%      (Lamp Phchg Fan Rad Fri Lt TV Frz Sto Wsh AC)  
Switch = [1    1    1   1   0   0  0  0   0   0   0]; 
  
  
%Prices 
Solarprice = 682/1.2537; % Solar cell price per m2 
Batteryprice = 0.258; % Battery price per Wh 
Dieselprice = 2.33*0.5568; % Price per liter 
Dieselmain = 0.025; %Maintenance cost for diesel generator per kW and hour 
Inverterprice = 1.242*0; % Price per watt 
Chconprice = 0.559; % Price per watt 
Lifespan = 24; %Life span of PV system 
Payback = 10; %Payback time of PV system 
Intr = 0.05; %Interest rate 
  
%Device consumption 
Lamp =            3 * Switch(1); 
Phonecharger =    5 * Switch(2); 
Fan =             5 * Switch(3); 
Radio =           5 * Switch(4); 
Fridge =         30 * Switch(5); 
Laptop =         25 * Switch(6); 
TV =             50 * Switch(7); 
Freezer =        40 * Switch(8); 
Stove =        1000 * Switch(9); 
Washm =        1000 * Switch(10); 
AC =           1000 * Switch(11); 
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%%------------------------- 
dt = 0.5; 
x=0:dt:23.5*Days; 
Solarsurface = 10; %initial guess 
Btcap = 1000; %initial guess 
Bteff = sqrt(Bteff); 
  
xnasa=0:3:24; xinter=0:dt:23.5; 
  
%Solar data is from horizontal insolation and the first factor adjusts for 
tilting the panels  
Solnov=0.95*[0 0 0.08 0.59 0.8 0.52 0.05 0 0]*1000; % input data is in kW, 
therefore it needs to be multiplied by 1000 
Soljun=1.13*[0 0 0.01 0.31 0.54 0.33 0.01 0 0]*1000;  
Solartimer = interp1(xnasa, Soljun, xinter, 'pchip'); 
Solartimer = [Solartimer Solartimer Solartimer Solartimer Solartimer 
Solartimer Solartimer]; %sets up one week 
  
%Usage part starts here 
% Low consumption schemes 
% Hour        0   1   2   3   4   5   6   7   8   9   10  11  12  13  14  
15  16  17  18  19  20  21  22  23  24 
Lampwd =     [1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 1 2 3 4 4 3 3 1 1 1 1]*Lamp; 
Lampwe =     [1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 2 3 4 4 4 3 3 1 1 1 1]*Lamp; 
Fanwd =      [1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1]*Fan; 
Fanwe =      [1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1]*Fan; 
Phonewdwe =  [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]*Phonecharger; 
Ltwd =       [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0]*Laptop; 
Ltwe =       [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0]*Laptop; 
TVwd =       [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0]*TV;  
TVwe =       [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 
0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0]*TV; 
Radiowd =    [0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0]*Radio;  
Radiowe =    [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]*Radio;  
  
% High consumption schemes 
% Hour        0   1   2   3   4   5   6   7   8   9   10  11  12  13  14  
15  16  17  18  19  20  21  22  23  24 
Stovewd  =   [0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0]*Stove; 
Stovewe  =   [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0]*Stove; 
Washwd   =   [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]*Washm; 
Washwe   =   [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]*Washm; 
ACwd     =   [1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 1 1 0 1 0 1 0 1 0 1 0 1 0]*AC; 
ACwe     =   [1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 
0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0]*AC; 
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Mon = 
Lampwd+Fanwd+Ltwd+TVwd+Radiowd+Stovewd+Washwd+ACwd+Phonewdwe+Fridge+Freezer
; 
Tue = Mon; Wed = Mon; Thu = Mon; Fri = Mon; 
Sat = 
Lampwe+Fanwe+Ltwe+TVwe+Radiowe+Stovewe+Washwe+ACwe+Phonewdwe+Fridge+Freezer
; 
Sun = Sat; 
  
Usage = [Mon Tue Wed Thu Fri Sat Sun]; 
  
if Days > 7 % to save processing power 
    for i=1:4 %extends the days 
        Usage = [Usage Usage Usage]; 
        Solartimer = [Solartimer Solartimer Solartimer]; 
    end 
end 
  
%Distribution part starts here 
%Battery and Directel are multiplied with hours 
Percent = 1; iter=0; Btdiff=2; 
while iter < 10 && (abs(Percent)>0.01 || abs(Btdiff) > 10) %while loop to 
optimize solar and battery capacity 
    %Defining Variables 
    Production = Solarsurface*Solareff*Solartimer; 
    Directel = 0; 
    Battery = Btcap*Chargerate; 
    Protmp = 0; Ustmp=0; Shtmp=0; Extmp=0; Btlosstmp=0; Totalprod=[]; 
Totaluse=[]; Tp=0; Tu=0; 
    Pro=[]; Us=[]; Bt=[]; Shortage=[]; Excess=[]; Btloss=[]; Btcaplist=[]; 
    Lowlimit = Btcap*0.4*ones(1,length(x));  
  
    for A=1:length(x) %Iterations for each 30 minutes 
        Ustmp=Usage(A); Protmp=Production(A); 
     
        if (Ustmp > Protmp) %Discharging the battery 
            Directel = Directel + Protmp*dt; 
            Battery = Battery - (Ustmp - Protmp)*dt/Bteff; 
             
            if (Battery < 0) %If battery is completely discharged 
                Shtmp = Shtmp + abs(Battery); 
                Battery = 0; Btcap = 0.999*Btcap; %Damages battery if 
discharges 
            else 
                %Battery loss from decharging 
                Btlosstmp = Btlosstmp + (Ustmp - Protmp)*dt*(1/Bteff-1); 
            end 
         
        else %Charging the battery 
            Directel = Directel + Ustmp*dt; 
            Battery = Battery + (Protmp - Ustmp)*dt*Bteff;   
     
            if (Battery > Btcap) %If battery is fully charged 
                Extmp = Extmp + (Battery - Btcap); 
                Battery = Btcap; 
            else %Battery loss from charging 
                Btlosstmp = Btlosstmp + (Protmp - Ustmp)*dt*(1-Bteff);  
            end 
        end 
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        %Filling lists for each iteration 
        Tp=Tp+Protmp*dt; Tu=Tu+Ustmp*dt; 
        Pro = [Pro Protmp]; Us = [Us Ustmp]; Bt=[Bt Battery]; 
Btcaplist=[Btcaplist Btcap]; 
        Shortage=[Shortage Shtmp]; Excess=[Excess Extmp]; Btloss=[Btloss 
Btlosstmp];  
        Totalprod = [Totalprod Tp]; Totaluse = [Totaluse Tu]; 
    end 
    Btcap = Btcycles*(Totaluse(49)+Btloss(49)); %Battery capacity is set 
for one day usage times number of cycles wanted 
    Btdiff = Btcaplist(1) - Btcap; %Optimization value 
  
    % Optimizations for each while loop 
    Diff=Totalprod(end)/(1+Targetexcess)-Totaluse(end); iter = iter +1;  
  
    if abs(Tp) > 0 % To prevent from dividing by 0 if Tp = 0 
        Percent = Diff/Totalprod(end); %Optimization value 
    end 
     
    Solarsurface = (1-Percent)*Solarsurface; %Removes unwanted excess 
capacity 
end 
  
% Calculating the costs 
Solarcost = Solarprice*Solarsurface; 
Batterycost = Batteryprice*Btcap; 
Litersperyear = Dieselperkwh*Totaluse(end)/1000/Days*365; 
Dmc = 24*365*Dieselmain/1000*max(Pro); 
  
%Present value method for cost calculation 
Invertercost = Inverterprice*max(Pro)*(1+Targetexcess); 
Chconcost=Chconprice*max(Pro)*(1+Targetexcess); 
Dieselcost1 = 0; Dieselcost2 = 0; Dieselcost3=0; 
CO2 = 2.48*Litersperyear; 
  
Sc=ones(1,Lifespan); Dc1=Sc; Dc2=Sc; Dc3=Sc; Dm=Sc; xx=0:Lifespan-1; Total 
= 0; List=[]; 
  
%Diesel and solar price scenarios, pre-adjusted for Present Value 
for n=xx 
    if n<6 
        Sc(n+1)=Solarcost+Invertercost+Chconcost+Batterycost; 
    elseif n<12 
        Sc(n+1)=Solarcost+Invertercost+Chconcost+2*Batterycost; 
    elseif n<18 
        Sc(n+1)=Solarcost+2*Invertercost+Chconcost+3*Batterycost; 
    else 
        Sc(n+1)=Solarcost+2*Invertercost+Chconcost+4*Batterycost; 
    end 
    Dieselcost1 = Dieselcost1 + Litersperyear*Dieselprice; 
Dc1(n+1)=Dieselcost1; 
    Dieselcost2 = Dieselcost2 + Litersperyear*Dieselprice*(1+n/48) + Dmc; 
Dc2(n+1)=Dieselcost2; 
    Dieselcost3 = Dieselcost3 + Litersperyear*Dieselprice*(1+n/24); 
Dc3(n+1)=Dieselcost3; 
     
end 
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Dc2=Dc2-Litersperyear*Dieselprice; 
  
%Plot for Battery in kWh 
subplot(2,3,1) 
plot(x, Bt/1000, 'k', x, Btcaplist/1000, 'r:', x, Lowlimit/1000, 'g:'), 
title('Battery') 
legend('Battery charge', 'Max capacity', 'Lower Limit', 'Location', 
'South') 
axis ([0 x(end) 0 Btcap*1.1/1000]), xlabel('Hours'), ylabel('kWh') 
  
%Plot for Temporary Production vs Usage in W 
subplot(2,3,2) 
plot(x, Pro, x, Us, 'r'), title('Temporary Production vs Usage') 
legend('Production', 'Usage', 'Location', 'NorthWest') 
axis ([0 x(end) 0 max([Us Pro])*1.1]), xlabel('Hours'), ylabel('W') 
  
%Plot for Total Production vs Usage in kWh 
subplot(2,3,3) 
plot(x, Totalprod/1000, x, Totaluse/1000, 'r'), title('Total Production vs 
Usage') 
legend('Production', 'Usage', 'Location', 'NorthWest') 
axis ([0 x(end) 0 max([Totalprod Totaluse])*1.1/1000]), xlabel('Hours'), 
ylabel('kWh') 
  
%Plot for Losses in kWh 
subplot(2,3,4) 
plot(x, Btloss/1000, 'b', x, Excess/1000, 'r', x, Shortage/1000, 'g'), 
title('Losses')% 
legend('Battery losses', 'Excess losses', 'Shortage', 
'Location','NorthWest') 
axis([0 x(end) 0 max([Btloss Excess Shortage])/1000*1.1]), xlabel('Hours'), 
ylabel('kWh') 
  
%Plot for costs 
subplot(2,3,5) 
plot(xx, Sc/1000, xx, Dc2/1000, 'r', xx, max(Sc)/1000, 'b:'), title('Cost') 
legend('PV system', 'Diesel', 'Location', 'NorthWest'), xlabel('Years'), 
ylabel('Cost') 
axis([0 xx(end) 0 max([Sc Dc1 Dc2 Dc3])/1000*1.1]), xlabel('Years'), 
ylabel('USD x 1000') 
  
%Displays misc. values 
disp(' ') 
disp(['Following solar panel surface is needed: ', num2str(Solarsurface, 
'%.2f'), ' m2. The panel costs are: ' num2str(Solarcost/max(Sc)*100, 
'%.1f'), '% of the total cost.']) 
disp(['Following battery capacity is needed: ', num2str(Btcap/1000, '%.2f') 
, ' kWh. The battery costs are: ' num2str(4*Batterycost/max(Sc)*100, 
'%.1f'), '% of the total cost.']) 
disp(['Inverter and charge controller stand for ', num2str(100-
(Solarcost+4*Batterycost+Chconcost)/max(Sc)*100, '%.1f'), '% resp. ' 
num2str(Chconcost/max(Sc)*100, '%.1f'), '% of the total cost.']) 
disp(['Total cost of PV system: ', num2str(max(Sc), '%.0f'), ' USD. ']) 
disp(['Diesel system cost for 24 years: ', num2str(Dieselcost2, '%.0f'), ' 
USD. ']) 
disp(['CO2 savings using solar panel are: ', num2str(CO2/1000, '%.2f'), ' 
tonnes per year']) 
disp(' ') 
disp([num2str(iter), ' iterations done']) 
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