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Abstract 

Access to clean energy such as electricity, is a problem and challenge for utility companies in developing 

countries. Diesel engines for generation of electricity have been used for remote rural villages, but 

extensions of the electrical grid are often not economical considering the low power demand relative to the 

costs. Furthermore, fossil fuels are expensive and not environmental friendly adding to the climate change 

with greenhouse-gases. Other options are needed. 

This thesis suggests a hybrid system with renewable energy sources, consisting of PV and biogas with a 

battery storage. The system is designed for application in a village of Gakenke district in Northern part of 

Rwanda. An inventory of existing renewables is made and the village’s load profile is estimated. The hybrid 

system is modelled and optimized for technical and economic viability using the HOMER software. 

Two alternatives based on 42 respectively 21 tons of biomass, can give 88.86 MWh/year to a cost of 

$0.130/kWh and 87.35 MWh/year to a cost of $0.154/kWh. These figures are compared with an optimized 

solar home system with the cost of $0.457/kWh and the current electricity price of $0.240/kWh. 

Based on these optimized results it is evident that a hybrid system with PV and biogas is more cost-effective 

than the solar home system and the current price for electricity. Hence, the implementation of off-grid 

hybrid systems can be a solution for remote rural electrification in Rwanda. 
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Sammanfattning  

Tillgång till ren energi som t.ex. el är ett problem och utmaning för energiföretag i utvecklingsländer. 

Dieselmotorer för elproduktion har använts för avlägset belägna byar, för att utbyggnad av elnätet ofta 

inte är ekonomiskt med tanke på låg efterfrågan i förhållande till kostnaderna. Dessutom är fossila 

bränslen dyra och inte miljövänliga då de bidrar till klimatförändringen med växthusgaser. Andra 

alternativ behövs.  

Denna avhandling föreslår hybridsystem med förnybara energikällor, bestående av PV och biogas med 

batterilagring. Systemet är konstruerat för tillämpning i en by i Gakenke-distriktet i norra delen av 

Rwanda. En inventering av befintliga förnybara energikällor presenteras och byns el-lastprofil uppskattas. 

Hybridsystemet är modellerat och optimerat för teknisk och ekonomisk bärkraft med hjälp av 

programvaran HOMER.  

Två alternativ baserade på 42 respektive 21 ton biomassa kan ge 88.86 MWh / år till en kostnad av 

$0.130/kWh och 87.35 MWh / år till en kostnad av $ 0,154 / kWh. Dessa siffror jämförs med ett 

optimerat solsystem med kostnaden $ 0.457 / kWh och det nuvarande elpriset på $ 0.240 / kWh.  

Baserat på dessa optimerade resultat är det uppenbart att ett hybridsystem med PV och biogas är mer 

kostnadseffektivt än solvärmesystemet och det nuvarande priset för el. Därför kan implementeringen av 

off-grid hybrid-system vara en lösning för elektrifiering av avlägsen  landsbygd i Rwanda. 
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1. Introduction 

For a long time ago, nature itself has been able to balance the concentration of atmospheric gases. The 

existence of natural gases such as Carbone dioxide, water vapor and methane known as natural greenhouse 

gases in the atmospheric air has made possible the life we are living on the earth [1]. 

However, additional greenhouse gases known as anthropogenic gases such as carbon dioxide, 

fluorocarbons, nitrogen oxide, and others are emitted to the atmosphere as results of human activities. 

Among of those activities are deforestation of tropical forests, waste disposal, nitrogenous fertilizers in 

agriculture, use of coal and fossil fuel as source of energy and also industrial chemical products [1]. 

 Destruction of tropical rain forests, use of nitrogenous fertilizes each contributes 15% of greenhouse effect 

while industrial chemicals refrigerants contribute 20%. Moreover, the requirement for energy supply by 

burning fossil fuel contributes 50% of the greenhouse effect [1]. 

Access to clean energy like electricity remains a serious matter in many African countries especially in sub-

Sahara Africa where an approximation of 620 million people has no access to electricity and 730 million 

people are using hazardous and inefficient forms of energy for cooking, lighting, and heating [2]. 

On the other side, those who do have means to access modern energy are hit by higher prices, insufficient 

and unreliability of supply [2]. 

 The accumulation of anthropogenic greenhouse gases in the atmosphere and the destruction of the 

environment have led to climate change that causes global warming one of the challenge the world is facing 

today. The consequences of climate change and global warming has caused a flood, acid rain, sea level 

rising, droughts, and threats to biodiversity [1]. 

With the great concern in global energy demand, global warming and greenhouse effect, renewable energy 

production has a crucial importance in providing sustainable and environmentally friendly energy supply. 

It is clear that an urgent initiative to change our existing conventional energy supply from coal, oil, natural 

gases that are also depleting to reliable energy systems based on renewable energy sources among others 

solar, wind, biogas, geothermal, etc. [1]. 

1.1. Background and Motivation 

The energy sector is pivotal to every country’s economic development due to the role it plays in other 

sectors of the economy such as manufacturing industry, agro-processing, mining, transport, housing, 

urbanization, etc. 

Rwanda electricity sector is facing many challenges among others are limited generation capacity of 

185MW due to electricity generation mix of 60% hydro and 40% diesel powered generator which is affected 

by regional droughts and importation of diesel fuel [4].  

In addition to insufficient generation capacity, high losses of one-fifth of generated power are lost due to 

dilapidated networks. Those challenges result in high electricity cost compared to other East Africa counties 

and low accessibility of 24% of the whole population [4] [7]. 

 Although 24% of the population of Rwanda access electricity, 70% of generated energy is consumed in 

cities and rural villages are left without unconnected to the grid. At current electricity tariff, on-grid 

electricity access is unaffordable to most rural households and their consumption is insufficient to fund the 

cost of grid connection [5]. 
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Due to low-income generation and low electricity consumption almost less than 20kWh/month instead of 

130kWh/month in order to fund the cost of their connection, it is found that extending the grid to remote 

locations not financially viable [5].  

Nevertheless, off-grid systems that use renewable energy technologies have established themselves 

commercially and are cost-effective for supplying electricity to rural communities. Renewable hybrid 

energy systems are becoming the best alternatives to increase the energy production worldwide. Their 

effectiveness, flexibility, and scalability offer more advantages to combine two or more energy resources 

[1]. 

Based on published paper of Chaouki Ghenia and Isam Janajreh, they showed that combination of biomass 

and PV can provide 14% of the total yearly electricity demand of  Sharjah city with a cost of 0.328$/kWh 

[8]. 

 Techno-economic feasibility study done by Barun K. Das, Najmul Hoque, Soumya Mandal, Tapas Kumar 

Pal and Md Abu Rainham electrify remote area in Bangladesh using biomass, PV and diesel generator has 

revealed that it can reduce the CO2 emission by nearly 59.6% per year with a renewable share of 60% at a 

COE of $0.28/kWh [9]. 

Rwanda has a reasonable opportunity for energy exploitation and development, from abundant solar 

radiation, rivers, and lakes by which hydropower can be constructed, methane gas and peat deposits are still 

slightly exploited while they have a great potential to generate a huge amount of energy [4]. 

All those factors are reasons to find out an alternative way for rural electrification in Rwanda by first of all 

use the local energy resources thus off-grid hybrid system that uses solar and biogas as renewable resources 

can be a good solution. 

1.2. Renewable energy use in Rwanda 

Rwanda has significant renewable energy resources that complement each other in the energy mix and may 

be utilized as well in diversifying away from fossil fuels due to their related high cost of generation. The 

physical potential of Rwanda renewable energy resources is outlined below. 

1.2.1. Biomass energy 

 

For hundreds of years ago up to the present, Rwandans have used biomass as their main source of energy. 

The current studies have revealed that biomass supplies 85% of energy needs country-wide whereas the 

other balance is being met by kerosene, diesel, dry cells etc. It is estimated that Rwanda’s sustainable supply 

potential of wood fuel was 3.2 million tons in 2009, and this can be increased further with forestry programs 

[4].  

1.2.2. Hydropower 

 

Since 1960 hydropower has been used to generate electricity by constructing high and medium head, micro 

and pico run-of-river hydropower plants. Many studies have shown that Rwanda has a great potential of 

about 400MW for hydropower generation due to country’s topography. [4] 

The recent resource assessment conducted by the Rwandan Hydropower Atlas found that the majority of 

potentially feasible sites suitable for hydropower would be rated between 50 kW and 1 MW in capacity. 

The study estimated a potential of 96 MW for micro-hydro projects, 333 potential sites identified across a 

large number of locations, additional viable sites have already been, and are likely to continue to be 

identified [4]. 
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 In addition, over 192 sites have been identified for pico-hydro with a capacity below 50 kW. However, 

according to the ministry of infrastructure 2015, the hydropower installed capacity is 98.5MW [4]. 

1.2.3 Methane gas  

 

According to expert’s reports, the Lake Kivu between the Republic of Rwanda and the Democratic Republic 

of Congo is estimated to contain 300billion meters cubic of dissolved carbon dioxide and 55-60 billion 

meters cube of methane gas [19].  

The presence of those gases in the lake has caused a natural concern that it could erupt anytime, as it has 

happened in Cameroon at Lake Nyos in 1986 and at Lake Monoun in 1984. These two gas eruptions from 

lakes suffocated more than 1700 people. For these lakes, the remedial measures consist of venting the 

remaining gas to the atmosphere in order to eliminate the eruption risk. In all three lakes, gases are 

continuously accumulating, and they will erupt eventually if nothing is done [19].  

 However, it was revealed by expert reports that a large part of the methane gas in Lake Kivu is extractable 

and may be used to fuel power plants to generate electricity at a very competitive price instead of being 

vented and lost to the atmosphere [19]. 

Recently, the government has put great efforts on proving the technical and commercial viability of safely 

extracting methane from Lake Kivu to produce power. Indeed, the more methane gas that is extracted, the 

safer are the communities living around Kivu, as there will be less methane gas that could potentially 

explode in case of a sub-surface volcanic eruption [4]. 

According to feasibility studies undertaken, it is possible to sustainably extract sufficient gas to generate 

around 700MW of power. A small pilot plant, owned and operated by Kibuye Power (KPI), having an 

installed capacity of 3.6MW, has been operational for some time [4].  

The expected commissioning of the 25MW KivuWatt power plant project in late 2014 has gone a long way. 

However, at the end of December 2015, the first phase of the project has powered three generator sets to 

produce 26 MW of electricity for the local grid. The next phase of this project will deploy nine additional 

generators at 75 MW to create a total capacity of over 100 MW [4] [20]. 

 

1.2.4. Geothermal energy 

 

Geothermal energy is a clean and reliable source of energy, which is not affected by short-term fluctuations 

in the weather or fossil fuel prices. In Rwanda, two regions with geothermal potentials are found in the 

western region associated with volcanoes and the southern region associated with faults in the East African 

Rift [21]. 

 Based on geophysics surface studies, the western region has been divided into three areas of Gisenyi, 

Karisimbi and Kinigi prospects that can be developed as separate geothermal sites [21]. 

Moreover, studies have revealed that the northern part of the country notably Karisimbi and Kinigi are most 

promising places where the Government of Rwanda is likely to discover a commercially viable geothermal 

resource for power generation using condensing steam turbines and other techniques [21]. 

Current studies prove that drilling geothermal in Rwanda can contribute more than 20 MW in short-term 

and over 300 MW in the long term but the exact size of geothermal resources is still uncertain thus extensive 

exploration is undergoing [21].  

 

1.2.5. Wind Energy 

 

Wind energy resource assessments in Rwanda have been carried out in five locations since 2011 but 

preliminary indications from the analysis of recorded field measurements of wind speeds and climate data 

have shown that most of the country is not highly suitable for wind energy [4]. 
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However, the eastern regions of the country were identified as the location with the most promising 

potential, and a simple analysis comparing wind and solar energy feasibility suggested that wind energy 

could be competitive in this region [4]. 

 According to the study done by Bonfils Safari, by using recorded wind measurements at selected Rwandan 

meteorological stations located in different provinces, he found that electricity production in the area of the 

Gisenyi station could be possible since wind speed and power density there are good whereas, in areas such 

as Kigali, Butare, and Kamembe, wind energy potential could only be sufficient for windmills or water 

pumping for agricultural. More detailed resource assessments and feasibility studies are required to 

determine commercially viable wind energy potential in Rwanda [22]. 

 

1.2.6. Biogas 

 

Biogas energy production in Rwanda has been initiated by engagement of the government in partnership 

with international donors since 2007 in the program named National Domestic Biogas Program (NDBP) 

[23]. 

The aim of NDBP was to develop a commercially viable Rwandan biogas sector and build 15,000 families 

sized biogas plants in all parts of the country by 2011, training technicians and entrepreneurs and also 

sensitization of biogas use in the society. The government has put in place an elaborated program for 

disseminating biodigesters in households, schools, and prisons to reduce the dependency on wood and 

charcoal as a source of energy as well as to improve people’s health [4] [23]. 

Since 2008, the government made a policy to introduce biogas digesters in all schools, large health centers, 

and institutions with canteens. Through this institutional biogas program, almost all prisons in the country 

are currently using biogas for cooking. Since the beginning of the program, 3687 domestic biogas digesters 

have been installed in households and 68 institutional digesters have been installed mainly in schools and 

prisons [4]. 

The government has continued to support biogas technologies, with a 50% government subsidy and the use 

of local microfinance institutions, even after the termination of financial support by development partner to 

the program. 

The biogas systems installed in the schools and prisons have reduced firewood consumption by close to 

60% and 40% respectively, along with significantly improved hygienic conditions and cost savings. 

Currently, the potential biogas market in Rwanda is estimated at 150,000 households, among predominantly 

rural customers. Feasibility studies have been conducted for landfill gas-to-electricity in Kigali however, 

the project implementation is still underway [4]. 

 

1.2.7. Solar energy 

 

 Solar radiation and solar resources in Rwanda have been assessed by the U.S. National Air and Space 

Agency (NASA) and researchers from University of Rwanda. The academic assessments were undertaken 

in partnership with Rwanda Meteorology Agency in 2007, by use of meteorological data set to estimate 

monthly averaged global solar radiation, it was found to vary between 4.3 and 5.2 kWh per m2 per day over 

all regions of the country. [4] 

However, conditions vary with seasons. The average daily irradiation levels in the cloudy may reach about 

4 kWh/m²minimum in the northern province and 5.4 kWh/m² maximum in capital city Kigali, Southern and 

Eastern provinces. The total annual potential is estimated to be around 66.8 TWh. 

 In February 2015, the first utility-scale solar energy project in East Africa was commissioned at the 

Agahozo-Shalom Youth Village in Rwanda, providing 8.5 MW to the grid and 15,000 homes were 

connected [24].  
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1.3. Problem statement 

Rwanda is a landlocked country occupying 26338 km2 in the eastern part of central Africa with 85% of the 

whole population lives in rural areas while urban households account 15% [6]. 

 Until the mid-2016, access to electricity has increased from 6% to 24% of the population and this has 

induced a recognizable a rapid socio-development in all sectors of the economy whereby Rwanda’s GDP 

per capita has reached 697 USD [7].  

However, the country is still having the challenge of enough, clean and modern energy due to limited 

generation capacity, and low efficiency of the supply. That result in high cost of electricity where the tariff 

is $0.24/KWh relatively expensive compared to neighbor countries. 

Biomass energy is still highly consumed at 85%, petroleum products, and hydropower at 11% and 4% 

respectively of the total national consumption [3] [4]. 

Although a big number of people live in rural areas, due to geographical layout constraints of the remote 

locations and their low level of electricity demand, utility grid extension to all villages has not been found 

economical. Consequently, some rural areas are still dependent on kerosene for lighting, diesel for milling 

and pumping, traditional biomass as a source of energy for cooking and dry cells for radio receiver [5]. 

In spite of the shortage of energy, the government of Rwanda recognizes the vital role that reliable and 

affordable electricity access plays in the acceleration of economy through improvement of health and 

standards of living. 

 The government has not left behind energy development in its set EDPRS (Economic Development and 

Poverty Reduction Strategy) program for 2013-2018 whereby the target of 70% households will have access 

to electricity and 100% by 2020 [4] [5]. 

For the said targets to be achieved, a combination of solutions that focus on the location, income, and 

electricity demand level will be considered in such a way that the total generation capacity will be increased 

to 563 MW by increasing domestic generation, buy, increase of off-grid electricity generation to 22%, 

reduce the CO2 emissions by 25% by 2025 [4] [5]. 

However, a viable solution is to engage the private sector to invest in the energy sector and the government 

gives subsidy to develop the off-grid system [5]. 

The rural area of Gakenke district is among other villages in Rwanda that are facing the problem of lack of 

electricity access due to difficulties of national grid extension. This problem can be solved by using 

alternatively available resources to generate electricity using either stand-alone devices or local micro-grid. 

The off-grid stand-alone system when it is considered as the solar home system can be proposed as a 

solution to be implemented since it offers a wide range of technologies but it produces only electricity for 

the single house with a radio, mobile phone, and lamps. Thus a micro-grid hybrid system can generate a 

reasonable amount of electricity for the community households, water pumping, milling machine, health 

center and even a school has more advantages. 

1.4. The aim of Study 

The aim of this project is to assess the potential of solar and biogas resources in one rural area of Rwanda 

and design an off-grid PV-biogas hybrid system for the purpose of producing reliable electricity which is 

affordable by the community.  

After generation, the cost of electricity produced by the hybrid system will be compared to the price of 

electricity from the individual solar home system and the cost of electricity of national grid utility. 
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1.5. Objectives of the Study 

The following specific objectives will be accomplished to achieve the goal:   

 Determine the monthly solar radiations of the place in order to analyze the applicability of PV 

potential. 

 Study and Analyze the biomass potential and quantify the monthly obtainable biogas  

 Estimation of the average daily load profile at the selected site. 

 To select appropriate solar modules, biogas generator and battery depending on the energy demand 

of the site. 

 System modeling and simulation by using HOMER (Hybrid Optimization for Multiple Electric 

Renewables) software  

  Evaluation of optimal photovoltaic-biogas system performance 

 Cost comparison between hybrid system and the existing Solar home systems 

 

1.6. Limitations 

The scope of this project is limited to the determination of techno-economic optimal PV-biogas hybrid 

system to generate electricity to one community village selected in Rwanda 

The following assumptions are considered in performance evaluation of the system: 

 Only solar and biogas energy resources are chosen for the analysis. 

 Constant annual variations of solar radiation are assumed throughout the project lifetime 

 Annual primary load profiles are assumed constant for the entire project lifetime 

 The project lifetime is assumed to be 20 years as the same as the PV panels 

 The selected site in this project has 138 households and one cow is assumed for each household 

 The stability and control of  designed off-grid is not discussed in this project 

 Solar resources to be used for modeling and simulation are extracted from PVGIS for Africa 

 HOMER software is used in this study for modeling and simulation 
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2. Methodology 

2.1.  Site identification 

This study focus on Mbogo, a small village in Gakenke district in Northern Province of Rwanda at 1° 44' 

39" S latitude and 29° 46' 17" E of longitude coordinates. It is one of the remote village in the district with 

581 people and 138 households where electricity from the grid does not reach. 

The climatic conditions of this place and generally of the country allow receiving abundant sunshine for 

the whole year. Additionally, favorable rain facilitates to breed cattle that can produce manure for biogas 

production and fertilization.  

This study proposes PV-biogas hybrid system due to the geographical location of the region, the climate 

benefits of the place and finally, the Girinka (have a cow) program of the government of Rwanda aimed to 

distribute cows to every family. 

2.2. Data collection 

The data to be used in this thesis that is the number of households and their daily electricity demand are 

taken from rural electrification strategic plan of Ministry of Infrastructure (MININFRA) released in June 

2016 in addition to the knowledge of place as a person who worked there in 2012. 

Solar radiations data of the location will be collected by means of PVGIS (Photovoltaic Geographical 

Information System) for Africa which is an online satellite-based software due to difficulties to access the 

data from Rwanda National Meteorology Agency. 

For the data of biogas, an assumption of one cow per family is considered based on the program of cow 

distribution launched by the government through Rwanda Agriculture Board. 

In the end, the system will be modeled and simulated with collected data by HOMER pro software to get 

an optimized solution. 

2.3. HOMER Pro software 

Hybrid system analysis is a complex task due to multiple generation systems, requiring a Software tool for 

the design, analysis, optimization, and economic viability analysis of the systems. For modeling and 

optimizing the hybrid renewable energy system for each step in this study, HOMER is to be utilized. 

 

HOMER in full means Hybrid Optimization of Multiple Electric Renewables. It is a computer simulation 

software for designing cost-effective micro-power grid. It has been developed by National Renewable 

Energy Laboratory in the U.S.A to assist in the design of both off-grid and grid-connected power systems 

and facilitate in the techno-economic evaluation of power generation [25]. 

In addition, it offers an advantage of designing and analyzing hybrid power systems, which contain a mix 

of conventional generators, wind turbines, solar photovoltaic, hydropower, batteries, fuel cells, biomass 

and other inputs. Moreover, it helps to model the power system physical behavior and incorporates its life-

cycle which is the total costs of purchase, installation, replacement, operation& maintenance of the system 

over its lifetime [25].  

HOMER performs three major activities [25]: simulation, optimization, and sensitivity analysis. 

 Simulation 

In the simulation of the system, the components modeled by HOMER are biogas fuel generator, a PV-array, 

a converter, a battery and the electrical load (for the case of this project). 
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The software simulates the operation of the system by making energy balance calculations in each hour of 

the year. For each hour, the software compares the hourly demand to the energy that the system can supply 

in that time then it calculates the flows of energy to and from each part of the system. 

The software computes energy balance and determines system feasibility as well as the life-cycle cost 

(NPC) of the modeled system which is calculated by considering the capital, replacement, operation and 

maintenance, fuel, and interest. 

 Optimization 

In the optimization process, HOMER performs many simulations to determine the optimal system 

configuration that satisfies the technical constraints at the lowest life-cycle cost. Optimization serves to 

determine right system components sizes and quantities of each component 

 Sensitivity analysis 

Sensitivity analysis helps the designer to run multiple optimizations and assess the effects of uncertainty or 

changes in the variables over which the modeler has no control, such as the average solar radiations, wind 

speed, variable load or the future fuel prices. 

 

2.4.  Thesis outline 

This thesis is organized in the following way: 

Section 1 contains an introduction, background and motivation, an overview of renewable energies use in 

Rwanda, problem statement, aim and objectives, limitations.  

Section 2 contains Methodology 

Section 3 is concerned with basic theory explanations of solar PV system and estimation of solar energy 

potential at the selected site. 

Section 4 is concerned with biogas energy production technology and estimation of biogas potential at the 

chosen site. 

Section 5 presents modeling, simulation, and optimization of the PV- biogas hybrid system by HOMER as 

software tool and the costs analysis. 

Section 6 presents results analysis, conclusions. 
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3. Solar Energy Resources and Photovoltaic Systems 

3.1. The sun 

The sun is a gaseous star with 1.39×109meters average diameter, burning for about more than 4 billion 

years, producing X-rays, radio signals, and other energies. The sun constituents are mainly of hydrogen 

80% and 20% of helium [12] [13]. 

Pressure and temperature conditions in its core are such that nuclear fusion can take place continuously, to 

make it behave like a nuclear reactor and also as a black body. From inner core that undergoes nuclear 

fusion reactions at a temperature of about 107K and release 6000K at its outer surface, 95% of output energy 

is radiated in form of radiation light [12][13]. 

The sun is the largest source of renewable energy since it is able to give 3.9×1024 J equivalent to 

1.08×1018kWh per year to earth, the amount thousands of times greater than global energy demand [15]. 

Apart from moon tidal energy, radioactive materials and earth’s residual internal heat energy commonly 

known as geothermal energy, the sun is responsible for all of the available energy on the earth including 

the fossil fuels that resulted from organic materials previously nourished by the sun [12][15].  

3.2. Origin of Solar radiations 

Successive numerous fusion reactions have been suggested to supply the energy radiated by the sun but the 

most considered as important is a process in which four nuclei protons of hydrogen combine to form one 

helium nucleus. 

As consequences the mass of helium nucleus lower than that of the four protons, the mass having been lost 

in the reaction is converted to the huge amount of radiation energy-related by Einstein’s equation E = ∆mc2 

where ∆m is the difference in mass of particles before and after the reaction and C is the speed of light.  

The produced energy in the interior core of the sun at higher temperature is transferred out of its surface 

then radiates into space [14]. 

3.3.  Solar spectra 

Although the sun radiates as much as energy, when solar radiation passes through the atmosphere of the 

Earth, an approximate 1.5×1011meters distance from it, some rays are absorbed and reflected, scattered and 

attenuated in the space due to interaction with dust, air molecules and water, an increase in wavelength of 

radiations due to longer radial distances accompanied by drop in temperatures [13] [14]. 

The solar spectrum is divided into three main parts:  

- Ultraviolet region (λ < 0.4um) ∼5% of the irradiance 

 -Visible region (0.4um<λ < 0.7um) ∼43% of the irradiance 

 - Infrared region λ > 0.7um ∼52% of the irradiance. 

3.4.  Air mass 

Air mass is a representation of the path traveled by the solar radiation passing through the atmosphere to 

the sea level. Air mass outside the atmosphere of the earth is zero (AM0) while is equal to one when the 

sun is at the zenith (AM1).Moreover, the air mass is related mathematically to the sun elevation by 

AM = sin θ where θ is the sun elevation angle [15]. 
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Figure 3.1. Solar Irradiance spectrum [16] 

3.5.  Important definitions 

 Beam radiation 

Beam radiation or direct radiation is a radiation received from the sun without having been scattered by the 

atmosphere 

 Diffuse radiation 

Diffuse radiation or sky radiation is a radiation received from the sun after its direction has been changed 

by scattering by the atmosphere. 

 Global radiation 

Global or total solar radiation is the sum of direct and diffuse radiation on a surface 

 Solar irradiation  

Solar irradiation or insolation is the incident solar energy per unit area on a surface. 

 It is expressed in Joule per meter square or kilo-watt hour per meter square (kW/m2). 

 Irradiance 

Irradiance is the rate at which radiant energy is incident on a surface per unit area of the surface. It is 

expressed in Watt per meter square. 
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Figure 3.2. Total global irradiance [16] 

3.6.  Photovoltaic Power Systems 

3.6.1. Definition of photovoltaic 

 

Etymologically, the word Photovoltaic comes from two words: a photo which means light and Volta which 

is the unit for electrical voltage. Photovoltaic systems are semiconductor devices that convert a part of 

received solar radiations in form of light into electrical energy [14] [15]. 

3.6.2. Working principles of solar cell 

 

Solar cells are made of semiconductor materials such as crystalline silicon, polycrystalline silicon, 

amorphous silicon, etc. These materials have physical properties that enable them to behave like insulators 

at low temperature and conductors when there is applied energy or heat [17]. 

3.6.3. Absorption of light 

 

When light falls onto the surface of semiconductor material, photons with energy greater than the band gap 

energy of the material interact with electrons in covalent bonds where an electron is removed from the outer 

shell of the atom.Energy from incident radiation photons causes the bonds to be broken and results in a 

creation of hole where the electron is freed, thus a continuous circulation of an electron-hole pair [14] [17]. 

However, the voltage cannot be produced from a semiconductor material without giving direction to the 

flow of electrons. Therefore, solar cells are made from semiconductors by the addition of a rectifying p-n 

junction. 

 

Figure 3.3 Light photons on a solar cell [17] 
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In Figure 3.3 above, the behavior of light photons on the solar cell is demonstrated and we can realize 

different points:  

 The point one shows incident solar radiations reflection and absorption at the top contact of the 

cell. 

 The point two shows reflection at the cell surface 

 Point three shows useful absorption that can generate a voltage 

 Point four shows the reflection from rear out of the cell 

 Point five shows absorption after reflection 

 Point six shows absorption in the rear contact 

 

3.6.4. p-n Junction 

 

Whenever there are no more solar radiations, the system returns to an equilibrium state and the hole-electron 

pairs disappear. Moreover, without an external source of energy to the system, the electrons and holes roam 

until they meet and recombine [14] [17]. 

The recombination is reduced by the creation of p-n layer into the semiconductor material. 

 The p-n barrier is created by doping the semiconductor on one side of the barrier with very small amounts 

of atoms of group III of the periodic table to form p-silicon which has a deficit in electrons, and that on the 

other side with atoms of group V to form n-silicon, which has an excess of electrons [14] [17]. 

The junction layer limits the free migration of electrons, this results in a build-up of electrons in n-Zone 

and a deficiency of electrons in p-Zone (layer).When n-layer and p-layer are connected by an external 

circuit, electrons flow which means the current that flows through the circuit. Thus, free electrons created 

in a solar cell by absorption of photons are in excess of the n-layer and flow through the external circuit to 

the p-layer [14] [17]. 

 

Figure 3.4.Circuit flow of electrons and holes at p-n junction [17] 

3.6.4. Electrical description of the solar cell 

 

A solar cell has an identical physical structure as a simple ideal diode consisting of n-type and p-type 

semiconductor with a depletion layer. Performance evaluation of solar cells is based on the electrical 

characteristics that are the voltage and current relationship of the cells under various levels of radiation and 

various cell operating conditions. 
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Figure 3.5. Simple solar cell equivalent circuit [1] 

Moreover, the output voltage of the solar cell depends on how much solar irradiance falls on it 

 

Figure 3.6. Current-voltage characteristics of the solar cell at different radiation levels [1] 

By referring to figure5, the current source generates the photocurrent Iph, which varies with the irradiance 

E and the coefficient of dependence Co. 

 According to Kirchhoff’s law, the current-voltage characteristics of a simple solar cell equivalent circuit 

will be  

I = Iph − Id = −Is[exp (
V

mVT
) − 1] 

Where: 

Iph = Co × E, the photon current 

Id is the current which flows through the diode 

Is is the saturation current of the diode 

V is the voltage generated by the solar cell 

m is the diode factor 

VT is the temperature voltage 

In most applications, the simple equivalent circuit is enough to describe a solar cell. However, the 

differences between experimentally measured and calculated values of current-voltage characteristics of 

real solar cells differ slightly few percent [15]. 

 For achieving more exactness and precise description, the simple equivalent circuit is extended to become 

more realistic in order to investigate many operating conditions. Generally, real solar cells have a series 
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resistance of some milliohms that causes a reduction in voltage drop and a shunt resistance greater than 

10Ω that causes the leak current on the edges [15].  

The following figures show the extended equivalent solar cell circuit and its current-voltage characteristics. 

 

Figure 3.7. The extended equivalent circuit of a solar cell [1] 

 

Figure 3.8.Impact of series resistance on a solar cell current-voltage characteristics [1] 

 

Figure 3.9.Impact of shunt resistance on a solar cell current-voltage characteristics [1] 

3.6.5. Power of solar cell 

 

The performance and characteristics of the photovoltaic system depend on factors such as temperature and 

solar radiations. The maximum power obtainable from a solar cell is the product of maximum generated 

voltage and current [14]. 

In order to harvest the most power generated, cells would always operate at maximum power point but in 

practice, it is not possible since cells operate at the characteristic voltage and current that match with the 

characteristics of the load [14]. 
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Figure 3.10. I-V and P-V solar cell characteristics with Maximum Power Point [1] 

3.6.7. Modules and arrays 

 

The solar cell is the fundamental unit of a PV system. It is not able to generate sufficient voltage and power 

to supply the load itself. For the purpose of obtaining the desired current and voltage, solar cells are 

connected in series and or parallel combinations and finally mounted in a module [17]. 

The interconnection of several solar modules into series-parallel combinations in one device forms a solar 

panel that in turn form a solar array. Note that series connection increases the voltage while parallel 

connection increases the current [17]. 

 

Figure 3.11. Solar cell to arrays [18] 

 

Figure 3.12. The series connection of solar cell [1] 

 

Figure 3.13. Parallel connection of solar cells [1] 
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3.7.  Solar charger controller 

Solar charger controllers also known as Battery voltage regulators are needed in PV-based power systems 

to protect batteries by regulating and limiting discharge and overcharging levels. 

The regulator’s task is to monitor the state of a battery that may be charging, fully charged, discharging and 

fully discharged to ensure good performance as well as increase lifetime of the battery by protecting it from 

overload and deep discharge [17]. 

 

3.8.  Storage Battery 

Batteries are applied in power industry for power conditioning, short and long-term storage of energy. The 

most important property of battery is its capacity which is the maximum amount of energy that can be 

extracted from a battery without the battery voltage falls below a nominal value. The capacity of the battery 

is measured in kilowatt-hours (kWh) or ampere-hours (Ah), at a constant discharge rate [17]. 

There exist many types of batteries available on the market for use in PV systems applications. Among of 

them are lead-acid, nickel-cadmium, nickel-metal-hydride, rechargeable alkaline manganese (RAM), 

lithium-ion, lithium-polymer and redox batteries. At present, the lead-acid battery has become popular. 

Battery technologies are as many, such as zinc-bromide, zinc-chloride, magnesium-lithium, sodium-sulfur 

and nickel-hydrogen, but they are of little relevance for remote PV systems at this stage [17].  

The efficiency of the battery varies depending on the technology, but it is usually about 85-90 %. Battery 

capacity is affected by temperature, falling by about 1% per degree below about 20°C. At the extreme 

conditions, however, high temperatures accelerate aging, self-discharge, and electrolyte use [17]. 

 

3.9.  Inverter 

Inverters are energy converters required in PV systems when power is required as alternating current (AC), 

instead of the direct current (DC) produced by the PV arrays. Inverters use power electronics devices to 

convert DC to AC power, at the same time stepping up the voltage, typically from 12, 24 or 48 VDC to 110 

or 240 VAC for single-phase systems or higher three phase voltages for larger or grid-connected systems. 

Switching devices or power electronics devices in inverters have a role to realize and supply the required 

stable alternating voltage and frequency in stand-alone systems despite varying load conditions, and need 

to supply or absorb reactive power in the case of reactive loads [17].  

The size of inverters can vary from hundred watts to hundreds of kilowatts depending on how large is the 

system. For larger systems, or for systems that have solar panels installed with a far distance from one 

another, several inverters may be used.  

We can distinguish the following types of inverters [17]:  

 Light duty inverters of capacity ranging from100–10,000 W continuous output, with or without 

frequency control. These are suitable for powering light loads such as computers and television 

sets, but they suffer the problem of inefficiency and generate both electrical and audible noise. 

 Medium duty inverters of capacity 500–20,000 W continuous output, some with ‘load-demand-

start’  it means automatic start-up and shut-down when a load is turned on or off are suitable for a 

wide range of small appliances and power tools, but may not  be suitable for larger AC induction 

motors  

  Heavy duty inverters of capacity 10,000–60,000 W continuous output, but able to accommodate 

AC induction motor start-up surge loads of 30,000– 200,000 W  

The majority of the inverters described above have efficiencies of 80–85% and are able to be branched on 

loads of range 25–100% of the inverter rating, but efficiencies can be very low for smaller loads [17]. 

As long as the technology has improved, newer manufactured inverters are able to accommodate low loads 

better, offering improved efficiencies of around 80-90% or more for higher loads [17]. 
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3.10.  Solar energy resources estimation in Gakenke district 

Rwanda receives an annual solar radiation in the ranges of 4.8 to 5.5 kWh/m2per day. This represents a 

good potential for solar photovoltaic development [3]. Since it was not possible to access ground 

measurements of the solar radiation of the selected village, PVGIS for Africa was used to get the 

information regarding solar radiations of the selected area. The chosen place is located at 1° 44' 39" S 

latitude and 29° 46' 17" E of longitude. 

The following figure shows the solar radiation resources for the selected village. The data within it will be 

used for simulation and optimization throughout this project. 

 

Figure 3.14. Monthly solar radiations of the study location 
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Figure 3.15. Global horizontal irradiance distribution in Rwanda [23] 
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4. Biogas Energy production technology 

4.1.  Introduction  

The global energy consumption is increasing rapidly, and about 88% of the demand is currently covered by 

fossil fuels that raise the concentrations of greenhouse gases (GHGs) in the atmosphere since fuel-derived 

CO2 emissions are the major contributor [27]. 

Energy researchers have shown that the demand for energy will increase by a factor of two and more during 

this century. In addition to global energy trend that results in CO2 emission, activities such as cattle farming, 

agriculture residues and the accumulation of waste on large waste disposal sites are considered to have 

caused a doubling of the atmospheric concentration of methane to the present level of 1.7 ppm [26], [27]. 

 

Methane has a contribution of about 20% to the total increase in the greenhouse effect caused by human 

activities and its effects are 22% times as powerful as carbon dioxide.  

Biogas production can be used as one of the best solutions to reduce global warming and climate change 

impacts to a minimum level as well as a remedy for global energy supply challenge. 

By converting organic wastes into biogas instead of letting them decompose we would be able to save our 

atmosphere and thus reduce global warming issues [26].  

 

 Biogas production technique by using anaerobic digestion gives significant advantages over other forms 

of bioenergy production. It has been evaluated as one of the most energy-efficient and environmentally 

beneficial technology since it extremely reduces GHG emissions and gives as well an improved quality of 

organic fertilizer to be complemented with mineral fertilizer to boost agriculture production [27]. 

 

4.2.  What is biogas 

Biogas is a combustible mixture of gases generated through the bacterial breakdown of organic material 

such as food scraps, animal manure, wastewater sludge, and crop residues in anaerobic conditions [26].  

The process of decomposition of organic compounds takes place in digester tank free from oxygen yields 

biogas as output which is a mixture of main methane (CH4) and carbon dioxide (CO2). In addition to main 

gases, it has small amounts of hydrogen sulfide (H2S), ammonia (NH3), hydrogen (H2) and other traces of 

carbon monoxide(CO) and nitrogen (N2) [26][28]. 

The chemical properties of methane, hydrogen, and carbon monoxide allow them to be combusted with 

oxygen and this makes biogas to be used as a fuel for heat production for home cooking and industrial 

purposes. Moreover, it offers possibilities to be compressed as natural gas and use in motor vehicle and in 

a gas engine to replace fossil fuels for electricity generation [28]. 

Table 4. 1:  Biogas composition elements [26] 

Elements Percentage 

Methane(CH4) 55-70 

Carbone dioxide(CO2) 30-45 

Hydrogen sulfide(H2S)  

1-2 Hydrogen(H2) 

Ammonia(NH3) 

Carbone monoxide(CO)  
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 Trace 

Nitrogen(N2) 

Oxygen(O2) 

 

4.3.  Biochemical processes of biogas production 

The complete biological and chemical degradation of organic matter to biogas under oxygen-free conditions 

is complex and involves an interdependent interaction between a number of different bacteria that are each 

responsible for their part of the task. The waste products from some bacteria are food to use by others [26]. 

Anaerobic digestion for biogas process is divided into four main steps namely hydrolysis, acidogenesis, 

acetogenesis and methanogenesis [27]. 

 

4.3.1. Hydrolysis 

 

In this process, complex organic matter such as polymers lipids, carbohydrates, proteins are decomposed 

into smaller molecules (monomers) and finally are converted into glucose, glycerol, purines, and pyridines. 

During the process, hydrolytic microorganisms excrete enzymes as catalysts to accelerate the conversion 

of biopolymers into simpler and soluble compounds like fatty acids, amino acids and monosaccharide [26], 

[28]. 

 
 

4.3.2. Acidogenesis 

In acidogenesis process the products of hydrolysis such amino acids, simple sugar and fatty acids are 

converted by acidogenic bacteria into acetic acid (CH3COOH),  carbon dioxide(CO2) and hydrogen(H2) as 

well as into volatile fatty acids (VFA) and alcohols  [27], [28]. 

4.3.3. Acetogenesis 

During the stage of acetogenesis, the products from acidogenesis are not directly converted to methane by 

microorganisms but volatile fatty acid and alcohols undergo oxidization to form methanogenesis substrates 

such as acetate, hydrogen and carbon dioxide by acetogenic bacteria. Hydrogen accumulation can inhibit 

metabolic reactions of the acetogenic bacteria, therefore, keeping a very low pressure of hydrogen is 

essential for the acetogenic and H2-producing bacteria [27], [28].  

4.3.4. Methanogenesis 

Methanogenesis is the last stage or biological process in anaerobic digestion in the production of biogas 

methane in which methanogenesis bacteria utilize intermediate products from the previous stages and 

convert them into water, methane and carbon dioxide. For stable conditions, 70% of the formed methane 

comes from acetate, while the remaining 30% is produced from the conversion of hydrogen and carbon 

dioxide but PH must be kept between 6.5 and 8 [26], [28]. 

Chemical equations for methanogenesis processes of anaerobic digestion are as follow [28]: 
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Figure 4.1: Stages of biogas methane formation [27] 

 

4.4.  Factors influencing anaerobic digestion 

The performance of anaerobic digestion which may give a high efficiency is influenced by critical factors, 

therefore it is important to provide suitable conditions to anaerobic bacteria for growth.  

The growth and activity of anaerobic microorganisms are largely influenced by conditions such as the 

exclusion of oxygen, constant temperature, pH-value, feedstock, stirring intensity and inhibitors like 

ammonia [26]. 

 

4.4.1. Anaerobic environment 

 

As explained above, the methanogenesis bacteria need an oxygen-free environment to produce methane. 

These microorganisms are obligate anaerobe and biogas digester or reactor has to be airtight. The small 

quantity of oxygen dissolved in the liquid/biomass fed to the plant is quickly used up by aerobic bacteria 

that live by having oxygen, or by facultative anaerobic bacteria that can use oxygen for their respiration if 

it is available [26]. 

 

4.4.2. Substrate or feedstock 

 

Like any other organism, methanogenic bacteria need a number of macronutrients like nitrogen, potassium, 

and phosphorus plus micronutrients such as barium, iron, cobalt, and calcium all of them contained in the 

feedstock in order to grow up. 

Nearly all organic matter can be decomposed anaerobically, but the degree of decomposition can be 

facilitated by making organic material finer and liquid. For microorganism to be able to break down the 

material, the dry matter content must not be higher than around 50% but in a biogas plant, it should be 

around 8 to 10% to facilitate removal out by pumping [26]. 

 

4.4.3. Temperature influence 

 

The rate of biochemical processes increases with temperature. Methanogenesis process takes place at 

different temperature ranges namely psychrophilic (below 250C), mesophilic and thermophilic. 
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Most biogas digesters are operated at mesophilic temperatures with optima between 35 and 42 °C, and only 

few biogas plants use thermophilic conditions between 50 and 55 °C [27]. 

At higher temperatures, the degradation rate is faster, and thus, shorter hydraulic retention time (HRT) and 

smaller reactor volumes are required but the ultimate methane yield from organic matter is not influenced. 

Decreasing the temperature to 50 °C or below reduces the toxicity of ammonia, but the growth rate of the 

thermophilic microorganism will drop drastically and a risk of washout of the microbiological population 

can occur due to a growth rate lower than the actual HRT [27].  

Many modern biogas plants operate at thermophilic process temperatures as the thermophilic process 

provides many advantages, compared to mesophilic and psychrophilic processes [28]:  

 effective destruction of pathogens  

 the higher growth rate of methanogenic bacteria at a higher temperature  

 reduced retention time, making the process faster and more efficient  

 improved digestibility and availability of substrates  

 better degradation of solid substrates and better substrate utilization  

 better possibility for separating liquid and solid fractions  

 

Table 4.2: Thermal stage and typical retention time [28] 

Thermal 

stage 

Process 

temperature 

In oc 

Minimum 

retention time in 

days 

Psychrophilic Less than 20 70-80 

Mesophilic 30-42 30-40 

Thermophilic 43-55 15-20 

 

4.4.4. PH-value 

 

The measure of acidity or alkalinity of a solution is known as the pH-value.  

The pH value of the anaerobic digestion feedstock influences the growth of microorganisms and affects the 

dissociation of some important compounds like ammonia, organic acids, and sulfide. 

Although the methanogens bacteria use organic acids and ammonia for some of their food intakes, they 

cannot survive in a too acidic or too alkaline environment. The optimum environment is a pH of between 

6.5 and 8, and the preferred level is 7.2. When the process is in balance, the acidity in the reactor will be 

within this range and as the buffer capacity in the reactor is very large, it takes a lot to alter it. The system 

is, in other words, very robust and stable. Slurry-based plants often have a somewhat higher pH from 8 to 

8.3 due to a higher ammonium content [26]. 

 

4.4.5. Inhibitor 

 

The inhibitor can be defined as a substance that has a negative effect on bacteria without directly killing 

them.  

The process can be inhibited by either endogenous or exogenous causes: 

 Endogenous inhibition is due to conditions or material created during the process itself that under 

certain circumstances may inhibit the process. At the top of the list, there are nitrogen inhibitors 

like ammonia (NH3) which is created during the degradation of nitrogen composed matter such as 

proteins. Nitrogen is vital for bacterial growth and ammonia is an important source of nitrogen but 

at higher concentration, it becomes bad toxic to microorganisms [26]. 

 Exogenous inhibitors are due to external conditions. Among those causes, we can say antibiotics 

and disinfection agent inhibitors of the process because they are naturally toxic and are used to kill 

microorganisms. Both substances are used in livestock production for treating sick animals and to 
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keep animal houses and milking place clean and can therefore also be found in the slurry, but at 

very low concentrations that they do not have a negative impact on the biogas plant [26]. 

 

 Volatile fatty acids are one of the results from the acidogenesis process compounds characterized 

by longer carbon chains than acetate. They are degradable by acetogenic bacteria but a higher 

concentration of VFA accumulation acts as an inhibitor of the methanogenesis process. One of the 

reasons of VFA accumulation in the digester can be the presence of macronutrients organic 

materials from the feedstock that are hard to be decomposed directly or low efficiency of 

acetogenic microorganisms. The excessive accumulation of VFA which leads to acidification or a 

decrease of pH could be overcome by adding a certain amount of alkaline solution to neutralize 

the condition and reduce the risk of inhibition to methanogenic bacteria [27]. 

 

4.4.6. Stirring 

 

There exist a number of different types of biogas plants that can be used to treat different types of biomass 

feedstock, and each has its advantages and drawbacks. However continuously stirred tank reactor (CSTR) 

biogas plants have the advantage that they can treat biomasses with a relatively high dry matter content. 

The organic materials are fed into the reactor continuously or semi-continuously in regular batches. 

 To make available space for the new biomass input, some material has to be pumped out first, and due to 

the continuous stirring, this means that some of the recently added, fresh biomass are pumped out again too 

quickly without completely decomposed, which is the greatest disadvantage of this type of reactor [26]. 

 

The most common reactor design employed for wet fermentation is the vertical continuously stirred tank 

fermenter which is applied in nearly 90% of modern biogas plants in which the fermenter is covered with 

a gas-tight single or double membrane roof to store the produced gas in the fermenter top before utilization. 

Stirring action has to be done using mechanical, hydraulic, or pneumatic mixing in order to bring the 

microorganisms in contact with the new feedstock, to facilitate the up-flow of gas bubbles, and to achieve 

constant temperature conditions in the whole reactor [27]. 

 

 Apart from continuous stirred tank reactor, industrial plants are sometimes used among them is Up-flow 

Anaerobic Sludge Blanket (UASB), which has the capability to treat biomasses with a low dry matter 

content. The benefit of this type is that the time a given biomass stays in the reactor before it is pumped out 

again is very short and can take only a few hours or a couple of days. It makes the reactor tank, therefore, 

to be quite small and increase the relatively high load per cubic meter per day [26]. 

 

4.5.  Biogas plant main components 

The construction and operation of a biogas plant require a combination of economic and technical 

considerations. Large plants are designed on a case-to-case basis but the following components are highly 

considered: 

 

4.5.1. Reception tank 

 

Different fresh substrates are gathered, mixed and diluted with water in the reception tanks to ensure that 

the biomass fed to the reactor is homogeneous. Depending on the type of the system, the reception tank is 

to act as a buffer tank to ensure that the plant will also run at weekends and during holidays [26]. 
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4.5.2. Reactor tank 

 

The reactor tank is the core part of biogas plant where anaerobic decomposition of feedstock takes place to 

produce the biogas. It can be made of concrete, steel, brick or plastic completely enclosed and insulated. 

The digester tank may have heating coils that warm the digesting biomass or the heat supply from an 

external mechanism. The tank is equipped with a stirring means that ensure fully agitation of the entire 

volume for the purpose of preventing the formation of a surface crust. It also incorporates other control 

accessories namely overflow outlet, temperature, and pressure gauges. The size of reactor tank typically 

has a volume which varies between 10 to 20 times the daily input of biomass for a thermophilic process 

and 15 to 25 times the daily input for the mesophilic process [26], [29]. 

 

4.5.3. The gas system 

 

The biogas produced in the reactor is warm and contains a large amount of water vapor therefore cooling 

is necessary before it is extracted. After cooling, the condensed water will then be pumped back to the 

secondary digester. 

 

4.5.4. Gas storage and transmission 

 
In order to take out the gas production, most plants also have a gas store with capacities ranging from two 

to 24 hours of production. After biogas purification and desulfurization at levels below 250 ppm, it is 

subsequently pumped from 5-10 km or shorter distance in a gas transmission pipe to a local combined heat 

and power plant or gas network where the biogas may replace natural gas [26],[27]. 

 

4.5.5. Digestate storage tank 

 

The purpose the digestate tank is not only to keep the digested biomass before transported away to be finally 

stored in the farmer’s own storage tank or applied as fertilizer directly on farmland but also it presents an 

environmental benefit. The tank is usually covered, partly to prevent the entry of rainwater and partly to 

prevent the loss of ammonia. If there is a long retention time, there will additionally be a certain amount of 

gas produced from the storage tank as the biomass in a fully stirred reactor will never be completely 

digested. This gas can also be extracted and used [26]. 

 

4.6.  Biogas Plant Operational Parameters  

4.6.1. Organic Load 

 

Available substrate determines not only the size of mixing tank but also the digester volume, retention time, 

the heating and agitation devices. In practice, obtaining the maximum biogas yield a number of factors such 

as the loading rate, retention time and temperature of the biogas digester must be controlled.  

The rate at which the organic materials are loaded into the digester will vary with feedstock type and type 

of digesters but is normally given in terms of the weight of the total volatile solids (TVS) per day per unit 

volume of the digester or the weight of TVS added per day per weight of TVS already in the digester. 

Volatile solids are the amount of organic matter in a material or the organic component that is burnt off 

when a material is heated to 5380c. The higher the volatile solid content in a substrate, the higher the amount 

of biogas produced [30]. 

The organic load can be related to the following formula [28]: 

Br = m ∗ c/Vr 

Br: Organic load [in kg/d*m3] 
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m: Mass of substrate fed per unit time [in kg/day] 

c: Concentration of organic matter [in percentage] 

Vr: Volume of the digester [m3] 

 

4.6.2. Hydraulic retention time 

 

The hydraulic retention time (HRT) is an important parameter for sizing the biogas digester.  

The HRT is the average time interval that the substrate is kept inside the digester tank for complete or partial 

digestion by bacteria. For continuous digester systems, HRT is correlated to the digester volume and the 

volume of substrate fed per time unit, by the following equation [28], [30]: 

 

HRT =
Vr

V
 

Where HRT: hydraulic retention time [in days] 

            Vr: Volume of the digester [m³] 

             V: volume of substrate fed per time unit [m³/d] 

 

According to the above relation, increasing the organic load reduces the HRT while the retention time must 

be long enough to ensure that the amount of microorganisms removed with the digestate is not higher than 

the amount of reproduced microorganisms. The growing rate of anaerobic bacteria is usually 10 days or 

more. The shorter HRT, the good is substrate flow rate, but a lower gas yield.  

It is therefore important to adapt the HRT to the specific decomposition rate of the used substrates. Knowing 

the targeted HRT, the daily feedstock input and the decomposition rate of the substrate, it is possible to 

calculate the necessary digester volume [28]. 

 

The retention time highly dependent on the temperature in a digester and on the type of feedstock used. 

Most biogas digesters operating in the mesophilic temperature range with liquid manure as a substrate in 

the digester, the following approximate retention times apply [30]: 

• Liquid cow manure 20 - 30 days 

• Liquid pig manure 15 - 25 days 

• Liquid chicken droppings 20 - 40 days 

 

4.7.  Digester and gas holder sizing 

The following standard relationships were used in order to size the biogas units based on a 

 Zero grazed cows: 1kg of cow dung is mixed into 1.8 L of the slurry. 

 1 cow produces 10kg of cow dung per day 

 1kg of cow dung produces 0.062m3 of methane gas. 

 1 person requires (0.34 − 0.42) m3 of methane gas per day. 

 (0.34 − 0.42) m3 of methane gas requires (5.48 − 6.77) kg of cow dung per day. 

 

Table 4.3: Size of digesters and gas holders [30] 

Cows 

No 

Biogas 

amount 

(m3) 

Wet dung 

amount (kg) 

Digester size 

(m3) 

Gas-holder 

size (m3) 

1 0.57 5.48 0.49 0.25 

3 2.83 27.40 2.45 1.25 

6 5.67 54.80 4.90 2.50 

8 8.50 82.25 7.35 3.75 

11 11.33 109.60 9.80 5.00 
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14 14.17 137.00 12.25 6.25 

17 17.00 164.00 14.17 7.50 

20 20.67 200.00 18.00 9.00 

 

Another way to size the digester of a given biogas plant is by approximating the energy available from a 

biogas digester given by E = η HbVb where η is the combustion efficiency of burners, boilers, etc. (∼60%). 

Hb is the heat of combustion per unit volume biogas which is 20MJm−3 at 10 cm water gauge pressure or 

0.01 atmosphere whereas Vb is the volume of biogas. Note the efficiency decreases due to heat fraction of 

methane combustion that goes to heat the CO2 present in the biogas, and is therefore unavailable for other 

purposes [13]. 

An alternative way is to use E = η HmfmVb where Hm is the heat of combustion of methane equals to 

56MJkg−1, 28MJm−3 at Standard Temperature and Pressure and fm is the fraction of biogas methane in the 

digester that should be between 0.5 and 0.7, but it is difficult to increase fm to nearly 1.0 due to CO2 content. 

The capacity of biogas is given by Vb = c ∗ mo where c is the biogas yield per unit dry mass of whole input 

0.2– 0.4m3 kg−1and mo is the mass of dry input [13]. 

The volume of fluid in the digester is given by Vf = mo/ρ  where ρ is the density of dry matter in the fluid 

(∼50 kgm−3). The volume of the digester is given by Vd = Vḟ/tr  where Vḟ is the flow rate of the digester 

fluid and tr is the retention time in the digester varying from 8 to 20 days [13]. 

 

4.8.  Digester dimensioning 

In the determination of dimensions of digesters, the simplified assumption is adopted where the diameter 

of the digester (D) is equal to its height (H). A clearance gap of 20mm between the digester pit and the gas 

drum was adopted as adequate to allow free rotation of the gas drum, without allowing too much leakage 

of the generated gas [30]. 

The volume of such a digester pit is given by [30]: 

Vd =
π

4
D2H 

 Since H ≈ D becomes: 

Vd =
π

4
D3 

Taking the gas holder/digester radial clearance to be 20 mm, gives a diameter (d) of the gas holder of d =

(D − 0.04) = √
4

π
Vd − 0.04

3
 

Given a gas holder volume (Vg), the height (h) of the gas holder is, therefore, be given by 

h =
4Vg

πd2
 

4.9.  Biogas to electricity technology 

There exist several technologies to convert the chemical energy content of biogas into electricity.  

The internal combustion engines and gas engines are the most popular technologies used to convert 

chemical energy in molecules of the gas into mechanical energy driving a generator to produce electrical 

power. Special electric generators of all sizes, requiring simple maintenance are available at the market in 

almost all countries. Theoretically, biogas can be used as fuel in nearly all kind of combustion engines, such 

as gas engines (Otto motor), diesel engines, gas turbines, Stirling motors and others but the technology is 

somehow challenging [31]. 
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Figure 4.2. Biogas plant for power generation [31] 

 

The average calorific value of biogas is about 21-23.5 MJ/m³ so that 1m³ of biogas corresponds to 0.5-0.6 

l diesel fuel or about 6 kWh. However, the efficiency of converting biogas to electricity ranges from 35-

40% electricity, 45-50% of heat and 15% of mechanical losses. When we convert 1m3 of biogas to 

electricity, in a biogas-powered electric generator, we get less usable electricity, and the rest converts into 

heat which can also be used for heating applications [26], [31]. 

The biogas yield of a plant depends not only on the type of feedstock but also on the plant design, 

fermentation temperature and retention time. For example maize silage a common feedstock in developed 

countries yields about 8 times more biogas per ton than cow manure. Note that 1 kg cattle dung yields 40 

liters which equal to 0.04m3 of biogas [31]. 

 

4.10. Utilizations of biogas 

 In general, biogas is used for heat production by direct combustion, electrical power production by using 

fuel cells or micro-turbines, CHP generation and in vehicles as fuel. 

 

4.10.1. Combined heat and power CHP generation 

 

Combined Heat and Power generation is one of the utilization of biogas energy from anaerobic digestion 

after it has been drained and dried. Gas fractions of hydrogen sulfide, halogenated hydrocarbons and 
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siloxanes contents in biogas must be minimized to a certain level in order to protect the gas engines and 

increase its performance. Present engines used in CHP power plant have an efficiency of up to 90% and 

produces 35% electricity and 65% heat [28]. 

 

4.10.2. Direct combustion and heat utilization 

 

Burning biogas in burners is the simplest way to get heat energy released from combustion directly. The 

produced heat can either be used on-site, locally or transported by pipeline to the users located at long 

distances. Biogas used for heating purposes does not require an upgrade, and the contamination level does 

not restrict the gas utilization as much as in the case of other applications. However, biogas needs to undergo 

preliminary treatments such as condensation, compression, cooling, and drying [28]. 

 

4.10.3. Fuel cell 

 

The fuel cells are devices that convert the chemical energy of a reaction directly into electrical energy.  

An electrochemical reaction takes place at the electrodes separated by an electrolyte that produces a flow 

of electrical current. The basic working principle of a typical fuel cell is that biogas as fuel is continuously 

fed to the anode electrode and oxygen from air as an oxidant is fed continuously to the cathode electrode 

and thus reactions that give birth of electrical current take place [28]. 

  

 
Figure 4.3. Simplified scheme of a fuel cell [28] 

 

4.10.4. Biogas utilization in micro- turbine 

 

In micro-turbines, the compressed air at high pressure is mixed with biogas into a combustion reservoir. 

The air-biogas mixture is burned causing the temperature to increase and expansion of the gas mixture. The 

hot gases are released through a turbine, which is connected to the alternator for electricity generation [28]. 
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4.10.5. Biogas upgrading to biomethane 

 

Biogas upgrading is done for the purpose of increasing its quality to the level of natural gases and distribute 

it through the existing natural gas networks in order to use it in the same applications. Before it injected 

into the natural gas grid network or utilized as renewable vehicle fuel, biogas must undergo compression 

and cleaning process, where all contaminants, as well as carbon dioxide, are removed and the content of 

methane increases from the usual 50-75% to more than 95%. The improved quality of biogas gives an 

upgraded gas often named biomethane a good fuel for private and public transport vehicles [28].  

 

 

4.10.  Biogas energy resources potential in the study location 

Rwanda is one of the best East Africa countries to breed cattle. Since 2006, the government through Rwanda 

Agriculture Board (RAB) under the Ministry of Agriculture (MINAGRI) has initiated a crucial program 

called in local language “Girinka” translated in English “have a cow”. 

The Girinka program consists of giving cows to families in a bid to eradicate malnutrition through milk 

consumption, increasing agriculture productivity and household incomes through milk sales [32]. 

  

Since its inception in 2006, Girinka program has been implemented in all 30 districts of the country by the 

government in partnership with the private sector, non- governmental institutions through donating cows 

to a poor family to support them improve their socio-economic welfare.  The current figures from the 

ministry of agriculture show that by June 2016, a total of 248,566 cows had been distributed to poor families 

while the target is 350,000 families by 2017 [32].   

Given biomass resources potential from cow manure, biogas can be one of the promising clean energy for 

Rwanda households but biogas technology has been implemented at small scale in rural areas. The 

technology for biogas production in Rwanda so far is anaerobic digestion that is based on cow dung as 

feedstock. This technology offers several advantages since biogas produced can be used for electricity 

generation or directly combusted for cooking. Additionally, digestate from biogas production is a 

competitive fertilizer to use in farms. 

Based on the above said Girinka program, we assume that every household in rural areas of Rwanda has 

been donated a cow. The following assumptions are taken into considerations:  

 

 It is assumed that 100% of 138 residents in the chosen community own at least one cow meaning 

that the number of cows here is 138. 

 We also assume zero grazed cow in that place and one cow produces 10kg of manure per day thus 

the total biomass manure obtainable is 138cows*10kg=1380kg/day or 1.38 ton /day of cow manure. 

Therefore, the monthly average cow manure obtainable from the selected location is 42 tons as it 

is given in table 4.4 below. 

 The digester volume is determined from the volume of fluid in the digester and hydraulic retention 

time using the discussed above equations in [13].The volume of the fluid in the digester is computed 

by using the mass of dry feedstock and the density of dry matter in the fluid taken as 50kgm-3 [13] 

 Hydraulic retention time is assumed to be 20 days since retention time larger than these days is 

uneconomical.  

 The volume of the produced gas is computed by multiplying the weight of biomass manure 

available times 0.04 since 1kg cow manure yields 0.04 m3 of biogas [31]. 
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Table 4.4: Monthly average cow manure at the location 

Months Jan Feb Mar Apl Ma Jun Jul Aug Sept Oct Nov Dec 

cow 

manure(in 

tons) 

42.78 38.64 42.78 41.4 42.78 41.4 42.78 42.78 41.4 42.78 41.4 42.78 
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5. Modeling, Simulation, and Optimization of PV- biogas hybrid System   

5.0. System modeling with Homer pro 

This section focuses on the design of PV-biogas hybrid system and solar home system (SHS) by modeling 

their major components with their technical details and economic estimations in HOMER Pro software.  

The main purpose of this project work as said at the beginning of it is to find out the best hybrid 

configuration and compare its cost of energy with the cost of energy from the solar home system as well as 

with electricity from the national grid. 

 

5.1. Load profile estimation of the study location 

The load profile of the system can be defined as electric energy demand and represent the electricity usage. 

It is the basic input to HOMER that gives hourly electricity consumption, in a day and further in a month.  

Two types of electrical loads can be modeled: 

 The primary load which is an electric demand that must be served according to a particular schedule, 

Deferrable load refers to electric demand that can be served at a certain period of time, the exact timing is 

not important it can wait until power is available. These electrical loads are classified as deferrable when 

they are associated with storage common example of them are water pumping, ice making, and storage 

charging. 

 

In a remote rural village, the need for electricity is not high as much as in cities. Electricity requirement is 

for domestic use for appliances such as radio, television, compact fluorescent lamps, DVD player, 

refrigerator, computer, and an iron, community facility schools and clinic, and small processing plants for 

maize and sorghum flour. 

According to Rwanda Ministry of infrastructure, the rural electrification strategy [5], electric load in the 

rural villages of Rwanda has been classified in the following categories (Tiers): 

 Category 1: household lighting, radio and phone charging 

 Category 2: the load in category one plus appliances such as TV or fan 

 Category 3: a load of category two plus appliance like low power refrigerator 

 Category 4: the load in category three plus pumping 

 Category 5: commercial and industrial loads that need 24/7 run power 

 

Coming back to our study area, the village selected have a total number of people of 581 living in 138 

houses or simply an average of 5 members per family. 

Assume the load profile of that selected village is classified in category 3, the following assumptions will 

characterize the energy consumption of the location: 

 Each household is to be installed with 4 LED energy saving lamps of 11W rating and lit from 

18:00-23:00 

 The radio receiver of 10W to be used from 18:00-23:00 

 TV set of 90W to be watched from 18:00-23:00 

 Three people in each house have phones that are charging with 5W each from 17:00-19:00 

 Flour mill of 12.5kW working from 9:00-12: and from 14:00- 16:00  

 The village is assumed to have two pubs each having refrigerator 120W rating working 24hours 

 The cooling fan  of 75w is assumed to be used in two pubs from 15:00-22:00 
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Table 5.1: The summarized load profile 

No Equipment No in 

use 

Rating in 

W 

Total 

power 

Hour/day Watt-

hour/day 

Total 

kWh/day 

        

1 LED lamp 4 11 44 6 264 36.432 

2 Radio 1 10 10 7 70 9.66 

3 Phone 3 5 15 2 30 4.14 

4 Cooling fan 2 75 150 8 1200 1.20 

5 LCD TV set 1 90 90 6 540 74.52 

6 Refrigerator 2 120 240 24 5760 5.760 

7 Grain mill 1 12500 12500 7 87500 87.50 

 

Based on the data within the table5 above, a typical daily load curve with hourly resolution has 

been derived for this village and can be plotted in excel as given in figure 5.1below.  

 
 

 Figure 5.1. The village load profile 

 

To make the load profile more realistic, HOMER Pro uses 10% random variability which is the 

standard deviation of both day to day and time step (hour) to time step.  The maximum load demand 

becomes 32.53 kW with a load factor of 0.28 and energy consumption of around 221.28 kWh/day.  

 

 



33 
 

 
 

Figure 5.2. Load profile modeling in HOMER pro  

 

5.2. Solar resources assessment in the study location 

Assessment of solar resources is a must when power from photovoltaic is to be generated.  As it was not 

possible to get ground measurements of solar radiation of the location, the solar resource information used 

in simulations are got from the NASA Surface Meteorology using PVGIS in which the chosen place is at 

1° 44' 39" S of latitude and 29° 46' 17" E of longitude. 

 Data from PVGIS (see the data in figure15) are input to HOMER pro for assessment. The monthly averages 

of the daily radiation on a horizontal surface are plotted in Figure 20 below. In addition, tabulated monthly 

averaged daily incident insolation and the clearness index is given together in Table 6. The clearness index 

is a measure of the fraction of the solar radiation that is transmitted through the atmosphere to the earth's 

surface. For the studied location, the annual average solar radiation was found to be 4.88 kWh/m2/day and 

the average clearness index was found to be 0.48 that give a good potential for PV system application. 

 
Figure 5.3. Monthly solar radiation for the selected village, from Homer. 
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Table 5.2: Monthly average daily incident irradiance and clearness index 

 

 

Months Clearness index Daily solar radiation 

(kWh/m2/d)  

 

January 0.492 4.490 

February 0.484 
 

5.030 

March 0.486 5.110 

April 0.445 
 

4.540 

May 0.453 
 

4.370 

June 0.530 4.930 

July 0.577 5.440 

August 0.531 5.270 

September 0.492 5.080 

October 0.472 4.890 

November 0.443 4.470 

December 0.453 4.490 

Average 0.48 4.88 
 

 

Another factor to consider when someone wants to harvest solar energy in a certain place is the temperature 

of that place since the later have an influence on the performance of PV modules. The average monthly 

temperatures of the selected village located at 1° 44' 39" S, 29° 46' 17" E is given in figure 22 below. The 

range of temperature varies from 19.12 °C to 22.03 °C throughout the year with an average of 20.41 °C. 

Thus the efficiency of PV modules will not be affected since this area is not affected by seasonal variations. 

The location presents only small variations of irradiance and temperature but they are not high and thus 

there are no significant changes in the load curve within the year, therefore, a constant daily load profile 

can be assumed. 
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Figure 5.4. Temperature variation of the selected location, from HOMER pro 

 

5.3. Biogas energy Assessment 

 

Biogas produced from cow manure is physically characterized by 50-77% methane, 27-44% of carbon 

dioxide and other gas percentage is negligible. Every 1m3 of biogas contains 60% of methane with low 

heating value (LHV) of 22MJ/m3 or 6kWh. If we assume electrical conversion process with generator 

efficiency of about 35%, for every 1m3 of biogas, we obtain less than 6 kWh of electricity [10], [26].  

Biogas energy assessment by using HOMER Pro involves consideration of these physical properties of a 

biogas fuel include its gasification ratio, lower heating value, carbon content and the average price.  

For our case study, gasification ratio is the mass of biogas produced per unit mass of feedstock consumed 

and was found to be 0.04 while the average price of biogas feedstock was assumed to be 0.0$ per ton. 

The monthly average biogas feedstock of the site ( see table4), together with modeling parameters such as 

values of gasification ratio, biogas carbon content, the average price per ton of the biogas feedstock, lower 

heating value have to be  fed into HOMER as inputs for simulation. 

 The annual average biomass obtainable in the location of this study is about 42ton/day. 

 

 
 

Figure 5.5. Monthly biogas feedstock resource, from HOMER pro 
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5.4. Hybrid system components modeling 

In this hybrid system analysis using HOMER pro, solar PV, biogas fueled generator are the principal 

resources. Bank battery will be used for energy storing purpose while the converter is used for converting 

DC into AC electricity. The performance and cost of each component of the system have a very big impact 

on overall system design and its implication cost.  

Depending on system voltage and bus that link the sources, there are many different hybrid systems but in 

this project, AC coupled hybrid system is chosen as it is flexible, expandable and offers possibility to extend 

to the grid without using rectifiers that are also expensive. 

Moreover, in AC coupled system, the DC generating sources like solar panels and batteries are connected 

to the AC bus through inverters whereas AC sources like biogas or diesel generators are immediately 

connected to the AC bus. The layout of the hybrid system in this project is shown in figure 22 below. 

 

                                                           
 

 

                                              Figure 5.6. PV-biogas/battery hybrid system model 

 

5.4.1. PV array modeling and cost estimation 

 

The cost of Photovoltaic Solar panels has been highly reduced in the past years and it is assumed to continue 

its downslope for the future; the cost of solar panels may also vary depending on the size and the place 

where it going to be installed. 

In this project, Polycrystalline Solar Panel Suntech Power STP255-20/Wd of 255W power output that costs 

191.25$ is used [33]. Since the expected power capacity of this PV system is10kW, it means that 40 panels 

are required and will cost $191.25*40 = $7650. Considering transportation expenses from the manufacture 

of 20%, VAT taxes of 18% and other expenses of installation assumed to be $4500, the total cost for 10 

kW becomes about $15000 [34]. 

The solar system does not require a lot of maintenance work compared to generator sets since it has only 

static components and parts thus the operating and maintenance cost of a PV system is relatively small and 

can be assumed to be $30 for this system [34]. The replacement cost is often equal or slightly less than the 

capital investment cost and is assumed to be $14000 for this project. 
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Table 5.3: PV Arrays cost inputs to HOMER pro 

Capacity(kW) Capital ($) Replacement ($) O&M ($/year) Lifetime (years) 

10 20000 18000 30 25 

15 25000 27000 45 25 

20 40000 36000 60 25 

30 60000 54000 90 25 

 

Other parameters required by HOMER pro to model the PV Array are: 

 The nominal operating cell temperature that shows the level of how the solar radiation in 

association with the ambient temperature affect the efficiency and overall performance of the PV 

array. Solar panel manufacturers are responsible to give this number in the technical specification 

of the modules [25].  

For crystalline Suntech Power STP255-20/Wd solar panel used in this project, the nominal 

operating cell temperature has been specified to be 450c [33]. 

 The PV derating factor is the factor used by HOMER to consider some factor that can affect the 

output power of PV in real-life operating conditions such as aging, wire losses, shadow, dust or 

snow coat etc. In this project, the factor was taken as 80% and the panels are assumed to work at 

maximum power point without any tracking devices [25].  

 Other important parameters required to input to the software are temperature coefficient of power 

equals to -0.44%/0c and PV efficiency at standards test conditions (1000W/m2) which is equal to 

15.7% given in the datasheet of the selected PV solar panel [33]. 

 

 
 

Figure 5.7. PV Array modeling HOMER Pro window 
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5.4.2. Biogas Generator modeling and cost estimation 

 

A biogas generator uses biogas as fuel to produce much heat and electricity at a very low efficiency ranging 

from 25-40% due to the low heating value of biogas [10].The electrical conversion efficiency of the selected 

generator versus its loading is shown in figure24 below. 

The other most important properties of biogas generator to consider when designing using HOMER Pro 

software are [25], [35]: 

  Generator size, minimum load defined as low load level or minimum percentage of rated capacity 

of the generator recommended by the manufacturer for good performance. In this study the 

generators selected for optimization have the sizes of 20Kw, 25Kw and 30Kw among them the 

software will calculate the least cost. 

 Expected lifetime or operating hours of the generator which is the total number of hours specified 

by the generator manufacturer that the machine will work throughout its entire life.  

 The quality  of gas it consumes 

  Fuel consumption to the electrical power produced. For the generators selected in this project, the 

consumption of all varies between 0.3-0.6m3/kWh [35]. 

 For optimal results, the default minimum load ratio of 40%, and 1000 working hours without a breakdown 

of the generator were set. Moreover, the capital cost of 30kW Cainiao 4105D biogas generator was found 

to vary between $6290 - $7820 [35].  

The estimated cost of the generator including shipping cost of 20% plus 18% of local taxes was set roughly 

to 9660$ while its replacement cost of components was considered to be $9000 plus the O&M cost assumed 

to be almost 0.5$ per hour. 

 

 

Table 5.4: Biogas generators cost inputs 

Capacity(kW) Capital ($) Replacement ($) O&M ($/hour) Lifetime (years) 

20 6440 6000 0.4 25 

25 8050 8000 0.45 25 

30 9660 9000 0.5 25 

 



39 
 

 
  

Figure 5.8. Generator modeling HOMER Pro window 

 

 

 
 

Figure 5.9. Biogas generator electrical efficiency 

 

5.4.3. Storage battery modeling 

 

An off-grid hybrid system reliability can be enhanced by the use of a storage device to store the excess 

energy from the renewable sources for later utilization when there is no sun or when the wind is not blowing. 

The storage batteries can also serve as a backup in the system to maintain constant the voltage across the 

load whenever there is a dip in generation capacity as well as at peak loads.  

The most important features to consider when selecting the battery are its nominal voltage, capacity curve, 

lifetime curve, minimum state of charge, and round-trip efficiency.  

For HOMER Pro simulations and optimization, the type, size and the costs of the battery as inputs to the 

software are required. In this project, the battery selected from the long list provided by HOMER Pro for 

the energy system model is Surrette 6CS25PS Lead Acid battery with price roughly equals to $1200 and 

the following technical characteristics [36]: 

 Nominal capacity and voltage of 6.91kWh and 6V respectively.  
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 Its maximum capacity is 1150 Ah, 

  Round trip efficiency of 80%, float life 15 years, suggested life throughput 3000 kWh, 

 Capacity ratio 0.237, rate constant 0.478k, both maximum charge and discharge current are 279 A 

each. 

 

 

Table 5.5: Battery cost inputs 

Quantity Capital ($) Replacement ($) O&M ($/year) Lifetime (years) 

8 9600 9600 10 15 

16 19200 19200 20 15 

24 28800 28800 30 15 

 

 
 

Figure 5.10. Battery modeling HOMER Pro window 

 

 5.4.4. Converter modeling  

 

For any system consisting of both AC and DC, a converter also known as an inverter is necessary needed 

for converting DC electricity into AC. The opposite operation of AC conversion into DC is done by means 

of a rectifier.  

 In the case of this project, a bidirectional converter was used since it can work as an inverter when it 

converts the DC power generated by PV system and the stored energy of batteries into AC power. The 

chosen converter in this project is PL16-10kW bidirectional Kaco inverter with an approximate cost of 

$11000 that includes local taxes and shipping cost. The technical specifications to be found in the datasheet 

of the product [37]: 
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 A lifetime of 10 operating years 

 The efficiency of 96% and 94% for inverter and rectifier respectively. 

 

Table 5.6: Converter cost inputs 

Capacity(kW) Capital ($) Replacement ($) O&M ($/year) Lifetime (years) 

10 1100 1100 2 10 

15 1650 1650 3 10 

20 2200 2200 4 10 
 

 

 

 

Figure 5.11.Converter modeling HOMER Pro window 

For obtaining optimal configuration system that gives optimal results, other additional sizes of PV array, 

different sizes of the converter, different sizes of biogas generator and a number of battery strings are input 

into the simulation tool.  The sizes of system components for this project and their estimated capital cost, 

as well as their replacements costs plus O&M costs, are summarized in the following table. 

 

Table 5.7: Components sizes and estimate costs inputs into HOMER Pro 

 PV array Biogas generator Battery converter 

Capital cost($) 20000,40000,60000 6440,8050,9660 9600,19200,24000, 

36000,480000 

1100,1650,2200 

Replacement 

cost($) 

18000,36000,48000 6000,8000,9000 9600,19200,24000, 

36000,480000 

1100,1650,2200 

O&M 

cost($)/year 

30,60,90 0.6,0.65,0.7($)/hr 10,20,25,37.5,50 2,3,4 

Sizes 

considered(kW) 

10 

15 

20 

20 

25 

30 

6 10 

15 

20 

Quantity 

considered 

1 1 8,16,20,30,48 1 
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5.5. Economics modeling 

The target in this project is to find the optimal system configuration consisting of renewable energy sources 

with least cost. Economics modeling plays a crucial role in the simulations. Since mini-grids with hybrid 

renewables as their source of energy have higher initial capital costs and low O&M compared to 

conventional fossil fuel electricity generation, the levelized cost of energy (LCOE) analysis of the system 

must be done for the purpose of evaluating the economic viability throughout the entire life of the system 

[25]. 

The ability to make a comparison between the economics of numerous different system configurations with 

a varying share of renewable and sometimes non-renewable energy sources when the system consists of 

both mix, a computation tool takes into considerations both the operating and capital costs.  

HOMER Pro as a computation tool used in this projects finds the optimum system configuration by 

calculating the net present cost (NPC) and the average cost of 1kWh of energy generated since both 

comprise all the costs incurred during the lifetime of the system. 

By definition, the total net present cost (NPC) of a system is the present value of all the costs the system 

incurs over its lifetime, minus the present value of all the revenue (include salvage value and grid sales 

revenue) it earns over its lifetime. Costs include capital costs, installation cost, replacement costs, O&M 

costs, fuel costs, emissions penalties, and the costs of buying power from the grid. It is by the total NPC 

value that HOMER categorizes by ranks all system configurations in the optimization results and the basis 

from which it calculates the total annualized and the levelized cost of energy (LCOE).In addition, the LCOE 

can be defined as the average cost of 1kWh of energy produced [25]. 

System fixed capital cost  

The system fixed capital cost is the capital cost that occurs at the start of the project regardless of the size 

or architecture of the power system. The system fixed capital cost adds to the total initial capital cost of the 

system and, therefore, to the total net present cost. Because it affects the net present cost of all system 

configurations in the Search Space by the same amount, it has no effect on the system rankings [25]. 

The fixed capital cost estimated in this thesis project is $ 42,000 allocated for: 

  Building facilities for keeping power system components such as batteries, charge controllers, 

generator, inverter and other relevant electrical instruments  

  Constructing the distribution system lines throughout the village. 

  Labor cost, engineering design cost, logistics, government approval and others 

System fixed operation and maintenance cost  

The system fixed operation and maintenance (O&M) cost is the recurring annual cost that occurs regardless 

of the size or architecture of the power system. The system fixed O&M cost affects the total net present 

cost of each system configuration equally, so it has no effect on the system rankings [25] 

System fixed O & M cost firstly includes labor cost comprising the monthly salary of technician and 

insurance costs. For this project, it is assumed to be $ 5,000.  
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Figure 5.12. Economic modeling window 

5.6. Sensitivity inputs 

The most important variables for the micropower system using conventional fuels and renewable energies 

ie wind, hydro, solar and biogas are often uncertain. Nobody can predict the future price of fuel or the wind 

speed or even other variables.  

The modeler of a hybrid system must overcome this challenge in the design. By modeling using a 

computation tool like HOMER Pro, this software is able to perform a sensitivity analysis on hourly data 

sets with the help of scaling variables. 

 By this means, uncertainties in the primary electric load or the renewable energies are considered. As the 

Consequence, the sensitivity analysis permits the system modeler to create a practical design in spite of 

uncertainties due to variables said above. 

For this project thesis, the uncertain variables for which a sensitivity analysis had to be conducted is on the 

quantity of biomass fuel obtainable in the selected study area. The sensitivities entered for biomass are 21 

and 42 tons/month. For each of these different values, the complete system is simulated with the resulting 

different technical and cost parameters. 

5.7. System Controls 

As long as the energy output from renewable sources is highly intermittent and cannot be controlled by the 

user, it is necessary to use it when it is available for supplying the load and to charge the battery bank. In a 

PV-biogas hybrid system, when renewable energy from PV systems or the battery bank is sufficient to meet 

the load then biogas generator has to be automatically started to avoid inconveniences that may be caused 

by power interruptions. 

 It is very important to use either a diesel or biogas generator in conjunction with renewable sources in 

hybrid systems to meet the load demand in a controlled manner as well as to improve the power availability 

and reliability of the system. 

 In order to get the optimal hybrid system, two distinct control technics known as dispatch strategies are 

applied “Load following” and “Cycle charging”. 

 With the Load Following (LF) dispatch strategy, the generator is auto-switched only at a specific time to 

meet the primary load it means electrical load. Lower-priority objectives such as charging the storage 

battery bank or serving the deferrable load are left to other renewable energy sources [25].   

https://www.homerenergy.com/products/pro/docs/3.11/deferrable_load.html
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In the Cycle Charging (CC) strategy, the generator is allowed to operate to its full output power to produce 

electricity for meeting the primary at the first priority while the second priority such as battery charging 

and supplying the deferrable loads are served by the generator excess and the PV electricity [25]. 

 

In this project biogas generator is the only dispatchable energy source used for the hybrid systems and other 

systems obtained from simulations. Moreover, both said above strategies have been used throughout all 

simulations to see which is more suitable in the given constraints of the system. 
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 6. Results Analysis and Conclusion 

This chapter is reserved for discussions, analysis, and presentation of the summary of results obtained from 

HOMER simulations. The optimal hybrid system is defined here as the system that has the lowest net 

present cost (NPC) or the lowest cost of energy (COE) with the ability to supply electricity without any 

shortage by using the available energy resources.  

6.1. Optimization results and analysis 

The feasibility of hybrid system which can supply electricity to a community of 138 households that have 

a peak load of 32.53 kW and daily energy consumption of 221.28kWh/day was found realizable. 

 By using HOMER as a simulation tool, we get two major configurations: 

 system configurations that consist with only biogas generator, battery bank and inverter 

  Hybrid Systems that incorporate solar PV, biogas generator, batteries and converters  

The optimization results from the software are displayed in either overall form or categorized form. 

The overall display form is the format in which the top-ranked optimal system configurations are listed in 

ascending order with respect to their lowest total net present cost. The simulation results displayed in this 

format are annexed in appendices since the list is too long (see appendices 1). 

In the categorized form of display, the software only shows the lowest cost-effective configuration among 

all system configuration types. Since we have two categories of systems, the optimization results from 

simulations are classified into two optimal systems as given and shown in figure 6.1 below: 

 An optimal system with biogas generator, batteries, and converter 

 An optimal hybrid system with biogas generator, PV, batteries, and converter 

 

 

 
 

Figure 6.1 categorized optimal hybrid system results.  

 

As shown in figure 6.1 above, by using 42tons average biomass feedstock per month, the optimal system 

with the lowest cost of energy (COE) and the Net Present Cost (NPC) is 25kW biogas generator-8 battery-

10Kw inverter system having $0.110/kWh and $103095 as COE and NPC respectively.  

The annual energy production of this system when the generator has operated for 5085 hours is 81648kWh 

with excess electricity of 0.5%. 

This system configuration has a sole economic advantage over  hybrid systems that is a small initial capital 

of $18750 but it has a very high operating cost of $7284.This high operating cost may due to the fact that 

the generator runs several hours compared to number of hours run by the generator in a PV-biogas hybrid 

configuration. 
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Although this configuration is the cheapest it has many drawbacks especially when we consider its 

operating cost and O&M cost that are higher compared with the ones from the PV-biogas hybrid system. 

 In addition to that, the biogas-battery system may suffer a shortage of electricity when scheduled 

maintenance is being carried out or when the generator is having a technical problem as long as the 

generator is the sole source. This system may not be regarded as a typical hybrid since only one renewable 

source is being used in this configuration. 

 

The typical low cost hybrid system among others is consisted by 25kW bio-generator, 10kW PV array plus 

8-batteries operating in load following dispatch strategy. Its annual energy yield is 88859kWh with an 

excess electricity of 1.96% when the generator has run for 4949 hours. This may seem to be high energy 

production compared to the energy needed in the community which is 221.28kWh times 365days of year 

that gives a yearly energy of 80767.2kWh/year but the excess energy is always necessary for any power 

system and it is used as a spinning reserve or simply used for load forecast purposes. 

Based on optimization results, this hybrid system maximizes the generator full capacity to give 74707kWh 

or 84.1% while the PV gives 14153kWh or 15.9% as a contribution to the total energy of the hybrid system.  

 

This setup system has offered the lowest cost of energy of $0.130/kWh and $121326 as NPC among all 

simulated hybrid configurations. Its economics is much higher than the system with biogas and battery 

only. The difference in cost is due to the cost implications of PV modules but both hybrid systems are still 

cheaper than $0.24/kWh grid connection cost of energy in Rwanda thus implemented of them can be 

advantageous. 

The cost and energy production summary of optimal hybrid configuration is shown in table 6.1 while the 

monthly average energy production of every renewable source is shown in figure 6.2 below. 

 

Table 6.1: Cost summary of the optimal hybrid system 

System architecture Cost summary Electrical 

Biogas generator     25kW 

PV Array                 10kW 

8 Battery 6v 

Inverter       10 kW 

Dispatch Strategy      LF 

A renewable fraction    100% 

Capacity shortage       0 

 

NPC $121326 Components Energy (kWh/yr) 

LCOE $0.130 Biogas generator 74707 84.1% 

Operating Cost 

Initial cost 

$7036 

$39850 

PV Array 14153 15.9% 

Total 88859 100% 

 

  

             

 
      

     

                   Figure 6.2. Monthly electricity generation for each source  
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6.2. Sensitivity analysis 

The optimal hybrid system configuration obtained from HOMER simulations is given in figure 6.1. 

However, to find the optimal hybrid setup requires more analysis since the inputs are given to the software 

may not be hundred percent accurate. For example in this project, the renewable resource inputs like solar 

radiation and temperature of study location have been obtained from NASA surface meteorology. Hence 

there is little differences between these data and the ground measured data. Additionally, the cost inputs as 

well are uncertain. Therefore performing sensitivity analysis is required to check the behavior and validity 

of the system when input variables are changed. 

As discussed before in the previous section, the sensitivity analysis is used to assess the effect of increasing 

or decreasing the input variables such as wind speed, water flow rate, fuel cost, biomass etc. depending on 

the type of hybrid system of your interest. For our case, only biomass is the sensitive variable input since 

biogas-PV is the considered hybrid system. 

In this project, only two sensitivity analysis based on the availability of biomass equally to 21tons/day and 

42 tons/day are performed.  Both sensitivities give optimal system configurations for different system 

architectures. 

By performing the sensitivity analysis using 42tons average biomass, the software categorizes the optimal 

system into two configurations as shown in figure 6.1in section above and the results from it have been 

explained in optimization section. 

In a sensitivity analysis using 21tons average biomass feedstock (blue highlighted), the software categorizes 

the optimal system into two configurations as shown in figure 6.5 below (yellow highlighted). 

 

Figure 6.3. Sensitivity analysis results using 21 tons of biomass 

The simulation results on this sensitivity give two systems with one consisting of biogas generator and 

battery that give the cost of energy of $ 0.135/kWh while the other system is a hybrid of PV-biogas 

generator that gives $ 0.154/kWh as the cost of energy.  

The configuration of our interest in this sensitivity analysis with Cycle Charging (CC) dispatch strategy 

consists of 10kW PV modules, 20kW biogas generator, 16 batteries and one 15kW bidirectional converter.  

For this set-up, the total net present cost (NPC) is $143924, the cost of energy (COE) is 0.154 $/kWh, the 

amount of energy produced is 87346kWh per year when the generator has operated for 73193 hours. 

Other important information regarding this hybrid system are summarized in the following table 6.2 
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Table 6.2. Summary of hybrid system with 21tons of biomass 

System architecture Cost summary Electrical 

Biogas generator     20kW 

PV Array                 10kW 

16 Battery 6V 

Inverter       15kW 

Dispatch Strategy      CC 

A renewable fraction    100% 

Capacity shortage       0 

 

NPC $143924 Components Energy (kWh/yr) 

LCOE $0.154 Biogas generator 73193 83.8% 

Operating Cost 

Initial cost 

$8250 

$48390 

PV Array 14153 16.2% 

Total 87346 100% 

 

 

In this set-up, there is an excess electricity generation of 4.79%, no unmet electric load, no capacity shortage 

and the generator works for few hours compared to the generator-battery system in the same category thus 

less operating cost.  

This could be also a good choice for implementation as long as the cost of energy of the system is low than 

the COE from grid connected system. Figure 6.4 below shows the monthly average electrical production of 

this hybrid system.  

 
 

 

Figure 6.4. Monthly energy generation for each source 

 

Although using less biomass gives those two systems discussed above and present some economic 

advantages, they also have critical technical drawbacks that can hinder their implementation due to the 

cycle charging dispatch strategy (CC).  

The following are the drawbacks of systems controlled in CC strategy: 

 The price of O&M in this dispatch strategy is very high compared to Load following (LF) strategy 

 The operations cost are very high 

 The generator works many hours compare to LF dispatch 

  The generator always run at full capacity once it is switched on 

 The system without solar PV may encounter shortage due to prolonged maintenance time 

 

Summary of sensitivity analysis 

 

The sensitivity results can be summarized as the following: 

 By using 21 tons of biomass as input feedstock, we needed a 20kW generator and 16 batteries to 

produce 84925 kWh energy at the cost of $ 0.135/kWh in CC dispatch strategy. 

 By using 42 tons of biomass feedstock, we need a bit higher rating generator of 25kW and 8 

batteries to produce 81648 kWh at the cost of $ 0.110/kWh in LF dispatch strategy. 

 The configuration systems that utilize 42 tons average biomass is more advantageous since they 

give the lower cost of energy than systems that use 21 tons of biomass meaning that the more 
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biomass you use the cheaper will be the cost of energy due to a reduction in the number of the 

battery to store the energy. This can be represented in the graph below. 

 

 
 

Figure 6.5. Sensitivity analysis versus COE and Electric Production  

 

6.3. Comparison between Solar Home System (SHS) and Hybrid System 

Solar Home Systems (SHS), it means individual household has its own standalone solar system to meet the 

energy demand. It must be cost-effective in order to provide benefits to the people in rural communities 

where national grid electricity does not reach. 

For the selected community, the following information characterize the household electric demand, system 

components and serve as input HOMER software for optimization  

 0.2kW PV panel size, with a capital cost of $1000, the replacement cost of $500 and the 
maintenance together with operating cost per year was assumed to be $10.  

  Surrette6CS25P of 6V, 1150Ah (6.9 kWh) Lead Acid battery with $15 of capital and replacement 

cost while $5 is for O&M 

 0.04 kW Average load demand, 0.27 kW peak load demand, average daily energy demand is 0.94 
kWh/d with 0.14 load factor.  

  4.88 kWh/m2/d solar irradiance, 0.48 clearness index, and 22°C average temperatures.  

 

These product prices include the shipping plus tax expenses and are available to the market of Kigali. 

The optimal solar home system obtained from the simulation as shown in figure 6.6 below gives 

$0.456/kWh as the COE when the initial capital is $1529 this price is quite high compared to the 

$0.135/kWh cost of energy of PV-biogas hybrid system.  
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Figure 6.6. Optimal Solar Home System 

The costs of these systems are high and cannot be easily afforded by a low-income village family for one-

time payment unless subsidies from the government are given. The affordability of this system is also 

assured by loan schemes in which the customer pays in installments. 

Microgrid made of hybrid system offers more benefits to the customers compared to SHS since the later 

can power an only limited number of appliances. 

6.4. Conclusion 

In this dissertation, feasibility study of PV-biogas hybrid energy system for electrification of 138 

households in the rural community of Rwanda is done. It also compares the cost of energy from hybrid 

system against the cost of energy of SHS as well the COE grid connected system. Solar and biogas as a 

primary renewable source in the selected place are assessed to check their potential for electricity 

production. 

 Solar radiations data of the chosen location were obtained by using PVGIS and were found to have an 

average of 4.88kWh/m2/day whereas the data required for biogas which is the cow manure are got by 

supposing one cow per family to give 10kg of manure daily. This assumption is made based on cow offering 

to rural families in Girinka (have a cow) program launched by Rwanda Ministry of Agriculture.  

The electric load profile of the community was estimated by considering hourly energy consumption of 

appliances such lighting lamps, TV set, radio receiver, phone charging, flour mill, and ventilation fan. The 

electrical peak demand in the community is estimated to be 32.53 kW at a load factor of 0.28. 

After gathering information regarding the availability of energy sources and the load profile, selection of 

appropriate components to design the hybrid off-grid system was done.  

By using HOMER software, different sizes of components that make the hybrid are modeled to form 

different hybrid configurations.  

The software simulates the modeled systems to determine the best optimal system that can supply the 

community load demand without any shortage of electricity at the lowest cost. 

The results from simulations show that different feasible system configurations with different level of total 

NPC are obtainable for the studied location in which COE ranges from $0.130/kWh to $0.141/kWh when 

42 tons monthly average cow manure are used. However, if 21 tons of cow manure are used monthly, the 

COE ranges from $0.154/kWh to $0.185/kWh. 

These costs of energy from hybrid systems were found to be much lower than the current energy tariff 

within Rwanda country ($0.24/kWh). 

Furthermore, the Solar Home System (SHS) was modeled and optimized using HOMER.  

The simulation results have shown that the suitable and optimal SHS for the household of the selected 

location consists of a 200W solar panel that operates with four lead-acid batteries (6V) at the lowest cost 

of energy of $0.457/kWh. 

In conclusion, PV-biogas hybrid power system is an excellent techno-economical option solution for rural 

electrification due to ability to supply a big number of appliances compared to popular conventional solar 

home systems. Moreover it is more economical and attractive than electrification by grid extension in rural 

community of Rwanda when break-even extension distance is proven to be higher. 
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