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ABSTRACT 

Ethiopia is a developing country, where the majority of the population lives in rural areas 

without access to electricity. The country is endowed with sufficient renewable energy 

resources. These resources are mainly micro hydropower, biomass, and sun which can be 

used individually or in hybrid form. The application of hybrid renewable energy system has 

become an important alternative solution for rural electrification program. This study deals 

with the design and simulation of hybrid power generation system and the energy 

management system to be used in rural village in Ethiopia. The overall power management 

strategy for coordinating and/or controlling the different energy sources is also presented 

in the thesis work. The site consists of 426 households with a total electric demand of 120 

kW. To satisfy this demand, 50%, 30% and 20% is to be contributed from hydro, solar, and 

Biomass respectively. To use the power economically fuzzy logic controller is used. The 

controller monitors the demand and the available sources and then switches to the 

appropriate power supply according to the protocol developed. Simulations have been 

carried out to verify the system dynamic performance using a practical load profile and 

weather data. The result shows that the overall power management strategy is effective and 

the load demand is balanced. This is done by the artificial intelligence system effectively. 

Key words: - Hybrid, MATLAB/Simulink, Bio-mass, Micro-hydro and Solar. 
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CHAPTER 1 

 

1.  INTRODUCTION 

1.1. Background 

Energy is essential to our society to ensure quality of life and to support all other elements 

of our economy. Energy is a crucial human need that is very necessary for carrying out day 

to day activities. And also linked directly to the economic, environmental and social 

development of any country. Among the very many important forms of energy available to 

any country, electrical energy is one important energy form that has contributed substantially 

to rapid economic growth and industrialization. The desirability and usefulness of electrical 

energy to the world cannot be overstrained. Electrical energy is useful in industrial, 

commercial and residential establishments. Electrical energy is useful in all manufacturing, 

telecommunications, residential (lighting, heating, cooling, entertainment) and commercial 

activities [1]. 

The access to electricity has proven to be a key factor necessary for socioeconomic 

development, both for the publics and infrastructure of a country. It is a source for 

development and industrialization in the current modern times. With electricity, lines being 

confined to large cities and towns, developing countries lag far behind in many sectors when 

compared to industrialized countries. Ethiopia, despite being the one of Eastern African 

country, has a very poor electricity penetration rate. Electricity is available for 41% of the 

population and only 17% of the households are connected to the central grid; even the above 

coverage is confined to major towns and cities [2]. 

The shortage and depletion of source of power and fuels demanded an urgent need for 

alternative sources of energy. This is also an immediate response to reduce the effect of 

global warming phenomenon. From the previous literature, the environmentally friendly 

power generation technologies really play a role in the future source and supply of energy. 

Electrical energy can be derived from diverse sources such as hydro (Electrical energy from 

water sources), nuclear, wind, solar (Energy from the sun) and the thermal sources [1]. 

Indeed, the renewable energy technologies such as hydroelectricity, tidal/water power, solar 

power, wind power, geothermal, and biofuel and biomass will definitely shape the future of 

the world’s energy supply. These alternative sources of energy benefitted the energy market 
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in terms of supply security, reduced carbon emission, improved power quality, reliability 

and employment opportunity to the local people. 

Ethiopia is endowed with sufficient renewable energy resources which can be used as 

standalone electric energy supply systems for electrifying remote areas of the country. These 

resources are mainly small-scale Hydropower, biomass, wind, and solar which can be used 

individually or in combination of one another. However, traditional biomass energy is the 

dominant sources of energy in the rural area for about 83% of the total population of Ethiopia 

[2].  

Village electrification is a crucial step for improving the socio-economic conditions of rural 

areas and overall development of the country. A number of benefits can be achieved in 

accessibility of electricity. Presence of electricity can help to reduce poverty since it creates 

job employment opportunities for the villagers and promotes a better standard of life and 

helps economic development by fulfilling the education, health, water supply for drinking 

and irrigation needs of the rural population [3]. 

Ethiopia has a huge renewable energy (micro-hydropower, solar, geothermal, biomass and 

wind energy) potential that has not yet been assessed for rural electrification. If rural 

communities are supplied with modern electricity from renewable energy resources, the 

energy consumption of the country increases and then the livelihood of its population will 

be improved and simultaneously the environment will be saved from pollution. Worldwide 

attentions is given to renewable energy technologies because they are pollution free, take 

low gestation period and environmentally friendly.  

1.2. Statement of the Problem 

Even though Ethiopia is rich in renewable energy resources, majority of the population 

which live in rural areas depend on biomass energy for cooking food and lighting. Due to 

many reasons most of the villages of the country are not getting electrical energy currently. 

To connect the rural areas to the grid, high costs and adequate power for the whole country 

is required. On the other hand, there are many bottle neck challenges related with using the 

traditional biomass energy, such as, the continued depletion of forest resources for firewood 

has resulted in environmental problems, increasing scarcity and cost of household fuels, 

particularly firewood increased stress on women and children who usually are supposed to 

collect fuel, and the cost of petroleum imports has brought worsening impact on Ethiopia’s 
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trade balance and foreign exchange availability. For lighting systems in rural areas, kerosene 

is used which produces smokes and emits pollutants that brings health problem, Health 

centers and schools have no access also to electricity.  

Fig. 1. 1: Lack of electricity accesses and its consequences in rural village 

1.3. Motivation 

The majority of Ethiopians are living in rural areas with very traditional way of living styles. 

The areas have been using Kerosene for lighting, diesel for milling and pumping, traditional 

biomass as source of energy for cooking. However, the current increase in oil price and the 

negative effects of fossil fuels on the environment motivates to search for other alternative 

(preferably renewable) sources of energy. The second motivation comes from the fact that 

most research works in Ethiopia which have been conducted till now on the hybrid systems 

are merely feasibility studies with little focus on Energy management control system. In 

addition, the intelligent control system was used to make an intelligent decision to use the 

energy resources in more effective way.  

1.4. Objectives of the Study 

1.4.1. General Objective 

The main objective of this thesis is to design of hybrid renewable energy source with its 

energy management system for Fogera wereda.  

1.4.2. Specific Objectives 

The specific objectives include: 

➢ To estimate the renewable energy resource of the area; micro hydro, solar radiation 

and Bio-mass potential. 
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➢ To determine the power and energy demand of the village living in the selected 

areas, by considering the basic needs of the people. 

➢ To design Hybrid Solar, Micro-Hydro and Bio-mass based Generating System. 

➢ To design and simulate the energy management system using Fuzzy Logic 

Controller. 

1.5. Research Questions  

In general, the research and analysis has been guided by addressing and answering the 

following questions: 

1. Are there enough solar, Micro-hydro and Bio-mass potential in the study area? 

2. How much power is needed to electrify the selected village?  

3. Is it possible to design hybrid solar/Micro-hydro/Bio-mass system for the selected 

village? 

4. How the energy usage is managed and controlled using the modern controllers? 

1.6.  Scope of the Study 

The scope of this research was to asses renewable energy potentials of the study site, 

Design and Evaluate the performance of artificial intelligence Based Hybrid Renewable 

Power Generation for Fogera Wereda based on the load assessment of the selected site. 

1.7. Significance of the Study 

The energy consumption of people of any country determines the development of that 

country. If so, generating electrical energy and supplying that electrical energy to all 

Ethiopian is the duty of electrical engineers so as to improve the living standard of the 

people who are living specially in the rural areas. In addition to that it is possible also to 

reduce the pollution of the environment and cost of electricity. 

1.8. Limitations of the Study  

During working research papers there is always a limitation: the first limitation is lack of 

cooperation to get necessary and relevant information and recorded data especially on the 

amount of rice husk from the workers in the selected site. The second limitation is because 

of the scope of the study it is not possible to model each component of the proposed hybrid 

system in MATLAB/Simulink to generate the actual signal for the controller rather 

random signal generator is used.  



 

5 

 

1.9. Outline of the Study 

This thesis consists of five chapters. The first chapter discussed about the general 

introduction, and chapter two explained the general concept of the proposed green energy 

production components namely the Photovoltaic, Micro hydro and Biomass, and literature 

review. Chapter three explained about the potential assessment of the three energy 

resources in the selected site, primary and secondary data gathering, data analysis, system 

modeling and designing each components capacity.Chapter four discussed about the 

simulation results of the hybrid components and the Fuzzy logic controller and MATLAB 

function program in MATLAB/Simulink 2016a. Chapter five explained about 

conclusions, recommendation and future works.  
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CHAPTER 2 

 

2.  THEORETICAL BACKGROUND AND LITERATURE 

REVIEW 

2.1. Literature Review 

Several researches have been conducted in hybrid off-grid power generation all over the 

world and in Ethiopia. Different scholars used different Technology option and approaches 

to evaluate the various configurations of renewable energy resources, such as solar energy, 

Bio-mass, wind energy, small hydropower and their hybrid configurations. A number of 

studies results have been published some of the thesis paper are reviewed in the following 

paragraph. 

The author in [4] conducted the hybridization of PV/FC energy system also has been 

developed. The work assumes as if the main power for the hybrid system comes from the 

photovoltaic (PV) panels, while the fuel cell (FC) and secondary batteries are used as a 

backup unit. In the work HOMER (Hybrid Optimization Model for Electric Renewable) is 

used as optimization software. In this system the authors specified one sensitivity variable 

with two values; which are the intercept coefficient in FC and the marginal fuel consumption 

of the FC. And the result shows that the Net Present Cost (NPC) and the Cost of Energy 

(COE) have increased due to the rise in fuel consumption in the FC. But, the work refrains 

from carrying out the issue of dynamic modeling. 

A paper in [5], described that solar power is a viable and sustainable way to ensure electricity 

supply. Although the system with a diesel backup generator was the most reliable, it was 

also the most expensive, and it was decided that the optimal solution for the complex was 

the system without backup. However, due to great seasonal variations in irradiation, a system 

based solely on solar power is bound to be either over-dimensioned for the dry season with 

high irradiation resulting in high amounts of excess electricity or under-dimensioned for the 

rainy season with high amount of unmet load in this period. One of the arguments for 

choosing the system without backup, was the possibility of including a biomass-based 

generator in the system. This possibility was investigated by the author in her specialization 

project, where it was concluded that including a biomass generator in a hybrid system 
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compared to increasing the PV-battery system in order to achieve a higher reliability in the 

rainy season is the optimal solution regarding both technical and economic aspects. 

In the similar manner the authors in [6] proposed a model of a hybrid system comprising of 

solar and wind technology for small locality and the hybrid system is designed with the help 

of HOMER software. Also, it comprises the simulation data of each component used in 

project work and as well as the cost of the project during working and during step up. Finally, 

it concludes that rural electrification. Presents different load patterns in relation to that of 

urban loads in terms of the daily variation expected and the yearly variation: rural patterns 

are smoother. But the control mechanism of the renewable energy resources is not discussed 

in detail, also urban load pattern is not analyzed in detail in this paper. 

The closely related work in [7] were investigated a model for simulating Solar-Wind-

Battery-Diesel system using fuzzy  logic  for telecom commercial ventures with Effective 

power organization regulator predestined by fuzzy logic controller (FLC) to screen the force 

from all load stipulate and possessions consistently as well as to manage entire hybrid energy 

scheme. Fundamental target of this article is to provide continues power for 

telecommunication loads from off-grid solar-Wind-Diesel hybrid power system with 

proficient energy storage system. The reliability is good but in this paper environmental 

pollution due to the diesel generator is not considered. 

The hybrid model in [8] were analyzed the case of a remote residential area in Malaysia and 

used HOMER to analyses the economic viability of a hybrid system. The study uses a 

hypothetical case of 40 households with a peak demand of 2 kW. The peak demand is 80kW 

and the base demand of around 30 kW is considered in the analysis. Although such high 

rural demand can be typical for Malaysian conditions, it is certainly not true for others. The 

study also does not consider any productive use of electricity. 

The author in [9], designed standalone solar, wind and Biomass hybrid power system to 

meet the load demand of the village at Sagar Island using genetic algorism. The decision 

variables he considered for this optimization processes are numbers of pv-panels, numbers 

of wind turbines and capacity of biomass generator. The monthly average solar radiation 

and wind speed of the study area are converted in to hourly solar irradiance and hub height 

speed; here minimum values are considered for optimization process. This writer also tries 

to compares per unit energy cost and co2emission of Biomass generator and diesel generator. 
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Finally, research results indicate hybrid power system considering Biomass has minimum 

per unit energy cost and less CO2 emission as compared to diesel generator consisting hybrid 

power system. 

A paper [10] investigated on Fuzzy Logic Controller based hybrid renewable power 

generation for Barsoma (Oromia, Ethiopia).by assessing both solar and biomass capacity of 

Barsoma woreda he proposed a system to generate electricity. Bio-mass is one of the hybrid 

components where the waste of Coffee husk was the main source of bio-fuel for the dual-

generator, environmental pollution from by-product of coffee will be decreased. Finally, in 

his paper Fuzzy Logic controller Based solar/Micro-hydro/Bio-mass Hybrid Renewable 

power generating system was designed to solve the scarcity of electricity and coffee husk 

environmental pollution of study Woreda. 

The author in [11] described to explored techno economic analysis of electrifying werder 

district (Somali region) with hybrid renewable energy. The software HOMER was used in 

this study to evaluate the technical and economic feasibility of various hybrid energy 

alternatives to this village. The economic analysis compares the level zed cost of electricity 

generation for the three option; wind/PV/diesel generator, diesel generator only system and 

national grid extension. The level zed cost focusing on the elements causing differences such 

as fuel price, PV modules, with battery or generator rather than the elements that are similar 

across the technology choices. The finding indicate that photovoltaic/wind/diesel generator 

hybrid system was feasible systems based on some important parameters such as high 

renewable penetration, less annual diesel consumption, less carbon dioxide emission, less 

unmet load, less capacity shortage and cost of energy, but still diesel is considered which it 

has to be ignored for the sake of the environment and fuel cost. 

A paper in [12], investigated the feasibility of stand-alone hybrid energy system to meet out 

electric load requirements of JK Lakshmi pat university, Jaipur. And according to this paper 

in order to maintain a continuity of electricity supply, a single energy source is not a good 

option. So, it considered a hybrid system with wind turbine, solar Photovoltaic and diesel 

generator with integration of battery bank. The techno-economic analysis for the proposed 

hybrid system model has been performed using HOMER software. But variation of the load 

for month and a year are considered as only 10% and 20% respectively and intelligence 

decision making software is not used for load and supply power variations.  
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The author in [13], a modelling of PV solar cell and module, using MATLAB simulation. 

The paper concludes the proposed simple model of the PV solar module is enough, accurate 

and shall be used for development and simulation for a stand-alone power system, and when 

the influence of the temperature and solar irradiation are considered the solar irradiation 

influence was bigger than temperature influence especially when we focus on the decrease 

of solar irradiation. The impact on the output power was much heavier. But among the 

different types of PV solar modules only one PV module type is analyzed no other types of 

modules.  

The closely related work in [14], described a wind/solar/diesel hybrid power for irrigation 

system is modelled and simulated in MATLAB software and from this it concluded fuzzy 

logic-controlled hybrid power for irrigation system can effectively supply the intended 

power demand in different cases. Accordingly, the possible power source can be solar 

energy alone, wind turbine alone, hybrid of wind and PV or diesel generator. This is 

performed on MATLAB/Simulink thus fuzzy rule is written to make the intelligence 

decision, but in this paper environmental pollution due to the diesel generator is not 

considered. and running cost are not considered.  

A paper in [15], discussed about the alternative of supplying electricity from solar-wind 

hybrid system to a remotely located community of 200 families isolated from the national 

grid in Ethiopia through HOMER software. The results were compared from the list of 

feasible renewable power sources sorted based on net present cot and found that hybrid solar 

and wind system is only the promising technology for power generation to these 

communities. 

The author in [16], described design hybrid power system for rural Eastern Amhara Region 

of Ethiopia using HOMER software. He assessed potentials of solar/wind/Hydro using 

appropriate models and power demand of the study site then he designs hybrid power 

system for the villages as per the load assessment. The writer also tries to optimize the 

designed system and also, he looks at sensitivity cases. Generally, a combined 

PV/wind/hydro power plant could be a reliable solution for remote rural communities in 

the study area. Even though, it could not be provided 100% autonomy and the cheapest 

solution since using renewable as the main energy sources it would be a trustworthy 

solution with numerous of environmental and economic benefits than running diesel 

generators and grid extension. The reliability is good but battery cost is not economical.  
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A paper in [17] presented a case study of rural area in Ethiopia entitled “Modelling and 

Simulating of a Micro Hydro-Wind hybrid power generation system for rural area of 

Ethiopia” by using HOMER software. His objective was to develop a hybrid system cost 

competitive to supply energy for remote villages for a model community of 660 households 

with one primary school two churches one mosque and one health centre. He discussed two 

option ,Wind/Micro hydro hybrid and Standalone Micro hydro system by comparing the 

cost of energy to identify cost competitive for the remote village compared to extending the 

existing grid to the area since the break-even grid extension is 23.6km which is less an the 

extension of the grid, so grid extension can be an option. According to him, the COE most 

favourable Wind/Micro hydro hybrid system is $0.112/kWh. Moreover, COE of standalone 

Micro-hydro system is $0.035/kWh. He concluded micro hydro system is the most 

economical and can only satisfy the energy demand of the village and technically feasible 

option. However, if he includes solar resources in the hybrid configuration, his hybrid 

system may be cost effective regarding to his title. 

The author in [18], conducted Performance examination of Solar, Wind& biomass Hybrid 

Energy source. The operations have been finished by HOMER programming utilizing the 

constant field information of sunlight-based radiation, wind velocity and biomass of that 

specific range. There is no doubt about the reliability of the system, but Generator used in 

the Bio-mass is a dual fuel engine in case there will be shortage of input biomass still 

contributing its impact on environmental and air pollution. 

2.2. Basic Understanding of Renewable Energy 

Most widely applied technologies for electricity production in rural areas are photovoltaic 

(PV), wind energy, Micro-hydro-power, Bio-gas and Bio-mass combustion power 

technologies. Since the focus of this thesis is on solar, Micro-hydro and Bio-mass 

combustion resources, the three alternative resources are briefly introduced in the 

following sections.  

2.2.1. Solar System 

The potential solar energy that could be used by humans differs from the amount of solar 

energy present near the surface of the planet because factors such as geography, time 

variation, cloud cover, and the land available to humans limit the amount of solar energy 

that we can acquire [24]. Solar energy is derived from the sun through the form of solar 
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radiation. Without sun no wind, without sun no water and no biomass. That is why sun is 

considered as the mother/father of all renewable energy sources. 

2.2.1.1. Photovoltaic Operation (PV)  

Photovoltaic is an empowering technology that allows us to do very new things, as well as, 

do old things better. It allows us to look completely new modes of supplying electricity to 

different markets around the world and out of the world (in outer space). It also allows us to 

do what we already do (generate electricity, which is distributed over the transmission grid), 

but to do it in a sustainable, pollution free, equitable fashion. Why is PV equitable? It is 

because nearly everyone has access to sunlight. When photons of light fall on the cell, they 

transfer their energy to the charge carriers [21]. The electric filed across the junction 

separates photo- generated positive charge carriers (holes) from their negative counterpart 

(electrons). In this way, an electrical current is extracted once the circuit is closed on an 

external load.  

 

Fig. 2.1: Solar cell working principle [25] 

In Fig. 2.1 illustrated when the sunlight hits the semiconductor surface, an electron springs 

up and is attracted towards the N type semiconductor material. This will cause more 

negatives in the n-type and more positives in the P-type semiconductors, generating a 

higher flow of electricity. This is known as Photovoltaic effect [21]. 

2.2.1.2. PV Cells, Modules and Arrays 

A PV module consists of many PV cells wired in parallel to increase current and in series to 

produce a higher voltage [19],[21]. The module is encapsulated with tempered glass or some 

other transparent material on the front surface, and with protective and waterproof material 

on the back surface. Since the amount of an electrical power output from a single cell is 

small, multiple cells are connected in series or parallel and/or series-parallel.  
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a) Series Wiring: Series wiring is when the voltage of a solar is increased by wiring the 

positive of one solar module to the negative of another module. This is similar to installing 

batteries in a flashlight [19].  

b) Parallel Wiring: Parallel wiring increases the current (amps) output of a solar array while 

keeping the voltage the same. Parallel wiring is when the positives of multiple modules are 

connected together and all the negatives for the same modules are connected together [19].  

c) Series Parallel Combination: Solar panels can be connected in series parallel 

combination to increase both the voltage and current output producing a higher wattage 

array. PV cells are the fundamental building blocks of PV systems. The power generated by 

a PV cell is only not enough to power small devices such as electronic calculators. Each 

silicon solar cell produces about 0.5 volts. To meet higher loads the PV cells must be 

connected in series and/or in parallel depending on the magnitude of the voltage and current 

required. Typically, 36 to 48 cells are connected in series to form a module which is capable 

of producing enough voltage to charge 12-volt batteries and run pumps and/or motors [19]. 

 

Fig. 2. 2: Schematic configuration of cells, modules and arrays [20] 

Modules are the basic building blocks of systems. For more voltage or current modules are 

connected in series or in parallel respectively to form a panel and then panels can be 

assembled into a group to form a complete PV array. Fig. 2.2 shows the schematic 

configuration of cells, modules and arrays [20]. 

2.2.1.3. Photovoltaic Technology 

Many crystalline or thin film PV modules power a solar PV system. Individual PV cells are 

interconnected to form a PV module. This takes the form of a panel for easy installation. PV 

cells are made of light-sensitive semiconductor materials that use photons to dislodge 
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electrons to drive and electric current [7]. There are two broad categories of technology used 

for PV cells, namely, crystalline silicon, as shown in Fig 2.3. This accounts for the majority 

of PV cell production and thin film, which is newer and growing in popularity. The “family 

tree” in Fig. 2.3 gives an overview of these technologies available today.  

 

Fig. 2. 3: PV technology family trees [26] 

2.2.1.4. Crystalline Silicon and Thin-film Technologies 

Crystalline cells are made from ultra-pure silicon raw material such as those used in 

semiconductor chips. They use silicon wafer that are typically 150-200 microns (one fifth 

of a millimeter) thick. Thin film made by depositing layers of semiconductor material barely 

0.3 to 2 micrometers thick onto glass or stainless-steel substrates. As the semiconductor 

layers are so thin, the costs of raw material are much lower than the capital equipment and 

processing costs. Depending on the manufacturing process, the modules can be of three 

types [7]. 

a) Mono-crystalline Silicon.  b) Polycrystalline Silicon.  c) Amorphous Silicon  

a) Mono-Crystalline Silicon 
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Most photovoltaic cells are of single-crystal types. To manufacture the cell, silicon is 

purified, melted, and crystallized into ingots. The ingots are sliced into thin wafers to make 

individual cells [27]. The cells have a uniform color, usually blue or black. The disadvantage 

of these cells is that a complicated manufacturing process is required to produce, which 

results in slightly higher costs than those of other technologies, 

b) Polycrystalline Silicon. 

Polycrystalline cells are manufactured and operated in a similar manner. The difference is 

that lower cost silicon is used. This usually results in slightly lower efficiency, but 

polycrystalline cell manufacturers assert that the cost benefits outweigh the efficiency 

losses. The surface of polycrystalline cells has a random pattern of crystal borders instead 

of the solid color of single crystal cells [27]. 

c) Amorphous Silicon 

The previous two types of silicon used for photovoltaic cells have a distinct crystal structure. 

Amorphous silicon has no such structure. Amorphous silicon is sometimes abbreviated "aSi" 

and is also called thin film silicon. Amorphous silicon units are made by depositing very 

thin layers of vaporized silicon in a vacuum onto a support of glass, plastic, or metal. Since 

they can be made in sizes up to several square yards, they are made up in long rectangular 

"strip cells." These are connected in series to make up "modules. Their disadvantage is the 

low efficiency, which is on the order of 6%. Nowadays, the panels made from amorphous 

silicon solar cells come in a variety of shapes, such as roof tiles, which can replace normal 

brick tiles in a solar roof. In addition to the above types, a number of other promising 

materials, such as cadmium telluride (CdTe) and copper indium selenide (CuInSe2) are used 

today for PV cells [27].  

Table 2. 1: Technology and module efficiency of PV [26] 

Technology Module 

Mono-crystalline silicon 12.5-15% 

Poly-crystaline 11-14% 

Copper indium gallium, selendine (GIGS) 10-13% 

Cadmium Telluride (CdTe) 9-12% 

Amphrous silicon(a-si) 5-7% 
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For crystalline silicon PV modules, the module efficiency is lowered compared to the sum 

of the component cell efficiency due to the presence of gaps between the cells and the border 

around the circuit i.e., wasted space that does not generate any power hence lower total 

efficiency. 

2.2.1.5. Power Converter 

The inverter must be able to handle the expected power level, but must also be compatible 

with the voltage of the supply and demand side. Power inverters are sized after the 

maximal power they need to provide. It is also important to consider the efficiency of the 

inverter. The highest efficiency is usually reached when the inverter operates at 50 % of 

its rated power. The inverter size should be 25-30% bigger than the total watts of the loads 

[46]. 

2.2.1.6. Pros and Cons of PV System 

Advantages of Solar PV System [19] 

➢ The energy resource is free, renewable, and everlasting everywhere it counter 

balances greenhouse gas and pollutant emissions.  

➢ It produces energy during the day time when demand peaks, which is when power is 

typically most expensive to produce.  

➢ After the initial setup, the facilities can operate with diminutive maintenance.  

➢ Operating costs are extremely low compared to other power technologies.  

➢ It is highly reliable and generates electricity at the actual point of use.  

➢ PV systems are easily expandable, allowing for initial set-up even with a small 

budget and the addition of more modules in the future, when convenient. 

Disadvantages of Solar PV System [19] 

 

➢ Most types of PV power generation system require large areas of land to achieve 

average efficiency. The silicon used is also very expensive. 

➢ Solar energy is currently thought to cost about twice as much as traditional sources 

(coal, oil etc).  

➢ The problem of nocturnal down times means PV system can only ever generate 

during the daytime due to the intermittent and variable manner in which the solar 

energy arrives at the earth's surface.  
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➢ At present, the high cost of PV modules and equipment is the primary limiting factor 

for the technology. 

2.2.2. Micro-Hydro Power Generation System 

Hydropower engineering refers to the technology involved in converting the pressure energy 

and kinetic energy of water into more easily used electrical energy. The prime mover in the 

case of hydropower is a water wheel or hydraulic turbine which transforms the energy of the 

water into mechanical energy. Mechanical energy will be converted to electrical energy by 

using electrical generator [28]. A micro-hydropower system is a small system in the range 

of 5-100 kW. The simplest micro hydropower plant is based on a run-of-river design, which 

means it does not have water storage capability. It will produce power only when water is 

running or it might have relatively small water storage capability. Micro-hydropower is an 

interesting prospect for providing electricity for rural communities [40]. 

2.2.2.1. Principles of MhP 

Power generation from water depends upon a combination of head and flow. Both must be 

available to produce electricity. Water is diverted from a stream into a pipeline, where it is 

directed downhill and through the turbine (flow). The vertical drop (head) creates pressure 

at the bottom end of the pipeline [28][40]. The pressurized water emerging from the end of 

the pipe creates the force that drives the turbine. The turbine in turn drives the generator 

where electrical power is produced. More flow or more head produces more electricity. 

Electrical power output will always be slightly less than waterpower input due to turbine 

and system inefficiencies.  

Water pressure or Head created by the difference in elevation between the water intake and 

the turbine. Head can be expressed as vertical distance (feet or meters), or as pressure, such 

as pounds per square inch (psi) [40]. Net head is the pressure available at the turbine when 

water is flowing, which will always be less than the pressure when the water flow is turned 

off (static head), due to the friction between the water and the pipe. Pipeline diameter also 

has an effect on net head.   

Flow is quantity of water available, and is expressed as ‘volume per unit of time’, such as 

gallons per minute (gpm), cubic meters per second (m3/s), or liters per second (L/S). Design 

flow is the maximum flow for which the hydro system is designed. It will likely be less than 

the maximum flow of the stream (especially during the rainy season), more than the 
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minimum flow, and a compromise between potential electrical output and system cost 

[28][41]. Sites where the gross head is less than 15m would normally be classed as “low 

head”. From 10-50m would typically be called “medium head”. Above 50m would be 

classed as “high head”. 

2.2.2.2. Power from MhP   

To determine the power potential of water in a stream it is necessary to know the flow 

quantity of water available from the stream and the available head. The quantity of water 

available for power generation is the amount of water (in m3 or liters) which can be diverted 

through an intake into the pipeline (penstock) in a certain amount of time [41]. This is 

normally expressed in cubic meters per second (m3/s) or in liters per second (l/s). Head is 

the vertical difference in level (in meters) through which the water falls down. The 

theoretical power (p) available from a given head of water is in exact proportion to the head 

and the quantity of water available [41].  

The Micro-Hydropower Plants can be classified based on type of Operational feature, by 

demand of Electrical power, by installed capacity, available head at the inlet, discharge 

through the vanes and specific speed. 

2.2.2.3. Classification of Hydropower by Operational Feature 

Based on the construction of hydropower it classified as  

 a) Impoundment: Typical large hydropower plants head the construction of dams used to 

store more volume of water to provide sufficient head behind the dam. The stored water in 

the reservoir is required to get large amount of output power by improving the head and 

constant flow the through the turbine. In addition, the reservoir is used to store water for dry 

season [29]. 

 b) Run-of-River: Run-of-river developments. A dam with a short penstock (supply pipe) 

directs the water to the turbines, using the natural flow of the river with very little alteration 

to the terrain stream channel at the site and little impoundment of the water [30].  
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Fig. 2. 4: Run-off- river hydro power plant [30] 

C) Pumped Storage 

Water is pumped from a lower reservoir to a higher reservoir using inexpensive dump power 

during periods of low energy demand. The water is then run down through the turbines to 

produce power to meet peak demand [42]. Pumped storage is a dual action water flow 

system. During off peak hours water is pumped up to the higher reservoir from the lower 

one using reversible pumping turbine. The stored potential energy of water is released back 

to the lower reservoir to spine the turbine to generate power during peak hours [31][42]. 

D) Diversion and Canal Developments 

The water is diverted from the natural channel into s canal or a leg penstock, thus changing 

the flow of the water in the stream for a considerable distance [42].   

2.2.2.4. Classification of Hydro Power Based on The Demand for Electrical Power 

I.  Based-Load Developments. When the energy from a hydropower plant is used to meet 

all or part of the sustained and essentially constant portion of the electrical load or firm 

power requirements, it is called a base-load plant. Energy available essentially at all times 

is referred to firm power [42].  

II. Peak-Load Developments. Peak demands for electric power occur daily, weekly, and 

seasonally, plants in which the electrical production capacity is relatively high and the 
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volume of water discharged through the units can be changed readily are used to meet peak 

demands. Storage or poundage of the water supply necessary [42]. 

2.2.2.5. Classification of Hydro Power by Installed Capacity   

Classification of hydropower according to installed capacity is different from different 

scholars. Hydro systems can be regarded as a renewable energy source resulting from the 

natural hydrological cycle, it is by some considered sustainable due to the lack of 

impoundment of water and assumed negligible environmental impact [57]. The technology 

was initially used in Himalayan villages in the form of water wheels to provide motive power 

to run devices like grinders [42]. Table 2.2 shows the classification of the hydropower 

system based on the generated power output. 

Table 2. 2:  Classification of hydropower by size [57] 

S/N Classification Rated Power Consumer 

1 Large- hydro >100 MW usually feeding into a large electricity grid 

2 Medium hydro 15 - 100 MW usually feeding a grid 

3 Small-hydro 1 - 15 MW usually feeding into a grid 

4 Mini-hydro 100 kW - 1MW either stand-alone schemes or more often 

feeding into the grid 

5 Micro-hydro 5kW -100 kW usually provided power for a small 

community or rural industry in remote 

areas away from the grid 

 Pico-hydro < 5kW  

 

2.2.2.6. Classification of Hydro Power by Head   

Hydraulic head is a key site-specific factor affecting the turbines type selection, equipment, 

and construction costs of an SHP. Hence, a set of representative reference models should 

develop for different head ranges and corresponding turbine types:   

➢ Low head (2-25m): axial flow (AF) Kaplan/propeller, cross-flow, Francis   

➢  Medium head (25-70m): conventional Kaplan/propeller, Francis   

➢  High head (>70 m): Francis, Turgo, Pelton   
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It is noted that the suggested water head ranges are not rigid but are merely a means of 

categorizing sites, and the turbine selection also depends on flow ranges and other factors at 

the individual sites [20]. 

2.2.2.7. Basic Components of MhP System 

The basic components of MhP system classified into civil works components and 

electromechanical components (power house components) . 

2.2.2.8. Civil Work Components 

The civil components described in this section are those major components such as the 

intake, sand trap, spillway, headrace canal, settling basin, fore-bay tank, penstock pipes, and 

tailrace. 

Intake (water diversion): the highest point of a hydro system where water is diverted from 

the stream to the penstock that feeds the turbine. Side intake and bottom intakes are the 

common. 

Headrace Canal: is conveyance system that conveys designed discharge from one point to 

another. Generally, canal systems are used in all micro hydropower schemes whereas pipe 

systems are used for specific difficult terrain. A canal can be unlined or lined (stone masonry 

or concrete). The typical canal cross sections used in micro hydropower schemes can be 

rectangular or trapezoidal or triangular or semi-circular in shape. 

Settling Basin:  the civil component that settles sediments down in the basin for periodical 

flushing. Since sediment is detrimental to civil and mechanical structures and elements, the 

specific size of specified percentage sediment has to be trapped, settled, stored and flushed. 

This can only be achieved by reducing turbulence of the sediment carrying water. The 

turbulence can be reduced by constructing settling basins along the conveyance system. 

Since the settling basins are straight and have bigger flow areas, the transit velocity and 

turbulence are significantly reduced allowing the desired sediments to settle. The sediment 

thus settled has to be properly flushed back to the natural rivers. 

Spillway: is a structure that diverted excess water safely to river. Spillways need to be 

designed to remove the excess water due to floods, in order to minimize the adverse effects 

to the other components of the MHS spillways are often constructed in settling basin and the 

fore-bay, from which the excess water is safely diverted to the water source. 
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Fore-bay Tank:  civil component that steady flow into the turbine through the penstock. 

For-bay also acts as the last settling basin and allows the last particles to settle down before 

the water enters the penstock. Fore-bay can also be a reservoir to store water depending on 

its size. A sluice will make it possible to close the entrance to the penstock. In front of the 

penstock at rash rack need to be installed to prevent large particles to enter the penstock. 

Penstock Pipe:  the pipe, which conveys water under pressure from the fore-bay tank to the 

turbine. It is not only moving water to the turbine, but is also the enclosure that creates head 

pressure as the vertical drop increase.  

2.2.2.9. Electro Mechanical Components (Powerhouse Components) 

Powerhouse consists of electro-mechanical equipment’s such as turbines, generator and 

drive systems. Turbine is a machine that converts energy in the form of falling water (water 

pressure) into mechanical shaft power, which can be used to drive electric generator. The 

selection of the best turbine for particular hydro site depends on the site characteristics. All 

turbines have a power speed characteristic. This means they will operate most efficiently at 

a particular speed, head and flow combination. Thus, the required speed of the generator 

coupled to the turbine also influences the selection. Another important point is whether the 

turbine is expected to generate power at part flow condition or not. The design speed of a 

turbine is mainly determined by head under which it operates. 

2.2.2.10. Turbine Classification 

As water falls from the upper position to the lower one through the penstock or tunnel, its 

potential energy is converted into electrical energy with a prime mover referred as hydraulic 

turbine. Hydraulic turbine consists of vanes, blade, or buckets due to the action of water 

pressure and velocity [32]. The rotary action of the turbine in turn spines a shaft that is 

integrated with an electrical generator that converts the torque energy of the shaft in 

electrical energy. Even though there are many classifications of turbines, they can be broadly 

classified into two types either impulse or reaction turbine. This classification criteria are 

based on the impact of the water energy with respect to hydraulic turbine. Impulse turbine 

converts the kinetic energy jet of water on air into torque energy when the jet hits the turbine 

runner. On the other hand, reaction turbine is totally immersed into the water [32]. Reaction 

turbine develops power from the combined effects of pressure and kinetic energy of the 

moving water. The angular and linear momentum of the water is transferred into shaft power 

in reaction turbine. Turbine can be classified as high-head, medium head and low-head 
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machines. But this is relevant to the size of the machine. Low for head for large turbine can 

be high head for a small turbine. The classifications of hydro turbine are shown in Table 2.3. 

Table 2.3: Classifications of hydro turbine according to head, flow and power [32] 

Classification Turbine Name Head(m) Power output(kw) 

Impulse Pelton 50-100 50-15000 

Turgo 30-200 20-5000 

Cross-flow 2-50 0.1-600 

Reaction Kaplan and Propeller 3-40 50-500 

Francis radial flow 40-200 500-15000 

Francis mixed flow 10-40 100-5000 

 

2.2.2.11. Electrical Generators 

A generator is the main unit which converts mechanical energy associated with water into 

electrical energy. Two types of generators (synchronous and asynchronous) can be used. 

Depending upon the size of a machine, types of a load to be fed, other energy sources later 

to be integrated, a generator is to be chosenin hydro power plants, this combination of 

generator and turbine is called generating unit [32]. AC generators are typically used with 

systems producing above 3 kW. AC voltage is also easily changed using transformers, which 

can improve efficiency with long transmission lines. Depending on our requirements, we 

can choose either single-phase or three-phase AC generators in a variety of voltages [33]. 

2.2.2.12. Drive Systems 

The main purpose of the drive systems is to transmit the power from turbine to the generator 

at a stable voltage and frequency at a required speed. The drive systems consist of generator 

shaft, turbine shaft, bearings, couplings, gearboxes and belts and pulleys. The different types 

of drive systems common in MhS are direct drive, ‘V’ or wedge belts and pulleys, timing 

belt and sprocket pulley and gearbox drive systems. A direct drive system is one in which 

the turbine shaft is connected directly to the generator shaft. In contrast, ‘V’ or wedge belts 

and pulleys are the most commonly used type of drive systems in MhS. However, in very 

small systems (less than 3 kW) where efficiency is critical, timing belt and sprocket pulley 

are commonly used [33]. 
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a) Controls 

Alternating current is directly used by loads directly from the generator and excess 

electricity is burned off in dump loads (usually resistance heaters). Governors and other 

controls help that and AC generator constantly rotates at constant angular speed. Most 

commonly, micro hydro system is controlled by managing the load in the generator [34]. All 

MhS will have to have switchgear in order to separate the power flow when necessary and 

also to control the electrical power flow. 

b) Turbine Selection Criteria 

The type, geometry and dimensions of the turbine will be fundamentally conditioned by the 

characteristic of each given site. These important criteria are described as follows: 

c) Net Head 

The first criterion to take into account in the selection of the turbine is the net head. It is 

primarily the head measurement that determines the selection of a suitable turbine [35]. The 

selection is particularly critical in low-head schemes, where large discharges must be 

handled. 

d) Range of Flow Volume and Discharges Through the Turbine 

A single value of the flow has only very little significance. It is necessary to know the flow 

regime of a site. The rated flow and net head determine the set of turbine types applicable to 

the site and the flow environment.  

 

Fig. 2. 5: Micro-Hydro Turbine Selection Chart [32] 
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To determine the correct turbine type one solution is to use graphical tools which show the 

suitability of different turbine designs in relation to head, flow volume and power output 

[32]. The approximate range of head, flow and power applicable to different turbine types 

are summarized in Fig. 2.5 (up to 500 kW). This approximate depends on the precise design 

of each manufacturer. 

From Fig. 2.5: propeller turbine is appropriate for the low heads and high flow rates. Cross-

flow turbine is appropriate for flows up to 5m3/s, net head varying from 3m to 200m and 

can give output power up to 500kW. Francis turbine is appropriate for flow rates from 

0.5m3/s to 4m3/s, net head from 3m to 100m and can generate power output from 100 kW 

to 500 kW. Pelton wheel is appropriate for flows up to 1m3/s, net head varying from 20 m 

to 500 m and can generate power from 20 to 500 kW [32]. All types of the turbines type 

overlapped on the desired operational region appropriate for the specific job. Now it will be 

necessary to compute installed power and electricity output against costs before taking a 

final decision about which type to use. It should be remembered that the "envelopes" vary 

from manufacturer to manufacturer and they should be considered only as a guide. 

2.2.2.13. Specific Speed (Ns) 

One of the important parameters of a turbine is the specific speed. Specific speed of a turbine 

can be defined as the speed of an ideal, geometrically similar turbine, which yields one unit 

of discharge for one unit of head [36][37]. The specific speed is also a very reliable criterion 

for the selection of an appropriate turbine. Given a flow and head for a specific hydro site, 

and the rpm (revolution per minute) requirement of the generator it becomes easy to 

calculate the specific speed. The turbine type can be estimated by comparing the calculated 

net head and specific speed with those given in Table 2.4. The specific speed constitutes a 

reliable criterion for the selection of the turbine. If we wish to produce electricity in a scheme 

with Hn (m) net head, using a P (kW) turbine directly coupled to a standard N (rpm) 

generator we should begin by computing the specific speed according to equation:  

                                                          
1.25s N

n

P
N

H
=

.                                                          (2.1) 

where, Ns is turbine specific speed, N is running speed of the turbine (RPM), Hn is net head 

(m) and P is the power to be generated (kW). 

After computing the specific speed, it is possible to choose which turbine type to use or to 

decide whether to use a speed increaser like belts and gears.  
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Table 2. 4: Range of Specific speed [36] 

Turbine Type Specific speed range 

Pelton one nozzle 5<Ns<25 

Pelton two nozzles 7<Ns<35 

Pelton four nozzles 10< Ns <50 

Cross -flow 20< Ns <200 

Francis 50< Ns <350 

Kaplan and propel 200< Ns <1550 

To obtain constant frequency from a generator driven by a water turbine, it must run at a 

constant speed and drive the generator through a fixed gear-ratio. The speed of the water 

turbine is controlled by a governor which opens or closes a valve or gate to hold the speed 

constant as the load changes. Both mechanical and electrical hydraulic governors are used 

to control the flow of water through the turbine by adjusting the gate position [37]. 

2.2.2.14. Generator Selection 

Micro-hydro generators are low speed machines of salient pole type, having a large number 

of poles, a large diameter and a short rotor. Synchronous generator is used in most MHP 

systems because it has the ability to establish its own operating voltage and maintain 

frequency while it is operating in a remote location. 

Table 2. 5: Selection of generator type [39] 

Size of scheme UP to 10 kW 10 to15 kW More than 15 kW 

Generator Synchronous/induction Synchronous/Induction Synchronous 

Phase Single or Three phase Three phases Three phases 

 

2.2.3. Bio-Mass System 

The term biomass encompasses a large variety of materials, including wood from various 

resources, agricultural residues, and animal and human waste. Biomass is a renewable 

energy source because the energy it contains comes from the sun through the process of 

photosynthesis. One of the major waste products of the Rice processing is the Rice husk 

[14]. Biomass is any organic matter wood, crops, seaweed, animal wastes that can be used 

as an energy source. Biomass is probably our oldest source of energy after the sun. For 

thousands of years, people have burned wood to heat their homes and cook their food. 
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Biomass gets its energy from the sun. All organic matter contains stored energy from the 

sun. During a process called photosynthesis, sunlight gives plants the energy they need to 

convert water and carbon dioxide into oxygen and sugars. These sugars, called 

carbohydrates, supply plants and the animals that eat plants with energy [56]. Foods rich in 

carbohydrates are a good source of energy for the human body. Biomass is a renewable 

energy source because its supplies are not limited. We can always grow trees and crops, and 

waste will always exist. 

This research, therefore, has investigated the performance of a fixed bed gasifier using 

various agricultural residues as the feedstock. The atmospheric gasifier was operated in 

downdraft mode. The agricultural residues considered in this research include groundnut 

shells, coffee husks, rice husks, bagasse, and maize cobs. 

2.2.3.1. Gasification Process of Bio-Mass (Rice Husk) 

Thermal conversion processes for biomass involve some or all of the following processes: 

Pyrolysis: Biomass + Heat …………………Charcoal, oil, and gas  

Gasification: Biomass + Limited oxygen -……………….…. Fuel gas  

Combustion: Biomass + Stoichiometric' oxygen -……………. Hot combustion products 

biomass gasification is a process in which solid biomass fuels are broken down by the use 

of heat in an oxygen-starved environment to produce a combustible gas [56]. Biomass fuels 

conducive to gasification include dry materials such as wood, charcoal, rice husks, and 

coconut shells. Biomass gasification, in the sense used here, should be distinguished from 

biogas production, which uses wet organic feedstocks such as animal dung or stillage and 

works by means of microbiological action to generate methane gas. 

Biomass gasification is the thermal chemical conversion of biomass into a combustible 

gaseous product (producer gas) by the supply of a gasification agent which can be air, 

oxygen or steam [57]. Biomass gasification has the potential of contributing to the growing 

energy needs of the world particularly as a renewable energy technology Biomass 

gasification is the thermal chemical conversion of biomass into a combustible gaseous 

product (producer gas) by the supply of a gasification agent which can be air, oxygen or 

steam. Biomass gasification has the potential of contributing to the growing energy needs of 

the world particularly as a renewable energy technology. 
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Gasification process thermally converts carbon-containing material into gas that can be 

combusted or used in chemical applications. Gasification as technology is much newer and 

less used than combustion but is becoming more and more common due to its benefits over 

direct incineration [56][58]. Much more effective use of low-grade fuels and biomass and 

reduced emissions are only a few incentives to gasification. The rate of the gasification 

reaction mainly depends on the reactivity of the fuel, gasifying medium and temperature and 

pressure of the process. Different reactions are favored by different conditions in the gasifier 

reactor. 

2.2.3.2. Gasification Phenomena 

The phenomena occurring in the gasifier can be theoretically divided into different thermal 

stages occurring in different temperatures (Basu 2006, p63). There are no clear boundaries 

between the stages and they can overlap in a large particle (Basu 2010, p120). Fig 2.6 

represents the main steps of gasification and the resulting products. 1. Drying >150oC 2. 

Devolatilization/Pyrolysis 150-700oC 3. Combustion 700-1500oC 4. Gasification 800-

1100oC When a fuel particle is heated, moisture starts to vaporize. If the moisture content is 

high, this part requires more energy and reduces the temperature inside the gasifier and the 

product gas heating value. That is why some pre drying is necessary to lower the moisture 

content of the fuel, especially with biomass. (Basu 2010, p120) Pyrolysis is a complex 

process including multiple chemical and physical reactions producing light gases (H2, CH4, 

CO, CO2, H2O), tar and char. (de Souza-Santos, 2010, p25) Pyrolysis raises the carbon 

concentration of the char. (Rezaiyan & Cheremisinoff 2005, p17) Combustion reactions 

occur in the presence of oxygen and they provide thermal energy. Gasification reactions 

occur between carbon of the char and steam, carbon dioxide and the resulting gases. They 

are slower than combustion reactions and are commonly endothermic. 

Gasification is a process, where a liquid or solid fuel is converted into gaseous form. 

Normally this product gas consists mostly of H2 and CO (also CO2, H2O, CH4 and various 

heavy hydrocarbons). In gasification, a solid or liquid fuel, such as biomass or coal, reacts 

in temperatures over 800oC with a gasifying medium – air, oxygen, steam or a mixture of 

these – that includes a restricted amount of oxygen (equivalence ratio (ER) < 1). When 

oxygen reserve is limited, combustion becomes incomplete and slower gasification reactions 

have time to proceed. (Basu 2006, p59; Rezaiyan & Cheremisinoff 2005, p5) Fig represents 

a simple gasification process. 
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Fig. 2. 6: Simplified gasification process 

2.2.3.3. Benefits of Gasification 

Gasification enables the use of cheap, potentially CO2-neutral or low-grade fuels that are 

usually available locally, and long-distance transportation can be avoided. By converting 

them into combustible gas, these fuels can be exploited with much better efficiency than 

with direct incineration [58]. Emissions of sulfur and nitrogen oxides and particulates are 

significantly lower with gasification than combustion. 

2.2.3.4. Fluidized Bed 

The operation of both up and downdraught gasifiers is influenced by the morphological, 

physical and chemical properties of the fuel. Problems commonly encountered are: lack of 

bunker flow, slagging and extreme pressure drop over the gasifier [56]. A design approach 

aiming at the removal of the above difficulties resulted in the fluidized bed gasifier 

illustrated schematically in Fig. 2.7. Air is blown through a bed of solid particles at a 

sufficient velocity to keep these in a state of suspension. The bed is originally externally 

heated and the feedstock is introduced as soon as a sufficiently high temperature is reached. 

The fuel particles are introduced at the bottom of the reactor, very quickly mixed with the 

bed material and almost instantaneously heated up to the bed temperature [56][58]. As a 

result of this treatment the fuel is pyrolyzed very fast, resulting in a component mix with a 

relatively large amount of gaseous materials.  
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Fig. 2. 7: Diagram of fluidized bed gasified 

Further, gasification and tar-conversion reactions occur in the gas phase. Most systems are 

equipped with an internal cyclone in order to minimize char blowout as much as possible. 

Ash particles are also carried over the top of the reactor and have to be removed from the 

gas stream if the gas is used in engine applications [56]. The major advantages of fluidized 

bed gasifiers, as reported by Van der Aarsen (1984) stem from their feedstock flexibility 

resulting from easy control of temperature, which can be kept below the melting or fusion 

point of the ash (rice husks), and their ability to deal with fluffy and fine grained materials 

(sawdust etc.) without the need of pre-processing. 

2.2.3.5. Dual-fuel mode of operation 

Producer gas obtained from gasifiers has been successfully employed as IC engine fuel, both 

in dual-fuel mode, using diesel as pilot fuel, and in single-fuel mode. In dual fuel operation, 

commercially available diesel engines are directly used, with the inlet manifold connected 

to the gasifier outlet through at-joint so as to aspirate a gas-air mixture in place of pure air. 

The gas-air ratio is regulated of ten manually by controlling the valves on the gas and air 

lines connecting to the manifold. Diesel is sprayed in to the cylinder to initiate combustion 

of the lean mixture of producer gas and air .This mode of operation results replacement of 

diesel up to a maximum of 80%, i.e., pilot diesel quantity required can be reduced  

to 20% of what an engine running on diesel alone would consume[56]. But it still needs a 
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fossil fuel to run the engine. The main advantage of this technology is that when the gasifier 

is down for some reason, the engine can continue to operate using diesel fuel alone, since 

the engine system has not been modified. 

2.2.3.6. Gasification Reactions 

The chemistry of biomass gasification is complex. Biomass gasification proceeds primarily 

via a two-step process, pyrolysis followed by gasification. Pyrolysis is the decomposition of 

the biomass feedstock by heat. The remaining non-volatile material, containing high carbon 

content is referred to as char [56]. Combustion, occurring in the oxidation zone, is described 

by the following chemical equations: 

                                                     C + O2 → CO2 + 393.8 kJ/mol 

                                                     C + ½O2 → CO +123.1 kJ/mol 

                                                     C + 2H2 → CH 

These three reactions are exothermic and provide, by auto-thermal gasification, the heat 

necessary for the endothermic reactions in the drying, pyrolysis and reduction zones. The 

water vapor introduced with the air and production by the drying and pyrolysis of the 

biomass reacts with the hot carbon according to the following heterogeneous reversible 

water gas reaction: 

C + H2O +118.5 kJ/mol ↔ CO + H2 

The most important reactions are the water gas reaction and the following backward 

reaction: 

C + CO2 + 159.9 kJ/mol → 2CO 

These heterogeneous endothermic reactions increase the gas volume of CO and H2 at higher 

temperatures and lower pressures (a high pressure suppresses the gas volume) [56]. Besides 

these reactions several other reduction reactions take place of which the most important ones 

are the water shift reaction and the mechanization reaction respectively shown below: 

CO2 + H2 + 40.9 kJ/mol → CO + H2O 

C + 2H2 → CH4 + 87.5 kJ/mol 
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The exhaust heat from the engine systems have great attraction for agricultural applications 

like drying of farm products and wet Rice husk. Since the production of gas is uneven and 

fluctuates with time it is necessary to have a storage of gas. This can provide every uniform 

quality gas. Because of the low energy content of producer gas (5 MJ/m3) which is about 

10-15% that of natural gas, special burners are needed. A gasifier fuel can be classified as 

good or Bad according to the following parameters. The full physical schematic diagram of 

any Bio-mass gasifier can be drowned as in the following diagram. 

 

Fig. 2. 8: Schematic diagram of Biomass power plant 

Energy content and bulk density of fuel: - The higher the energy content and bulk density 

of fuel the similar is the gasifier volume since for one charge one can get power for longer 

time. Bulk density is also an indicator of residence time in the gasifier ultimately 

determining the conversion efficiency of the gasification process. 

Moisture content: - In most fuels, there is very little the type of fuel, its origin treatment, 

determines choice in moisture content since it. It is desirable to use fuel with low moisture 

content because heat loss due to its evaporation before gasification is considerable and the 

heat budget of the gasification reaction is impaired. Besides impairing the gasifier heat, 

budget high moisture content also puts load on cooling and filtering equipment by increasing 

the pressure drop across these units because of condensing liquid. Thus, in order to reduce 

the moisture content of fuel some pretreatment of fuel is required. Generally, desirable 

moister contents for fuel should be less than 20. 

Dust content: - All gasifier fuels produce dust. This dust is a nuisance since it can clog the 

internal combustion engine and hence has to be removed. The gasifier design should be such 

that it should not produce more than 2-6g/m3of dust.  The higher the dust produced more 

load is put on filters necessitating their frequent flushing and increased maintenance. 
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Cooling and Cleaning of Gas: - The temperature of gas coming out of generator is normally 

between 300-500oC.This gas has to be cooled in order to raise its energy density. Most 

coolers are gas to air heat exchangers where the cooling is done by free convection of air on 

the outside surface of heat exchanger. Thus, ideally the gas going to an internal combustion 

engine should be cooled to nearly ambient temperature. The Producer gas is then cleaned 

and cooled as it passes the cyclone and scrubber and delivered to the dual fuel engine as a 

clean gas through the main gas valve (MGV) while the diesel is supplied through the diesel 

tank.  

Ash Handling: - The mineral content in the fuel that remains in oxidized form after 

complete combustion is usually called ash. The ash content of a fuel and the ash composition 

have a major impact on trouble free operation of gasifier. Handling the ash is also very 

important and many times appears to be one of the technical barriers for biomass 

gasification. In this paper, the ash from the process can be used for fertilizer and road 

construction. 

2.3. The Proposed Hybrid System 

The proposed hybrid consists of a solar, micro-hydro and bio-mass renewable 

combination. The capability of the electric generation hybrid systems is to satisfy the 

power demand on the climatic data, and location of the area, and vastness of the 

households. Such conditions will define different operation modes of the system. The 

controller is used to use the power efficiently and to serve the power demand of customer. 

The controller looks first at the load and switches the appropriate source to meet the 

demand from the customer side.  
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Fig. 2. 9: Block diagram of proposed hybrid system 

Basically, these operation modes are determined by the energy balance between the total 

generation and the total demand. A comprehensive controller is essential to efficiently 

manage the operation of the generation subsystems accordingly. That is depending on the 

amount of the load the controller makes the intelligent decision to switch the multi-port 

switch to the required load demand output. 
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CHAPTER 3 

 

3. METHODOLOGY  

3.1.  Introduction 

This chapter includes data collection and analysis of the hybrid system. The data used in the 

design of the hybrid components are collected directly from the site and from Ethiopian 

Metrology agency, and for perfectness of the analysis these data are compared with the 

NASA data obtained using the latitude and longitude of the site. 

3.2.  Methods  

In order to attain the above general and specific objectives of the study, the following 

methods and techniques will be followed.   

 

Fig. 3. 1: Block diagram of the methodology 

3.3. Description of the Study Site 

Fogera is one of the woredas in the Amhara Region of northwest Ethiopia. It is one of the 

106 Woredas of the Amhara Regional State and found in South Gondar Zone. Benti village 

is located in Fogera Woreda on average at 34 km away from Wereta town that is 73 km from 

Debub Gondar town having latitude of 11.916 N and longitude of 37.7 E with an elevation 
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of 1828 m. The residents are farmers who are engaged in rice plantation and other farming 

activities using irrigation on Gumara River. The residents are the descendants of Amhara 

clan and their total number of households are 426 and 4 people on average in each household. 

The village is very far from main grid and scattered, so it is difficult to electrify through grid 

system. The only viable option to electrify this village is through off grid system using 

available resources. 

 

Fig. 3. 2: Google map of Fogera town 

3.4. Data Gathering 

The data used in the design of the hybrid components are collected directly from the site and 

from Ethiopian Metrology agency and for perfectness of the analysis these data are 

compared with the NASA data obtained using the latitude and longitude of the site. The 

Micro hydro and solar data which are collected from Ethiopia Ministry of Water and Energy 

and the Ethiopian metrology agency and NASA are considered as secondary data inputs. 

3.4.1. Energy Demand 

The first step in designing power system is determining the total power consumption of the 

study area. The size and cost of hybrid system components are highly influenced by the size 

of electrical loads. The load determination of the village was performed for 426 household 

numbers with average of four family members per household; that depicts a population 

number of 1704 (source: city administration). Load estimation was done by identifying the 

type, daily hours of operation; quantity of the appliances and their ratings. Accordingly, the 

electricity consumption was estimated using the general formula: 
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Energy consumption(kWh)= (number of appliances used*power rating of each      (3.1) 

appliance(W)*hours of operation/100. 

Energy demands of the population (426) in the village is estimated based on the following 

need assumptions: lighting (100% of population), 4 water pumping motors for irrigation, 

Radio (70% of population), TV (70% of population), house hold Refrigerator (25% of 

population), Stove (10% of population), Injera Mitad (7% of population) elementary school 

and refrigerator in the health clinic. The load profile for the respective village was taken 

from administrative offices of the Fogera Wereda and Benti Kebele and observing previous 

trends of similar villages recently electrified. 

Table 3. 1: Total energy consumption of Benti village. 

 

Time 

Total load (kWh) 

Energy 

Household 

(kWh) 

Public loads 

(pump) 

(kWh) 

Energy 

in church 

(kWh) 

Energy 

in clinic 

(kWh) 

Energy 

in school 

(kWh) 

Total load 

Energy 

0:0-1:0 10.65 - 0.026 0.126 - 10.802 

1:0-2:0 10.65 - - 0.1 - 10.75 

2:0-3:0 10.65 - - 0.1 - 10.75 

3:0-4:0 10.65 - - 0.1 - 10.75 

4:0-5:0 16.188 - - 0.1 - 16.288 

5:0-6:0 105.222 - 0.134 0.1 - 106.122 

6:0-7:0 108.63 - 0.134 0.1 - 108.864 

7:0-8:0 44.73 - - 0.1 - 44.83 

8:0-9:0 44.73 9.5 - 1.115 - 55.345 

9:0-10:0 44.73 9.5 - 1.415 - 55.645 

10:0-11:0 44.73 - - 0.4 1.2 46.33 

11:0-12:0 44.73 - - 0.1 0.300 45.13 

12:0-13:0 108.63 - - 0.1 - 108.73 

13:0-14:0 44.73 - - 0.1 - 44.83 

14:0-15:0 44.73 9.5 - 1.115 0.3 55.645 

15:0-16:0 44.73 9.5 - 1.415 0.3 55.945 

16:0-17:0 44.73 - - 0.4 0.9 46.03 

17:0-18:0 44.73 - 0.080 0.1 - 44.91 

18:0-19:0 136.32 - 0.184 0.204 0.182 136.89 

19:0-20:0 72.42 - 0.160 0.204 0.234 73.018 

20:0-21:0 72.42 - 0.026 0.152 0.104 72.702 

21:0-22:0 57.51 - - 0.152 0.052 57.714 

22:0-23:0 21.726 - - 0.126 0.052 21.904 

23:0-24:0 10.65 - - 0.126 - 10.776 

Total load 

Energy 

1199.616 38 0.744 8.085 3.624 1250.069 
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The total electric energy consumption of households, commercial loads (health center, 

church, school), and public loads were 1199.616 kWh, 12.453 kWh, 38 kWh respectively. 

Total electric energy consumption of the Benti was 1250.069 kWh. Fig 3.3 shows the total 

load profile of the village. The peak load from 19:00, 20:00, 21:00 hours due to the expected 

significant lighting load in the households. The minimum load is indicated from 22:00 - 

06:00 because energy consumption during night is very low. 

 

Fig. 3. 3: Load profile of Benti village 

The total energy consumption of the selected sites of the village per day is about 1250.069 

kWh, and from this the annual energy consumption is 1250.0.69 kWh  365 which is 

456,275.185kWh (456.275 MWh). Average load demand (LD) per hour is 52.1 kW, and the 

peak load (PL) is calculated by dividing the average load demand by the load factor (LF), 

and taking 0.6 load factor. 

                     
load demand

Peak load
load factor

 
 =

 
,  

LD 52.1kW
PL 86.8

LF 0.6

 
= = =                        (3.2)

 

Installed capcity Peak load Loss =  + , and assuming loss of 7% of peak load (PL) which 

gives 6.076 kW, thus installed capacity is 86.6 kW + 6.076 kW = 92. 876 kW. Therefore, 

the total electric energy demand of the village is 92.876 kW. 

0

20

40

60

80

100

0
:0

-1
:0

1
:0

-2
:0

2
:0

-3
:0

3
:0

-4
:0

4
:0

-5
:0

5
:0

-6
:0

6
:0

-7
:0

7
:0

-8
:0

8
:0

-9
:0

9
:0

-1
0

:0

1
0

:0
-1

1
:0

1
1

:0
-1

2
:0

1
2

:0
-1

3
:0

1
3

:0
-1

4
:0

1
4

:0
-1

5
:0

1
5

:0
-1

6
:0

1
6

:0
-1

7
:0

1
7

:0
-1

8
:0

1
8

:0
-1

9
:0

1
9

:0
-2

0
:0

2
0

:0
-2

1
:0

2
1

:0
-2

2
:0

2
2

:0
-2

3
:0

2
3

:0
-2

4
:0

k
w

Daily Hours

Electrical load demand 



 

38 

 

3.4.1.1. Forecasting of Load Demand after 10 Years  

The total electric energy consumption of households currently is 1199.616 kWh as given in 

Table 3.1. Per household’s consumption (U) = annual energy consumption (A) ÷ numbers 

of households (N). 

2030U = 437.85MWh 426 1027.84 kWh  =   

                                    1 1 2 Nlog G 1.28 C ....... K K .....K 0.155log u= + + −                        (3.3) 

where, G= annual percentage growth in per household consumption, U is annual kWh usage 

per household, 1C …. etc. are constants for household’s growth (2.3%) and others. 
1,K ,

2K ....…. NK  are constant assumed unity. 

1 1 1

1

0.9432

log G 1.28 C 0.15log u,C 0.05 PR,C 0.115

log G 1.28 C 0.15log1027.84,

log G 1.28 0.115 0.45178

log G 0.9432,G 10 8.77

= + − =  =

              = + −

                 = + −

               = = =

 

Annual kWh usage per households in the year 2030 is 

                                            10 10

2030 2030

G PR
U U (1 ) (1 )

100 100
=  +  +                                (3.4) 

10 10

2030

8.77 2.3
U 1027.84 (1 ) (1 ) 1897.8 kWh.

100 100
=  +  + =   

Number of house hold (HS) for 2030 

10 10

2030

PR 2.3
HS (1 ) 426 (1 ) 535Households

100 100
 + =  + =  

Energy consumption per household for 2030=1897.8 kWh x 535 = 1015.3 MWh 

    
Annual energy consumption

Peak load demand
total time of the year

= =
1015.3

115.9 kW
365

=         (3.5) 

Table 3. 2: Forecasting public and commercial loads 

Type of load Commercial loads Public loads 

 Clinic School Church Flour mill Pump 

Existing condition 1 1 1 1 1 

kW 0.336 0.15 0.031 1.25 0.333 
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Total kW 2.1 

10 years plan 1 1 1 1 2 

kW 0.66 0.65 0.25 2 0.666 

Total kW 4.1 

The load demand of commercial and public loads of Benti village of next 10 years is shown 

in Table 3.2. 

As per the plan for the year 2020 – 2030 G.C of Benti village, the total electrical demand of 

commercial and public loads was assumed to be 4.1 kW working 10 hours per day. The total 

energy consumption therefore was 4 kWh. This indicates the commercial and industrial 

loads will grow very fast because of the growth of Schools, Health centers, Irrigation, rice 

production and others. Therefore, the total Electrical Energy demand of Benti Village for 

the year 2030 G.C will be 120 kW. 

3.4.2. Solar Radiation Assessment 

In this work the number of sunshine hours data is recorded every day using the sunshine 

hour recorder for four consecutive years (2014-2018) G.c. The collected solar radiation data 

is analyzed. Regression constants in the first order Angstrom-Prescott type correlations for 

the selected site are calculated using regression analysis. To do this analytical estimation the 

monthly average daily global solar radiation, altitude, latitude, declination angle of the day, 

the average day in the month and the sunshine hour data are used as the input data.  

Linear Angstrom-Prescott regression equation related monthly average daily radiation to 

clear day radiation in a given location and average fraction of possible sunshine hour data 

which is given by the following equation. 

                                                         
o o

H S
a b( )

H S
= +                                       (3.6) 

where H, is monthly average daily global solar radiation, HO is monthly average daily 

extraterrestrial solar radiation, S and So are Angstrom’s correlation parameter, S is monthly 

average daily hours of sunshine from sunshine recorder, So is monthly average of the 

maximum possible hours of sunshine, Ho is determined based on the Solar Constant, average 

day of the month and the declination angle.  
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2s
o sc s

2 W86400 360n
H I {1 0.033cos { (sin sin ) (cos cos sin W )}J / m

365 360


=  +   +  


  (3.7) 

Since there are 3600 seconds in an hour and 86400/3600 =24, the following equation gives 

the monthly average daily extraterrestrial solar radiation in Wh/m2. 

        s
o sc s

2 W24 360n
H I {1 0.033cos { (sin sin ) (cos cos sin W )}

365 360


=  +   +  


    (3.8) 

where Isc is the solar constant which has a value of 1367W/m2, Ws is the mean sun rise hour 

angle for the given month, n is the number of days of the year starting from first January 

                                                             o s

2
S W

15
=                                                         (3.9) 

                                                     sW cos 1(tan tan )= −                                              (3.10) 

where; Ws is the mean sunrise hour angle, δ is the solar declination angle for the average 

day in the month, ϕ is the latitude of the selected site, the solar declination angle (δ) 

throughout the year can be well approximated by sine function and is given by the following 

equation, 

                                                   
284 n

23.45sin[360( )]
365

+
 =                                      (3.11) 

where; n is the day of the year. The value of n for any day of the month can be determined. 

The accuracy of the estimated values of the regression coefficients ‘a’ and ‘b’ are expected 

to improve by adding the effect of elevation, sunshine duration, and latitude together. Thus, 

the regression coefficients ‘a’ and ‘b’ in terms of the latitude, elevation and percentage of 

possible sunshine for any location around the world are correlated by Goliathan with 

equation below. 

                                       
n

a 0.309 0.539cos 0.0693h 0.29( )
N

= − +  − +                      (3.12) 

                                         
n

b 1.527 1.027cos 0.0926h 0.359( )
N

= −  + −                      (3.13) 

where h is altitude of a site in kilometers 34 km, δ is declination angle for the average day 

in the month calculated from the above Equation (3.8), Ф is Latitude of the site 11.9167 N 

and 37.7 E for the specific study site, and Ws Sunset hour angle calculated from the above 

Equation (3.7). 
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Table 3. 3: Recommended average days for months and declination angle 

Month 

n for the day of the 

month, D Date 

Day of the 

year(n) 

δ (degrees) 

 

January D 17 17 -20.92 

February 31+D 16 47 -13.03 

March 59+D 16 75 -2.44 

April 90+D 15 105 9.42 

May 120+D 15 135 18.81 

June 151+D 11 162 23.15 

July 181+D 17 198 21.22 

August 212+D 16 228 13.53 

September 
243+D 

15 258 2.24 

October 273+D 15 288 -9.63 

November 304+D 14 318 -18.95 

December 334+D 10 344 -23.1 

 

Table 3. 4: average solar radiation in kWh/m2/day of Benti 

Date of 

Month  

Δ 

(degree) 

Ws 

(degree) 

S  

(hr) So (hr) S/So 

 

Ho 

(kWh/m2/

d) a b 

H 

(kWh/m2/

day) 

Jan-17 17 -20.92 86.56 6.92 11.54 0.599 9.013 0.246 0.53 5.85 

Feb-16 47 -13.03 87.93 7.125 11.72 0.607 9.685 0.248 0.5 6.14 

Mar-16 75 -2.44 90.6 8.09 12 0.552 10.293 0.304 0.42 5.80 

Apr-15 105 9.42 91.48 6.65 12.19 0.545 10.522 0.231 0.53 5.63 

May-15 135 18.81 93.09 6.185 12.41 0.498 10.372 0.217 0.55 5.53 

Jun-11 162 23.15 93.84 4.975 12.51 0.397 10.21 0.187 0.58 4.36 

Jul-17 198 21.22 93.84 3.66 12.51 0.292 10.232 0.144 0.62 4.4 

Aug-16 228 13.53 92.17 3.56 12.28 0.289 10.393 0.143 0.62 4.0 
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Sep-15 258 2.24 89.65 5.06 11.95 0.423 10.319 0.182 0.624 4.801 

Oct-15 288 -9.63 88.51 6.78 11.8 0.574 9.824 0.226 0.57 5.534 

Nov-14 318 -18.95 86.9 7.26 11.58 0.626 9.141 0.254 0.5 5.282 

Dec-10 344 -23.1 83.85 8.04 11.54 0.606 8.765 0.314 0.41 6.14 

Average  0.22 0.54 5.11 
 

The regression coefficients ‘a’ and ‘b’ in terms of the latitude, elevation and percentage of 

possible sunshine for any location around the world are correlated. The average daily global 

solar radiation varies from around 4.0 (kWh/m2/day) in rainy month of August to just 6.14 

(kWh/m2/day) in the dry months. 

 

Fig. 3. 4: Average global solar radiation 

3.4.2.1. Data Compression of Global Solar Radiation of NMA and NASA   

The Table 3.4 and Fig. 3.5 shown below compares the post processed data taken from the  

NMSA Debrtabor branch and NASA. 

Table 3. 5: Data compression of global solar radiation of NMSA and NASA 

Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg 

NMSA 5.85 6.14 5 .8 6.63 5.53 4.36 4.4 4.0 4.801 5.534 5.282 6.14 5.2889 

NASA 5.91 6.18 5.9 6.72 5.62 4.53 4.9 4.14 5.13 5.61 5.35 5.98 5.4975 

Change 0.06 0.04 0.1 0.09 0.09 0.17 0.5 0.14 0.329 0.076 0.068 0.16 0.2086 

The average global solar radation of NMA Deber Tabor branch was 5.29 kWh/m2/d, average 

global solar radationof NASA was 5.4 kWh/m2/d and  average change (difference) betewen 

the calculated and NASA data was 0.2086 kWh/m2/d. 
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Calculated  (NMSA) NASA 

 

Fig. 3. 5: Data comparison of NMA and NASA 

From the above tables and figures it is possible to understand the data taken from NMA was 

valid and there was enough solar radiation to electrify the village Benti from solar system.   

3.4.3. Micro Hydro Resource Assessment 

The daily average flow rate of Gumara River for the hydro resource data of 10 years was 

taken from FDRE Ethiopian Ministry of water, Irrigation and energy. However, HOMER 

accept monthly average stream flow. So, daily average flow is changed into monthly 

average. The site gross head is 14 m.  

 

Fig. 3. 6: Gumara river [ Photo is taken by phone] 
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Fig. 3. 7: Google map of Gumara river 

The monthly average stream flow and its pictorial representation is given in Table 3.6 below. 

Table 3. 6: Monthly flow rate of Gumara 

 

 

 

 

 

 

 

 

 

 

 

Fogera wereda is one of the wereda's  found in Debub Godar Zone which is very reach in 

rivers. Gumara  river is one of the rivers found in Fogera Wereda with 2.139 m3/s flow rate 

and 14 head in m. The numbers indicates that the hydro potential in Gondar Zone  is suitable 

Month Flow rate of Gumara (m3/s) 

Jan 5.619 

Feb 3.793 

Mar 3.046 

Apr 2.139 

May 2.593 

June 17.248 

July 87.048 

Aug 157.669 

Sep 90.521 

Oct 35.995 

Nov 15.81 

Dec 8.475 

Average 35.82966 
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for Micro-hydro power generating system to electrify the rural village Benti of Fogera 

Wereda. 

3.4.3.1. Hydrological Data Analysis 

The purpose of the hydrology study is to ensure that the turbine is of the correct size for the 

water flow, and has the correct variable flow characteristics, so that the investment is not 

wasted for over or under capacity. The sizing of the channel, penstock, etc. is also 

determined by the hydrology study. For the case of Gumara, there is no gauging station. 

Especially for the design of all the components of MHP (micro-hydro power), water flow 

rate data should be available. The minimum and maximum monthly average flow rate of 

Gumra river is 2.139m3/s and 157.669m3/s.  

 

Fig. 3. 8: Average flow rate of Gumara river 

As it is seen from the Fig. 3.8, the average flow rate of Gumara river from December-May 

is less than 10 m3/s, whereas the average flow of this river from Augest More than 150 m3/s. 
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Table 3. 7: Ten years monthly stream flow data of Gumara river based on E.C. 

 

There are missing stream flow data in 1998 and 1999 E.C. years. Regression method is 

selected to fill the missed data.  

Table 3. 8: Filled stream flow data of Gumara River based on E.C. 

 

By arranging the stream flow discharge in descending order, the percentage of exceedance 

or equaled are calculated, as shown in Table 3.9.  

The exceedance/equaled percent is calculated by using wail bull man formula; 

                                            exceedance % = n/m+1.                                              (3.14) 

where n = rank and m = 120 observations.  

 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1990 2.39 0.91 0.61 0.40 0.54 1.31 52.81 180.36 109.28 19.82 4.14 1.93

1991 1.01 0.53 0.38 0.44 0.81 14.22 83.22 168.09 76.81 23.43 4.76 4.79

1992 3.05 2.06 2.74 0.84 1.89 1.98 42.12 158.53 71.12 50.35 14.93 6.34

1993 2.71 1.31 0.70 0.91 2.13 10.37 85.92 140.17 100.44 37.68 11.71 4.74

1994 2.38 1.31 0.61 0.35 1.01 19.35 84.88 194.35 122.47 19.99 7.02 4.14

1995 2.16 1.67 1.48 1.40 1.56 4.99 61.61 148.57 98.55 24.95 17.02 12.74

1996 7.46 3.59 3.37 3.40 7.99 56.43 179.08 200.47 101.51 36.94 22.11 15.25

1997 10.78 7.99 6.63 4.97 7.35 48.03 141.98 150.53 79.62 58.90 54.58 16.69

1998 -     -     -     -     1.91 10.80 67.38 138.08 92.61 28.14 8.82 8.70

1999 6.79 1.72 0.75 0.56 0.74 5.00 71.48 97.54 52.79 59.75 13.01 -     

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1990 2.39 0.91 0.61 0.40 0.54 1.31 52.81 180.36 109.28 19.82 4.14 1.93

1991 1.01 0.53 0.38 0.44 0.81 14.22 83.22 168.09 76.81 23.43 4.76 4.79

1992 3.05 2.06 2.74 0.84 1.89 1.98 42.12 158.53 71.12 50.35 14.93 6.34

1993 2.71 1.31 0.70 0.91 2.13 10.37 85.92 140.17 100.44 37.68 11.71 4.74

1994 2.38 1.31 0.61 0.35 1.01 19.35 84.88 194.35 122.47 19.99 7.02 4.14

1995 2.16 1.67 1.48 1.40 1.56 4.99 61.61 148.57 98.55 24.95 17.02 12.74

1996 7.46 3.59 3.37 3.40 7.99 56.43 179.08 200.47 101.51 36.94 22.11 15.25

1997 10.78 7.99 6.63 4.97 7.35 48.03 141.98 150.53 79.62 58.90 54.58 16.69

1998 17.46 16.84 13.19 8.12 1.91 10.80 67.38 138.08 92.61 28.14 8.82 8.70

1999 6.79 1.72 0.75 0.56 0.74 5.00 71.48 97.54 52.79 59.75 13.01 9.43
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Table 3. 9: Rank and exceedance /equaled percent of Gumara River 

 

Based on the discharge and exceedance percent flow, the duration curve will be generated. 

Flow duration curve shows the percentage of time that certain values of discharges are 

equaled or exceeded. The energy output of the scheme is derived from the flow duration 

curve. Where there are no constraints on the scale of developments, the 30% exceedance 

flow gives a first estimate for the design capacity for the scheme  (H.G. Tolland and E.M. 

Wilson, 1984).   

Discha. Rank  excee. % Discha. Rank  excee. % Discha. Rank  excee. % Discha. Rank  excee. % 

200.5 1 0.8 54.6 31 25.6 8.8 61 50.4 2.0 91 75.2

194.4 2 1.7 52.8 32 26.4 8.7 62 51.2 1.9 92 76.0

180.4 3 2.5 52.8 33 27.3 8.1 63 52.1 1.9 93 76.9

179.1 4 3.3 50.3 34 28.1 8.0 64 52.9 1.9 94 77.7

168.1 5 4.1 48.0 35 28.9 8.0 65 53.7 1.7 95 78.5

158.5 6 5.0 42.1 36 29.8 7.5 66 54.5 1.7 96 79.3

150.5 7 5.8 37.7 37 30.6 7.4 67 55.4 1.6 97 80.2

148.6 8 6.6 36.9 38 31.4 7.0 68 56.2 1.5 98 81.0

142.0 9 7.4 28.1 39 32.2 6.8 69 57.0 1.4 99 81.8

140.2 10 8.3 24.9 40 33.1 6.6 70 57.9 1.3 100 82.6

138.1 11 9.1 23.4 41 33.9 6.3 71 58.7 1.3 101 83.5

122.5 12 9.9 22.1 42 34.7 5.0 72 59.5 1.3 102 84.3

109.3 13 10.7 20.0 43 35.5 5.0 73 60.3 1.0 103 85.1

101.5 14 11.6 19.8 44 36.4 5.0 74 61.2 1.0 104 86.0

100.4 15 12.4 19.4 45 37.2 4.8 75 62.0 0.9 105 86.8

98.6 16 13.2 17.5 46 38.0 4.8 76 62.8 0.9 106 87.6

97.5 17 14.0 17.0 47 38.8 4.7 77 63.6 0.8 107 88.4

92.6 18 14.9 16.8 48 39.7 4.1 78 64.5 0.8 108 89.3

85.9 19 15.7 16.7 49 40.5 4.1 79 65.3 0.7 109 90.1

84.9 20 16.5 15.2 50 41.3 3.6 80 66.1 0.7 110 90.9

83.2 21 17.4 14.9 51 42.1 3.4 81 66.9 0.7 111 91.7

79.6 22 18.2 14.2 52 43.0 3.4 82 67.8 0.6 112 92.6

76.8 23 19.0 13.2 53 43.8 3.0 83 68.6 0.6 113 93.4

71.5 24 19.8 13.0 54 44.6 2.7 84 69.4 0.6 114 94.2

71.1 25 20.7 12.7 55 45.5 2.7 85 70.2 0.5 115 95.0

67.4 26 21.5 11.7 56 46.3 2.4 86 71.1 0.5 116 95.9

61.6 27 22.3 10.8 57 47.1 2.4 87 71.9 0.4 117 96.7

59.8 28 23.1 10.8 58 47.9 2.2 88 72.7 0.4 118 97.5

58.9 29 24.0 10.4 59 48.8 2.1 89 73.6 0.4 119 98.3

56.4 30 24.8 9.4 60 49.6 2.1 90 74.4 0.3 120 99.2
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Fig. 3. 9: Flow duration curve of Gumara river 

 

Fig. 3. 10: Watershed of specific project 

 

Fig. 3. 11: Contour map of specific project 

 

 

Q =     
m3

sec
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Fig. 3. 12: Path profile of project area  

 

Fig. 3. 13: Specific site 

3.4.4. Biomass Energy Resource Assessment 

The annual Rice production is shown in Table 3.10 and which was taken from Fogera 

Wereda Rice Office. Total average annual Rice production of Fogera Wereda after 20 years 

is 53,3194.36 metric tons per year. If the Rice seed to Rice husk ratio is 75%: 25% 

39,895.77metric tons of Rice seed and 13,298.59 metric ton of rice husk has been produced 

from 53,194.36 metric ton rice green (Rice eshete). 
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Table 3. 10: Bio-mass energy resource assessment 

Year(E.C) Total production in metric.tons 

1990 50660 

1991 47805.6 

1992 60293.6 

1993 61082 

1994 73208.32 

1995 73768 

1996 46744 

1997 80876 

1998 52052 

1999 59114 

2000 54465.2 

2001 82362.4 

2002 62869.2 

2003 43061.2 

2004 34344 

2005 26344 

2006 17460 

2007 52072 

2008 48072 

2009 44072 

2010 46356 

Av. yearly production 53194.36 

 

If 2% of rice husk produced is assumed to be wasted and 8% of rice husk is considered 

useful for compost and other applications and the rest 90% (11,968.731 metric tons) of the 

produced husk is dumped (thrown) without any economic environment. Approximately 

33.246 metric tons of husk (waste) per day is given to environment. But, the Rice husk 

(waste) is intended to be used for generating energy rather than polluting the environment. 
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Fig. 3. 14: Average yearly Rice seed production 

3.5. Mathematical Cost Model of Energy Systems 

This work developed a mathematical model of a system that could deploy the best renewable 

energy options available at any base station located in any part of a country in the world; 

where the term Best represents the integral (total sum) of the minimum economic and 

environmental (health and safety) costs of the considered options. 

The Annualized Cost of a Component. - The annualized cost of a component includes 

annualized capital cost, annualized replacement cost, annual operation and maintenance 

(O&M) cost and emissions cost. Operation cost is calculated hourly on daily basis. 

Annualized Capital Cost. - The annualized capital cost of a system component is equal to 

the total initial capital cost multiplied by the capital recovery factor. Annualized capital cost 

is calculated by using:  

                                     (3.15) 

where, Cacap – is annualized capital cost, CRF (i, Rproj) – is capital recovery factor, i – is 

interest rate, Rproj – is project lifetime, Ccap – is initial capital cost of the component 

Annualized Replacement Cost. - The annualized replacement cost of a system component 

is the annualized value of all the replacement costs occurring throughout the lifetime of the 

project minus the salvage value at the end of the project lifetime. Annualized replacement 

cost, Carep is calculated by using: 
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arep rep repC C f SFF(i,Rcomp) S SFF(i,Rproj)=   −                              (3.16) 

where, Crep – is replacement cost of the component, SFF – is sinking fund factor,  Rcomp 

– is lifetime of the component, S – is salvaged value of the component,  frep – is replacement 

factor, frep, a factor arising because the component lifetime can be different from the project 

lifetime, is given by: 

                            (3.17) 

where Rrep-is replacement cost duration which is given as 

                                                  
porj

rep

R
R Rcomp INT( )

Rcomp
=                                    (3.18) 

where, INT () is the integer function, returning the integer portion of a real value. 

SFF (), the sinking fund factor is a ratio used to calculate the future value of a series 

of equal annual cash flows, is given by 

                                                       
N 1

i
SFF(i, N)

(1 i) −
=

+
                                       (3.19)                                                               

where, N = number of years 

The salvaged value of the component at the end of the project lifetime is proportional to its 

remaining life. Therefore, the salvage value S is given by: 

                                                        rem
rep

comn

R
S C

R
=                                              (3.20)                                                                                               

where Rrem- is remaining life of the component 

The remaining life of the component, Rrem at the end of the project lifetime is given by: 

                                               
Comprem RR (Rproj Rrep)= − −                                     (3.21)                                                                         

Annualized Operating Cost (Caop). - The operating cost is the annualized value of all costs 

and revenues other than initial capital costs and is calculated by using: 

                                          ( )  
365 24

t 1 t 1
Caop Coc(t)

= =
 =
                       (3.22) 

where, Coc(t)- is the cost of operating component. Total cost of component =Economic 

cost+ Environmental cost 

Where, Economic cost=Capital cost+ Replacement cost +O&M cost, Environmental cost 

=Emission cost=0, Annualized cost of a component is calculated using: 

projCRF(i,R rep rep 0
rep

CRF(i,Rrep)

f R 0,R =
=


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Cann = Cacap + Carep + Caop + Cemissions = Cacap + Carep + Caop     (3.23) 

Annualized total cost of a component is calculated using: 

                          
Nc

c 1
Cann, tot,c (Cacap,c Carep,c Caop,c)

=
= + +                                (3.24)                                                         

where, Cann, tot, c – is Annualized capital cost of a component, Caop, c    – is Annualized 

operating cost of a component, Carep, c – is Annualized replacement cost of a component. 

From Equation (3.24), the Economic and Environmental cost model through annualized total 

cost of different configuration of power system were derived as follows: Economic and 

environmental cost model of running Solar power only is calculated as: 

                  
Ns

S 1
Cann, tot,s (Cacap,s Carep,s Caop,s Cemissions)

=
= + + +                   (3.25) 

where Cacap, s is annualized Capital Cost of solar power, Carep, s -is annualized 

replacement cost of solar power, Caop, s-is annualized operating cost of solar power. 

Economic and environmental cost model of running micro-hydropower only is calculated 

as:   

       Cann, tot,mhp (Cacap,mhp Carep,mhp Caop,mhp Cemissions)= + + +              (3.26)   

where, Cacap, mhp- is annualized capital cost of micro hydropower, Carep, mhp -is 

annualized replacement cost of micro hydro power, Caop, mhp-is annualized operating cost 

of micro hydro power. 

Economic and Environmental cost model of running Bio-mass power only is calculated as:   

where, Cacap, bio- is annualized capital cost of biomass hydropower, Carep, bio -is 

annualized replacement cost of biomass power, Caop, bio-is annualized operating cost of 

Biomass power. economic and environmental cost model of running batteries is calculated 

as:  

where, Cacap, b- is annualized capital cost of batteries power, Carep, b -is annualized 

replacement cost of batteries power, Caop, b-is annualized operating cost of batteries power. 

Economic and Environmental cost model of running converter is calculated as:  

Nc

c 1
Cann, tot,c (Cacap,c Carep,c Caop,c Cemissions) (3.29)

=
= + + +               

Nb

b 1
Cann, tot,b (Cacap,b Carep,b Caop,b Cemissions)

=
= + + +                ()

Nbio

bio 1
Cann, tot,bio (Cacap,bio Carep,bio Caop,bio Cemissions) (3.27)

=
= + + +                 



 

54 

 

where, Cacap, c- is annualized capital cost of converter power, Carep, c -is annualized 

replacement cost of converter power, Caop, c-is annualized operating cost of converter 

power. 

Hybridizing the renewable energy generators (PV, Biomass, Micro hydro) results different 

topologies as: 

Economic and environmental cost model of running Solar only + Batteries + Converter is 

calculated as:  

                  
Ns

S 1

Cann, tot,s mhp Bio c b (cacap,s Crep,s Cemission)
=

+ + + + = + +         (3.30)  

                                                     
Nc

c 1

(cacap,c Crep,c Cemission)
=

+ = + +  

                                                     
Nb

b 1

(cacap, b Crep, b Cemissions)
=

+ = + +  

Economic and environmental cost model of running Hybrid (Micro hydro, biomass and 

Solar) +Batteries+ Converter calculated as: 

                                                 Cann, tot,s mhp Bio c b+ + + +                                   (3.31) 

                                             
Ns

S 1

(cacap,s Crep,s Cemission)
=

= + +  

                           
Mhp

M 1
(Cacap,mhp Carep,mhp Caop,mhp Cemissions)

=
+ + + +  

                              
Nbio

bio 1
(Cacap,bio Carep,bio Caop,bio Cemissions)

=
+ = + + +  

                                      
Nb

b 1
(Cacap,b Carep,b Caop,b Cemissions)

=
+ + + +  

                                        
Nc

c 1
(Cacap,c Carep,c Caop,c Cemissions)

=
+ + + +                                                  

The mathematical model derived estimates the life-cycle cost of the system, which is the 

total cost of installing and operating the system over its lifetime. 

3.6. The Energy Optimization Model 

The process of optimization had been of concern for man for many ages. Previously there 

were no defined and scientific rules for optimum conditions. But with the passage of time 

and advancement in science and technology, everything was considered to be based on 

certain reasons or logics. Mathematical calculations involving process of optimization have 

become more famous in recent years. True meaning of optimization is to find the best answer 
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for a particular problem. For example, problems dealing with the cost will require the best 

cost to be as less as possible. On the other hand, problems dealing with profit will see the 

maximum value as the best answer. So ‘Optimum’ is the word which is used to demonstrate 

the meaning of best, and the process of finding the best solution to a particular problem is 

known as the process of optimization. To solve an optimization problem, we require an 

optimization algorithm. An optimization algorithm is the algorithm which is used to define 

an optimized solution for a particular function. Thus, for the stand-alone Micro hydro, solar 

and Bio-mass hybrid system with constraints under study, we have the following 

optimization algorithm. 

Minimize 

            (3.32) 

 

Subject to the constraints 

                                       
mhpi mhpi pvi pvi bioi g

i j m

Load E N E N E V + +                       (3.33) 

                                              
cn cn

n

Maximum power Wattage P N     

where, Cmhpi – is Cost of hydro turbine, Cpvi – is Cost of aPV module, CBm – is Cost of a 

generator, CCn – is Cost of a converter, NPVi – is Number of PV modules, NMhp i – is 

Number of hydro turbines, NBim-is Number of generators, NCn – is Number of converters, 

EPVj – is kWh generated by PV module j, Emhpj – is kWh generated by hydro turbine i, PCn – 

is maximum output power of converter. 

3.7. Load Sharing of the Hybrid Components 

 Due to production costs, Energy optimization model, potential availability and other 

associated advantages Micro hydro power production is preferable to solar power 

production. 

Hybrid Micro hydro, solar, and bio-mass is an efficient system of producing energy 

especially in Benti village. In this thesis work it is considered 50% of the power demand 

which is around 60 kW is to be produced from micro hydro, and 30% of the load demand 

which is around 36 kW is to be produced from solar panels, and the rest 20% of the load 

demand which is around 24 kW is to be produced from Biomass technology illustrated  Fig. 

3.15. 

mhpi mhpi pvi pvi bioi g cn cn

i j m n

Cos t C N C N C N C N= + + +   



 

56 

 

 

Fig. 3. 15: Load sharing among the hybrid components 

The first step in designing a solar PV after analyzing the availability of solar energy resource 

is to find out the total power and energy consumption of all loads that need to be supplied 

by the solar PV system, and the next step is size of the PV modules, because different size 

of PV modules will produce different amount of power to find out sizing of PV module, the 

total peak power to be produced is needed, and this depends on the size of the PV module 

and climate of the site location, and in this selected site the power demand to be produced 

from the solar PV module is around 36 kW (considering 10% of system loss), the last step 

is to decide the number of PV modules, area of the total panels, and to determine the capacity 

of power converters. The power to be generated from the biomass technology is about 24 

kW considering 10% loss, also the power to be generated from the Micro hydro system is 

about 60 kW considering 10% loss. 

Table 3. 11: Shows the five years average daily sunshine hours in each month for the site 

under study. 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2018 9 9.4 8.1 8.9.2 8.6 6.2 4.3 3.4 7.5 7.5 7.8 8.5 

2017 8.9 9.6 8.2 8.9 8.5 6.4 4.5 5.4 6.2 8.7 6.7 8.5 

2016 8 10.2 6.3 7.9 5.8 6.7 4.8 4.6 6.2 8.2 7.5 9.1 

2015 7.9 8.7 7.2 6.1 6.4 6.1 3 2.9 6.2 7.8 7.5 8.1 

2014 9.6 7.9 7.2 8.5 7.9 6.3 3.4 4.6 6.4 6.5 8 7.8 

Daily  

Average 

hrs. (S)  

8.68 9.16 7.4 8.12 7.44 6.34 4 4.18 6.5 7.74 7.5 8.4 

50%

20%

30%

Load sharing 

Micro-hydro

Bio-mass

Solar



 

57 

 

The most common solar energy resource data collected in many of the meteorological 

stations (NMSA) throughout the country is the average daily sunshine hours. The available 

sunshine hour data from the National Meteorological Agency of Ethiopia (Debretabor 

branch) was used to estimate the solar radiation energy of the sites.  

As it is seen on the Table 3.11 the maximum average sunshine hour is occurred during 

November, December, January, February and the minimum average sunshine hour occurred 

during June, July, August and September. 

 

Fig. 3. 16: Average sunshine hours 

3.8.  Sizing of the Hybrid System Components  

3.8.1. PV System Designing 

Solar PV system includes different components that should be selected according to the 

system type, site location and applications. The major components for solar PV system are 

PV module, inverter, and loads (appliances) with off-grid. The first step in designing a solar 

PV system is to find out the total power or energy consumption of all loads that need to be 

supplied by the solar PV system [62]. 

 The total electrical power demand of Benti Village for the year 2030G.c was 120 kW. 30% 

of the total power demand was covered by, (0.3 x 120 kW= 36 kW), solar PV system. 

Assuming the system power loss was 10%, system loss= 36*0.1=3.6 kW. The total power 

generation capacity of the solar PV system is 40 kW. The second step is sizing the solar PV 

system components, the number of PV module, area of total panels, and determining 

capacity of power converter or inverter. To calculate number of parallel strings assumed 
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(system voltage is 12V (Vm), a string with 4 modules (Ns), rated solar power is 325W(Pm) 

module). The following empirical formula can be used [62]. 

Average daily solar radiation= 4 kW/m2/day [62]. 

Step 1: Calculation of radiation 

PSH: Peak solar hours (hours @1 kW/m2 = kW/m2/day) 

Worst month: PSH = 4h/day 

Step 2: Calculation of installed power 

                         2POWER TIME 40kW 4kW / M / Day 160kWh =  =                      (3.34) 

                            pv

Load 160
P kW / day 231.88kWh / day

Efficiency 0.69
= = =                      (3.35) 

                                   peak 2

231.88kWh / day
P 57.97kWp

PSH(4kW / m / day
= =                                 (3.36) 

Step 2: Calculation of string length, from the module voltage, Vm (assume 12V: string with 

4 modules) used higher standard voltage for reducing losses. 

                                                   DC
s

m

V 48
N 4

V 12
= = =                                                  (3.37) 

Step 3: Calculation number of strings (assume 325Wp module) 

                                             
peak

p

m s

P 57.97kW
N

P N 325 4
= =

 
                                           (3.38) 

Step 4:  Calculation total number of modules, 

                                       Total Module =Ns*Np =45*4 =180                                 (3.39) 

Assume a single solar module having 0.4m2 cross sectional area, the total area required for 

solar panel is can be calculated as follows [62]. 

                                             Ap=N*Am =180*0.4m2=72m2                                  (3.40) 

3.8.1.1. Sizing of the Inverter 

The size of the inverter is determined by the AC load and consideration for surge power. 

Inverter size should be 25-30% bigger than the total watts of the loads. Maximum AC load 

is 40 kW, inverter constant is 1.25. Therefore, Inverter rating is AC x 1.25 = 40 kW*1.25 = 

50 kW. Available inverter size was 100, 150, 200, 250kW. The chosen converter size for 

this thesis was a capacity of 100kW and the full load efficiency were greater than 90% [10]. 
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3.8.1.2. PV Subsystem Model 

The equivalent circuit for the solar module arranged in NP parallel and NS series is shown 

in Fig. 3.17. 

 

Fig. 3. 17 : Circuit model of a generalized PV array [9] 

The terminal equation for the current and voltage of the array becomes expressed in Equation 

(3.20) as stated in [46], [47], and [48]. 

                  s P
PH p S c s sh

s p S

IR N VV
I NpI N I [exp[q[ ] / KT a 1] IR / R

N N N
−= + − − +               (3.41) 

where: IPH is a light generated current or photocurrent, IS the cell saturation of dark 

current, q (= 1.6 ×10-19C) is an electron charge, K (= 1.38 ×10-23J/K) is a Boltzmann’s 

constant, TC is the cell’s working temperature, a is an ideal factor, RSH is a shunt 

resistance, and RS is a series resistance. The photocurrent mainly depends on the solar 

insolation and cell’s working temperature, which is described as: 

                                                  PH sc I C RefI (I k (T T ))= + −                                      (3.42) 

Where: ISC is the modules short-circuit current at a 25°C (TRef) and 1kW/m2, KI is the cells 

short-circuit current temperature coefficient, TRef  is the cell’s reference temperature, and λ 

is the solar insolation in kW/m2. 

                                                        c air

NoCT 20
T T s

80

−
= +                                      (3.43) 

S = insolation in mW/cm2. (With Tair = 20.1oC, NOCT = 47oC and S =80 mW/cm2), Tc 

is calculated as 47.1oC. S = insolation in MW/cm2. (With Tair = 20.1oC, NOCT = 47.9oC and 
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S =80 mW/cm2), Tc is calculated as 49.1oC. In order to know the values of Np and Ns, the 

solar module has been selected. For a typical module cell, RS = 0.05 to 0.10 ohm and RSH = 

200 to 300 ohms [48]. Therefore, for this study the average value of each, that is, RS = 0.075 

and RSH = 250 is used. 

The MATLAB Simulink model of PV system is shown in Fig. 3. 18 

 

Fig. 3. 18: Model of PV system 

On the other hand, the cell’s saturation current varies with the cell temperature, which is 

described as [50]: 

                                               
3C

s RS g a

Ref Ref c

T 1 1
I I ( ) exp[qE ( ) / k ]

T T T
= −                          (3.44) 

Where: IRS is the cell’s reverse saturation current at a reference temperature and a solar 

radiation and Eg is the band gap energy (an energy range in a solid where no electron states 

can exist and itis equal to 1.11 for Silicon semiconductor [48]) of the semiconductor used in 

the cell. The ideal factor a is dependent on PV technology and 1.3 is used for multi crystal 

solar module in this study from [48]. The MATLAB Simulink model of saturation current 

subsystem is shown in Fig. 3. 19  
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Fig. 3. 19: Expanded view of saturation current subsystem 

Given the PV open-circuit voltage, VOC, at reference temperature and ignoring the shunt 

leakage current, the reverse saturation current at reference temperature can be approximately 

obtained as [48] 

                                          sc
RS sc

oc ska Ref

I
I I / [exp( ) 1]

qV / N T
= −                                   (3.45) 

 

Fig. 3. 20: Expanded view of reverse saturation current mode 

The detail of the array subsystem model in the Simulink is given in the Fig.3.21 
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Fig. 3. 21: Expanded view of the array subsystem 

For easy simulation, the solar radiation intensity for a sample day is assumed to be of a 

Gaussian function which is defined as [48]: 

                                             
2

c
max 2

(t t )
(t) Exp[ )]

2

−
 =  −


                                            (3.46) 

where: λmax is the maximal radiation intensity at a given time, tc is the center time, and σ is 

the standard deviation of Gaussian function. Fig. 3.22 shows a plot of the Gaussian function 

for the solar radiation intensity of a sample day for different months generated from the 

given monthly average radiation data (in kWh/m2/d) inputs by HOMER. As the figure 

clearly shows, the maximum average value of the Gaussian function is 0.8. Hence, with the 

conditions: λmax = 0.8 kW/m2, tc = 12, and σ = 2. A MATLAB/ Simulink model has been 

developed for simulation as indicated in Fig. 3.24. The output from this model is also 

indicated in Fig. 3.22 and it is the same as HOMER estimates. 
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Fig. 3. 22: Scaled data solar insulation’s in kW/m2 in HOMER 

 

 

Fig. 3. 23: Expanded view of insolation subsystem model 
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Fig. 3. 24: Insolation input signal generated by the model indicated in Fig. 3.24 (the reader 

is advised to see the similarity of this and the one indicated in Fig. 3.22) 

3.8.2. Micro-Hydro System Designing and Sizing 

The total electrical power demand of Benti Village for the year 2030 G.c was calculated as 

120 kW. In designing the hybrid power system 50% (60 kW) of the power demand of the 

village was assumed to be covered by Micro-hydropower system. Assume 10% system loss, 

60*0.1=6 kW, Generator capacity = 60+6= 66 kW. It was advisable to take 66 kW. The 

generating capacity of the Micro-hydro can obtain from equation shown below. Designed 

parameters were indicated as per hydrological data. H=14 m, assumed 10% head loss, 

h=0.1*14=12.6 m (The rate is given from hydrological data) designed flow rate =0.9 m3/s, 

Efficiency of small turbine = 0.6 [10]. 

                                                                 (3.47) 

 

 Fig. 3. 25: Micro-hydro structure  

 

0.6*9.81*0.9*12.6=66.74KWP gQh= =
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1. Weir: - Generally a weir with the crest at a lower level and with some controlling devices 

is preferred to weirs with high crest level. The reason is that the latter causes excessive afflux 

when the river is in floods. It’s another advantage is that when flood comes, controlling 

device lower the gates and makes extra space available to discharge the flood quickly.  

The Top Width of Weir Wall 

Bligh’s formula can be used to approximately estimate the top and bottom width of a broad 

crest weir. However, the dimension values obtained by using the formula should be checked 

structurally. 

                                                   Top width T in m, eH
T

1
=

 −
                                      (3.48) 

Where T is top width of weir wall, He is head of water over the weir wall at the minimum 

flood,  is specific gravity of floor material (2.35 for cyclopean concrete, 2.3 for masonry 

and 2.4 for reinforced concrete). First calculate as what will be the head over the weir when 

low flood discharge is passing. 

                                                             
3\2q 1.7H=                                                    (3.49) 

where q is the discharge intensity in meter cube per second per meter = 
L

Q
  ,Q = minimum 

discharge in 
3m

s
=2.139, L= length of weirs = 92m. 

                                            

3

2

M
2.139

mSq 0.02325
92m s

= =                                         (3.50) 

3\2q 1.7H=  0.02325= 2/30.03592
H ( ) 0.057m

1.7
= =  

Now calculating the top width of the weir 

H 0.057
T ' 0.048m

1 2.4 1
= = =

 − −
 

2. Canal Sizing 

Step 1: calculating the velocity 

                                                              1/6Qf 2
V ( )

140
=                                                 (3.51) 
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where Qin 
3m

s
=

3m
0.9

s
, V is in m/s, f is silt factor is given by, mmd average particle size in 

mm, for Benti site the types of soil is sandy, so the average grain size in mm  mmd is 0.51mm 

                                       mmf 1.76 d 1.76 0.51 1.257mm= = =                             (3.52) 

22 1/6
1/6Qf (0.9 1.257 )

V ( ) 0.465m / s
140 140


= = =  

Step 2: Area of canal section 

                                                
3

2Q 0.9m
A 1.93m

V 0.465m / s
= = =                                     (3.53) 

Step 3: The hydraulic mean depth (R), 

                                              
2 25 v 5 0.465

R 0.43m
2 f 2 1.257

= =  =                                    (3.54) 

Step 4: Computing the wetted perimeter (P) 

                                             P 4.75 Q 4.75 0.9 4.5m= = =                                    (3.55) 

Step 5: Knowing the above values, the canal section is known and finally the bed slope S is 

determined by the equation. 

where, f is the silt factor, Q is the discharge in
3m

s
 

                                                              
5/3

1/6

f
S

3340Q
=                                                (3.56) 

               
5/3

1/6

1.257 1
S

3340Q 3006
= =                                          

So, the bed slope is 1 in 3006 

3. Sizing of Penstock 

Step 1: Steel penstock diameter is calculated as follows 
0.5

pD 0.72Q=  where Q is flow rate 

3m

s
. 
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0.5

pD 0.72Q 0.80= =                                          (3.57) 

30.9m
Q

s
=  

Step 2: Determining the length of penstock, assuming there is only head loss due to friction 

in penstock (applying the manning formula). 

where n is manning coefficient = 0.012. In this thesis work the head loss is assumed = 

0.1(10%) x 14m= 1.4m. 

                     (3.58)   

2 2

p1.4 [10.29 0.012 0.9 / 0.80] L=     

pL 154m=  

3.8.2.1.  Turbine and Generator Selection 

A turbine converts energy in the form of falling water in a rotating shaft power. The selection 

of best turbine for a particular micro hydro site depends on the site characteristics, the 

dominant factor is the head available and the power required. Selection also depends on the 

speed at which it is desired to run the generator or other devices loading the generator. 

According to the available data propeller turbine was selected from Table (2.3) and (2.5). 

Propeller turbines are axial-flow reaction turbine, generally used for low heads (usually 

under 16 m). Three phase synchronous generator was used. 

3.8.2.2. Hydro Power Subsystem Model 

To determine the hydropower output of a particular site requires two key parameters. These 

are the stream flow rate and head or vertical distance that the water drops. And also, the 

magnitude of the hydropower delivered depends mainly on the flow rate and head. The 

theoretical power output is expressed in the following Equation (3.39). 

                                                             theop YQhg=                                                  (3.59) 

where, Y=ρg, Ptheo=theoretical power(W), ρ=density of water (kg/m3), Q=flow rate (m3/s) 

and hg = gross head (m). 

Effective Head (hef) 

When water flows from the upper elevation to the lower one through medium channels and 

pipes, there is loss of energy as fractional drag and turbulence. As a result, the gross head 

2 2 5.333

pHead loss [10.29n 2Q / D p] L = 
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(hg) will be higher than the net head or effective head (hef) and the effective Head (hef) is the 

difference between the gross head (hg) and the head loss (hloss). 

                                                             ef g lossh h h= −                                                 (3.60) 

3.8.2.3.  Modelling of Controller 

The error in speed is fed as input to the controller and PID controller attempts to reduce the 

difference between the actual speed and the reference speed by adjusting the constants of 

the controller. The name derives from three functions involved in calculating the corrections 

and is accordingly sometimes called three term control: P stands for proportional; I stand for 

integrator and D stands for derivative [49] controls. These values can be interpreted in terms 

of time: P depends on the present error, I on the accumulation of past errors, and D is a 

prediction of future errors, based on current rate of change. The output signal of the PID 

controller can be written in terms of the error signal. 

                                             
d (t)

(t) kpe(t) ki e(t)dt kd
dt


 = + +                              (3.61) 

Taking Laplace transform on both sides 

                                               
E(s)

(s) kpE(t) ki kdsE(s)
S

 = + +                               (3.62) 

The transfer function of the PID controller is 

                                                      ds

E(s) ki
C(s) kp k

q(s) s
= = + +                                  (3.63) 

Here, ɵ(𝑠) 𝑖𝑠 the output of the PID controller represents position signal 

 

Fig. 3. 26: Simulink model of a controller 

3.8.2.4.  Modelling of Electro Hydro Servo System 

In the model of hydro turbine governor servo motor is used to control the gate valve 

according to the signal of the controller. The controller nullifies the error in speed signal by  
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sending a signal to the servo motor to control the valve. The torque of the motor is the 

function of speed and error signal. 

                                                               mT f ( ,e)=                                                  (3.64) 

                                                          m eT K (t) f (t)= −                                             (3.65) 

where  

                                                      
dTm

K and
de

=
dTm

f
d

=


                                      (3.66) 

We know the mechanical relations for the motor is, 

                                                              
'' '

mT J Be=  +                                              (3.67) 

where, J and B are friction coefficient and moment of inertia respectively. From Equations 

(3.61) and (3.63) above 

                                                      
, '' '

eK (t) f (t) J Be−  =  +                                     (3.68) 

Taking Laplace transformation on both sides, we have 

                                      
2

as

e(s) k k k

E(s) Js (B f )s s(Js B f ) s(t 1)
= = =

+ + + + +
             (3.69) 

where 
k

ka and
B f

=
+

a

J
t

B F
=

+
are gain and time constant respectively. 

A servo motor controls the gate opening position according to change in speed at shaft of 

the generator to maintain the constant speed/frequency [50]. Here, the change in speed of 

the generator acts as the control signal [51]. Equation (3.65) is the required transfer function 

to develop the complete block diagram of the hydro-electric servo system (Fig. 3.27). 

 

Fig. 3. 27: Model of hydro-electric servo system 
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3.8.2.5.  Modelling of Hydraulic Turbine 

This section deals with the equations describing variation in flow and developed mechanical 

power with respect to the turbine speed, gate opening, and runner blade movement of hydro 

turbine. The output power of turbine is reduced due to fall of pressure across the turbine. As 

the developed power in the turbine varies with the flow rate, so the system operates or gains 

the steady state when the flow through the penstock gets constant. The equations related to 

the transient performance of the hydraulic turbines are based on the following assumptions 

[51]. 

➢ The hydraulic turbine`s blade is considered as smooth i.e. its frictional resistance is 

neglected. The water hammer on penstock is neglected. 

➢ The fluid is considered as incompressible. 

➢ The velocity of water in penstock varies directly with gate opening. 

➢ The developed output power of turbine is proportional to the product of head and 

velocity of flow. 

Equation (3.66) and (3.67) represents the flow rate and the developed mechanical power at 

the shaft respectively in terms gate opening of the system and the net head [51]. 

                                                               Q G H=                                                    (3.70) 

where Q is flow rate in m3/sec, G is gate opening in rad, H is net head in meter. The 

developed power, Pm in turbine can be written as 

                                                        m t nlP A H(Q Q= −                                               (3.71) 

where tA  turbine gain, t nl

f 1 nl

1
A Q

g g
=

−
is the no load flow rate gfl and gnl are the full load 

and no-load gate opening. Equation (3.61) is modified to describe the motion of the water 

in penstock by Equation (3.67). 

                                                       U KuG H=                                                    (3.72) 

where, U is the velocity of the water in penstock and K is proportional constant. Once the 

velocity of the water in penstock is determined, the relation of flow rate, head could be 

established in Equations (3.68) and (3.69). 

                                                                  Q Au=                                                      (3.73) 

The acceleration of the fluid in the penstock is described by Equation (3.69) [50]. 
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g

o

adu
(H H )

dt L
= −                                             (3.74) 

where, α is the acceleration due gravity, L is the length of penstock. The mechanical power 

output is given by 

                                                             m LP p P= −                                                  (3.75) 

where, PL is the fixed power loss in turbine due to friction. 

                                                              
L NLp U H=                                                   (3.76) 

where, UNL stands for no load speed. The hydraulic characteristics and mechanical power 

output of the turbine is modelled here. The nonlinear characteristics of hydraulic turbine are 

neglected in this model. The complete hydro turbine model is shown in Fig. 3.28. The 

actuator’s (hydro-electric servo motor) output is the gate opening and it controls the valve 

to maintain a uniform speed by regulating the rate of water flow. The transfer function 

represented by Equation relates the flow rate Q and net head H. Here (H-HO) is entered as 

an input and the flow rate is the output signal of the transfer function. HO has been assumed 

a static head with reference value of 1pu. 

 

Fig. 3. 28: MATLAB/Simulink model of hydro turbine 

3.8.2.6.  MATLAB/Simulink Model of Hydro Turbine Governor 

Hydro turbine governor is a major part of hydro power plant. It is basically used for two 

purposes firstly; it develops mechanical power at the shaft of the generator which is fed to 

the generator for production of electricity. And secondly, it controls the variation of speed 

of the generator such that the generated frequency remains constant. The PID controller, 

hydroelectric servo system and hydraulic turbine are the main components of the hydro 

turbine governor. The mathematical modeling and block formation have been done in the 

previous section of this chapter. These block model of components are connected in such a 
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manner that the generated frequency remains constant. The block diagram of hydro turbine 

governor is shown in Fig. 3. 29. Its first element is the PID controller. The error in speed 

and deviation of power is entire dainty to the controller, which generate the position signal 

at the input of the hydro-electric servo motor. Further the servo motor response by 

controlling the valve according to input signal to the servo mechanism. The valve is used to 

control the flow rate such that the generated frequency of the system remains constant. 

 

Fig. 3. 29: MATLAB/Simulink model of hydro turbine governor 

The mathematical model of a synchronous machine uses Park’s equations for the electrical 

dynamics [52]. Equations (3.72) to (3.76) are here used to model the electrical dynamic soft 

 the synchronous generator [54]. 
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= − + −                                  (3.77) 
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''

q'' ' '' ' ''

d q q q q

dE
T qo E E (X X )I

dt
= − + −                                  (3.82) 

On the basis of these generalized equations, the synchronous machine model is simulated in 

MATLAB/Simulink.  
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Fig. 3. 30: MATLAB/Simulink model of a hydro power 

This model is available as a single block (Fig. 3.30) with various terminals in 

MATLAB/Simulink library. The model takes into account the dynamics of the stator, field, 

and damper windings. The individual sub-models like hydro turbine governor, synchronous 

generator, excitation system and 3-phase RLC load are now connected together to form the 

complete block diagram of micro hydro power plant. 

3.8.3. Bio-Mass System Designing and Sizing 

The total Electrical power demand of Benti Village for the year 2030 G.C was calculated as 

120KW. In designing the hybrid power system 20% (24 kW) of the power demand of the 

village was assumed to be covered by Bio-mass power system. 10% of system loss which 

was 24*0.1=2.4 kW, Generator capacity = 24+2.4= 26.4 kW. Approximately 27 kW. The 

electrical power generating capacity of the available Rice husk in Benti Wereda was 

estimated by the following empirical formula [10]. 

   Biomass

(metric Tons)
Efficiency Annual rice husk usge 1000kgs

year
p

2.5kgs husk / kwh operation hour per day opertion days per year

 
    

=
         

         (3.83) 
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 The total Rice husk production of Fogera Wereda is 11,968.731 MT/year. Assumed 

gasification efficiency is 25% [56] and 10% of annual rice husk production, 16 working 

hours per day, 275 days per year and 2.5 kgs of husk is needed in an hour to produce 1 kW 

of power [1 Metric tons = 1000kgs]. So, the power generated from Bio-mass is calculated 

using the following empirical equation.    

                  Biomass

T
10% 11,968.731 1000kgs

y
p 27.2kW

2.5kgs husk / kWh 16 275

  

= =
  

                      

3.8.3.1. Gasification Parameters 

Knoef et al., (2005) describe gasification parameters, which are the basic and relevant 

parameters regarding biomass gasification operation, performance, and biomass gasification 

design. 

3.8.3.2. Gas Flow Rate and Gas Production 

The power output from the gasification process based on each individual agricultural 

feedstock is then obtained as: The gasifier’s required power output, P (kW), is an important 

input parameter in which the designer makes a preliminary estimation of the amount of fuel 

to be fed into the gasifier and the amount of gasifying medium [56]. The volume flow rate 

of the product gas Vg (Nm3/s) from its desired lower heating value LHVg (MJ/Nm3) is found 

by  

                                           
3

g

g

P
Gas flow rate (V ) Nm / s

LHV
   =                                   (3.84) 

The composition may be predicted by the equilibrium calculations, or by sophisticated 

kinetic modelling of the gasifier. The average lower heating value of rice husk varied 

between 4 and 6 MJ/Nm3 [21], in here 5 MJ/Nm3 was chosen. The total MWh energy 

demand of Benti was estimated as 1015.3 MWh, but 20% of this demand was assumed to 

generate from Bio-mass and considered 10% system loss. Total MWh capacity of Bio-mass 

system was = 1015.3*0.2+0.1*203.06 = 223.4 MWh. 

                 3 3

g) 3

223.4MWh
Gas flow rate (V 44.67NM / h 0.012 NM / s

5MJ / NM
   = = =              (3.85) 

3.8.3.3. Fuel Feed Rate 

To find the biomass feed rate Mf, the required power output is divided by the LHV of the 

biomass (LHVg) and by the gasifier efficiency, ηgef. To find the biomass (rice husk) feed 
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rate, Mf, the required power output (kW) is divided by the lower heating value of the biomass 

coffee husk (LHV) and by the gasifier efficiency, (ηg =0.25). 

                                                  f

27
M 21.6kg / h

5 0.25
= =


                                      (3.86) 

Flow rate of gasifiying medium has a major influence on yield and composition of the 

product gas. For an air-blown gasifier operating, the amount of air required, Ma, for 

gasification of unit mass of biomass is found by multiplying it by another parameter ER 

[56]. 

                                                             a thM M ER=                                                (3.87) 

Here, ER is the equivalence ratio. For a fuel feed rate of Mf, the air requirement of the 

gasifier, Mfa, is given by 

                                                       fa th fM M ER M=                                            (3.88) 

                                                           faM Vg g=                                                  (3.89) 

pg is the density of the medium at the gasifier’s operating temperature and pressure. For a 

biomass gasifier, 0.25 may be taken as a first-guess value for the equivalence ratio, ER. The 

volume of gas at the operating temperature and pressure, Vg, is estimated from the mass of 

air (or other medium), Mfa, required for gasification as well as for fluidization. Thus, Vg is 

necessarily the gas passing through the grate and the bed. Take gas density of air 1.225kg/m3. 

                                        
fa g gM V 0.012 1.225 14g / s=  =  =                              (3.90) 

3.8.3.4. Equivalence Ratio, φ 

The equivalence ratio is an important gasifier design parameter. It is the ratio of the actual 

air–fuel ratio to the stoichiometric air–fuel ratio. This term is generally used for air-deficient 

situations, such as those found in a gasifier [56]. 

              
Actual air (A / F)

(1) Gasification (1) combustion
Stoichiometric air (A / F)s

 
   = =   

 
    (3.91) 

Where, the equivalence ratio φ, dictates the performance of the gasifier. For example, 

pyrolysis takes place in the absence of air and hence the φ is zero; for gasification of biomass, 

it lies between 0.2 and 0.3. In this research thesis the average which is 0.25 was taken. 
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3.8.3.5. Fluidization Velocity 

The range of fluidizing velocity, Ug, in a bubbling bed depends on the mean particle size of 

the bed materials. The range should be within the minimum fluidization and terminal 

velocities of the mean bed particles. The particle size may be within group B or group D of 

Geladart’s powder classification (Basu, 2006). The fluidization velocity for silica sand of 

about 1mm mean diameter is between 1.0 and 2.0 m/s. The range of fluidizing velocity, Ug, 

in a bubbling bed depends on the mean particle size of the bed materials. The particle size 

is be within group B or group D of Geladart’s powder classification (Basu, 2006. The typical 

fluidization velocity for 0.67mm mean diameter is varying between 0.5 and 1.0 m/s. In this 

thesis Ug was taken as 0.5 m/s.  

3.8.3.6. Cross-Sectional Area 

The inside cross-sectional area of the fluidized-bed gasifier, Ab, is found by dividing the 

volumetric flow rate of the product gas flow, Vg, by the chosen superficial gas or fluidization 

velocity through it, Ug, at the operating temperature and pressure. The volume of gas at the 

operating temperature and pressure, Vg, is estimated from the mass of air (or other medium), 

Mfa, required for gasification as well as for fluidization [56] [57]. Thus, Vg is necessarily the 

gas passing through the grate and the bed. 

                                                  
g

b

g

V 0.012
A 0.024

U 0.5
= = =                                          (3.92) 

The volume of gas at the operating temperature and pressure, Vg, is estimated from the mass 

of air (or other medium), Mfa, required for gasification as well as for fluidization. Thus, Vg 

is necessarily the gas passing through the grate and the bed. 

3.8.3.7. Gasifier Height 

1. Fluidized-Bed Height: - The bed height (or depth) of a bubbling fluidized-bed gasifier 

is an important design parameter. Gas–solid gasification reactions are slower than 

combustion reactions, so a bubbling bed gasifier is necessarily deeper than a bubbling-bed 

combustor, which is typically 1.0- to 1.5-m deep for units larger than 1 m in diameter. 

2. Freeboard Height: - The empty space above the bed, the freeboard, allows entrained 

particles to drop back into it. A bubbling, turbulent bed must have such a freeboard section 

to help avoid excessive loss of bed materials through entrainment and to provide room for 

conversion of finer entrained char particles. The total height of the gasifier is made up of the 
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height of the fluidized bed and that of the freeboard above it. Total gasifier height = bubbling 

bed height (depth) + freeboard height = 2.1m. 

3.8.3.8. Gas Production Rate 

The gas flow rate (m3/s) can be calculated from the primary air flow if the Nitrogen content 

in the producer gas is known. The gas flow rate can be measured by orifice plates, venturis, 

pilot tubes or rota meters placed in the gas flow [Knoef et al., 2005]. Specific gas production 

rate is the volumetric flow rate of gas per unit area based on the reactor diameter. The gas 

volume is measured at normal conditions (1 atm, 0oC). 

                

3.76
Air flow rate ( )

4.76Gas production rate
Nitrogen mole fraction of dry producer gas

   

  =
      

           (3.93) 
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CHAPTER 4 

4. RESULT AND DISCUSSIONS 

4.1. Introduction 

The power generated from the hybrid components, and the fuzzy logic controller are 

simulated and discussed in the section below. First the solar power system model is modeled 

and simulated to give an output of around 40kW, according to the designed system model, 

and next single micro hydro system model. Finally, the intelligent fuzzy logic controller is 

designed and simulated.  

4.2. Solar Power Generation System 

The power to be generated from the solar panels is around 40kW, and in order to achieve 

this a solar panel with short circuit current of 8.6A and an open circuit voltage of 45.74V is 

selected by considering the solar data radiation of the selected site, and from these technical 

specifications of the proposed solar panels a string of 4 arrays each containing 45 solar cells 

connected in series is Required to generate a power of around 40kW. Since the village 

doesn’t have a large flat area because geographically it is up and down to install the solar 

panels. The panels are to be installed at different places of the village. Due to this the solar 

panels will not get the same solar radiation. To consider this effect some of the solar panels 

are allowed to receive a solar radiation of 1000 kWh/m2/day, some to get a solar radiation 

of 800 kWh/m2/day, and some of the solar panels are allowed to receive a solar radiation of 

600 kWh/m2/day. 

4.2.1. Solar Panel Simulation Results 

The MATLAB simulation power generated from the proposed solar array is around 40 kW, 

and this is shown in the current versus voltage curve and also in the power versus voltage 

curve as shown in Fig. 4.1 
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Fig. 4. 1: Simulink realization of the solar panels 

 

Fig. 4. 2 I-V and P-V characteristics curve of the solar generated power 
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4.3. Micro hydro Power Generation System 

The modelling of micro hydro power plant is done in this thesis by using MALAB/Simulink. 

Introduction of micro hydro power plant reduces a lot of burden without any adverse effect 

on environment while meeting the localized power requirement. The simulation results show 

that with proper choice of governing system for micro hydro power plant leads to proper 

load sharing, constant voltage output and constant speed with variation of load values. This 

leads to an economical operation of the system. 

 

Fig. 4. 3 Synchronous Generator Speed Characteristics   

The under damped rotor speed characteristic of hydro (synchronous) generator is shown in 

Fig. 4.3. From the characteristics, it is observed that the transient time is 40s. After a few 

seconds its speed reaches steady state at synchronous speed. With sudden application of 

mechanical torque input to the shaft of alternator, the load angle settles to a steady state 

value after few oscillations owing to system damping following the swing equation and 

power angle characteristics. Moreover, the governor setting kp= 0.613 ki= 0.104 and kd= 

.0002 chosen by trial and error method helps to keep the speed near synchronous speed. 
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Fig. 4. 4 Three phase current characteristics of a hydro power plant 

Fig.4.4 shows the stator current characteristics of the generator. When the load is changed, 

due to the presence of the transient and sub-transient reactance, envelop of three phase 

current shows under damped response at initial stage. After that it gains the steady state 

characteristics. It is observed from the plot that the transient period is 15s for three phase 

stators current. 
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 Fig. 4. 5 Source active and reactive powers characteristics  

Active power characteristics (Fig 4.5) of synchronous generator, which shows a steady state 

value of 0.6 pu is nothing but the actual load connected to the plant. It is observed that the 

steady state is obtained around 27 sec. To reach the stable operating point on power - angle 

characteristics, few oscillations around this point occurs. This leads to initial overshoots and 

undershoots of the power characteristics. 

 

Fig. 4. 6 Load active and reactive powers characteristics  
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 Fig 4.6 shows that the reactive power characteristics complete its transient period in a few 

seconds and steady state value achieved is obtained which matches the actual reactive load 

connected. 

4.4. Proposed Model Using Fuzzy Logic Controller for the Hybrid System   

4.4.1. Modelling of Fuzzy Logic Controller for the Hybrid System  

Generation of electrical energy is complex, costly, need resource, requires experts and it is 

also time taking. But generating of electrical energy by itself is not enough rather the 

generated electrical power has to be used efficiently and economically. In this thesis the FLC 

was used to control the generated power from hybrid systems to electrify Benti village. 

The proposed hybrid system consists solar, micro-hydro and Biomass renewable energies. 

The capacity of electric generation in hybrid system is to satisfy the power demand. Fuzzy 

logic controller is used to control the power efficiently and to serve the power demand of 

the costumer. The controller looks first at the load and switches the appropriate sources to 

meet the demand from the costumer side. Comprehensive controller is essential to efficiently 

manage the energy balance between the total generation and the total demand. The important 

requirements of the standalone hybrid system are the availability of renewable energy 

resources. 

4.4.2. Fuzzy Logic Controller Algorithm 

Fuzzy logic controller is an intelligent tool to manage the integrated energy sources in such 

a way that it meets the load requirement under varying load conditions. The procedures in 

making the controller designs are setting the constraints, assigning the linguistic variables 

and setting the rules for the controller. In this thesis work the fuzzy logic controller has four 

inputs and one output. The input linguistic variables of FLC are Solar power (Sp), Micro-

hydro power (Mhp), Biomass power (Bp) and Power demand (PD) and the single Output 

linguistic variable is out power (Po). Each input linguistic variable has three linguistic values 

called Low, Medium and Large and the output linguistic variable has Mhp only, Mhp+Sp, 

Mhp+Bp, Mhp+Sp+Bp linguistic values. Triangular membership function for Justification, 

Mamdani inference system for rule processing and center of gravity for De-fuzzy analysis 

and process by fuzzy logic is used. A typical fuzzy system consists of a membership 

functions, rule base, inference procedure and rule viewer which were explained in the 

following sections. After giving membership function for each input output linguistic values 

and generating the possible operational rules then the next step is to evaluate the rules of the 
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controller for the input values if the output is appropriate or not. To see the overall 

performance the hybrid system, components are assumed to produce random signal. 

A)  Fuzzy Interface Model  

 

Fig. 4. 7: Fuzzy interface model 

B) Membership Function of Power Demand (PD)  

The power demand (PD) is one of the input linguistic variables having three linguistic 

values, Low (0 22.5 45), Medium (30 60 90) and Large (60 90 120). 

 

Fig. 4. 8: Membership function of power demand 
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C) Membership Function of Micro-Hydropower (Mhp) 

Micro-hydropower is the second input linguistic variables having three linguistic values, 

Low (0 13.5 27.5), Medium (18.3 32.08 45.83), Large (36.6 51.3 66). 

 

Fig. 4. 9: Membership function of micro-hydro power 

D) Membership Function of Solar Power (SP)   

Solar power is the third input linguistic variables having three linguistic values, Low (0 6.66 

13.33), Medium (6.66 16.67 26.67), Large (20 28 40). 

 

Fig. 4. 10: Membership function of solar power 
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E) Membership Function of Biomass Power (BP)  

Biomass power is the fourth input linguistic variables having three linguistic values, Low (0 

5 9.99), Medium (5 12.5 20), Large (15 21 27). 

 

Fig. 4. 11: Membership function of Biomass power (BP) 

F) Membership Function of Output Power (Po)  

Output power is the only output linguistic variables having three linguistic values, Mhp-only 

(0 18.75 37.5), Mhp+Sp (30 45 60), Mhp+Bp (45 67.5 90), Mhp+Sp+Bp (75 97.5 120). 

 

Fig. 4. 12: Membership function of output power (Po) 
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G) Real Time Modeling of Fuzzy Logic Rules  

Here is the model of fuzzy logic controller having four inputs and one output. In control box, 

a set of rules have been written. The system was operated in accordance to the rules set. 

 

Fig. 4. 13: Real time modeling of fuzzy logic rules 

In MATLAB there is an opportunity to view if the system is operating in accordance the 

written rules, and below a typical example is given by deliberately making all the three 

renewable energy resources, namely solar power, Micro hydro power, and biomass 

according ,the decision is to supply the demand power which is around 60 kW and the 

output power is also 60.2 kW, which shows the fuzzy rule is correctly working for this 

typical case. The rules are evaluated through the Fig. 4.14. 
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Fig. 4. 14: Rule evaluating one 

 

Fig. 4. 15: Rule evaluating two 
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After modeling fuzzy logic controller, it is possible to evaluate the rules that has been written 

in rule editor using the rule viewer. Accordingly, for example for the PD 70 kW, the 

appropriate output power of the controller Po was 70.2 kW [Fig. 4.15]. This indicates the 

controller helps to use the available resources appropriately for the available power demand. 

4.4.3. Overall Fuzzy Logic Controller System  

The solar power, micro-hydro power, biomass power and power demand are the input 

parameters of the controller. Pd, Mhp, Sp and Bp indicates the demand power from the 

customer side, power from micro-hydro, power from solar system and power from biomass 

power respectively. The power coming from each component power sources is assumed to 

be Gaussian random signal generator. The multiport conditional switch will take an action 

according to the rules written in fuzzy logic controller.  

 

Fig. 4. 16: Overall hybrid system 

Because of the intermittent nature of renewable energy resources, all these input sources will 

vary from time to time, and in order to check if the controller notices this variation, and 

making a correct final decision to the multiport switch, a Gaussian random number generator 

is selected as an input for all these five variables (demand power, micro hydro power, solar 

power, and biomass power), and different cases are taken to check the functionality of this 

intelligent controller, which are given below. 
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4.4.4. Case Studies 

To evaluate the designed fuzzy logic controller, it was possible to think different operating 

conditions, such as if the sun shine is low ,flow rate is high and Rice husk is Medium and 

other conditions But in this case random numbers were given to the controller to evaluate 

the controller whether it works or not. The scopes show the of the output power. This means 

the output power which will supply the demand power can vary from 0-120kW, 

4.4.4.1. Case Study One 

If the demand power PD is 100 kW, Mhp is 60 kW, Sp is 20 kW, and Bp is 20 kW then the 

output power of fuzzy logic controller is indicated in Fig. 4.17.  

 

Fig. 4. 17: Simulation result of fuzzy logic controller case one 

The controller is helps to use the power efficiently and to serve the power demand of 

customer. That means the power demand needed about 100kW. The available resource’s 

that is MhP=60kW, Sp=20kW, and Bp=20kW and the output power is 100kW that meet the 

power demand illustrated in Fig. 4.17  

4.4.4.2. Case Study Two 

If for example the demand power PD is 40 kW, Mhp = 25 kW, Sp = 15 kW, and Bp = 0 kW, 

then the output power of fuzzy logic controller will be indicated as in the Fig. 4.18below. 



 

91 

 

 

Fig. 4. 18: Simulation result of fuzzy logic controller case two 

4.4.4.3. Case Study Three 

If for example the demand power PD is 80 kW, Mhp = 55 kW, Sp = 10 kW and Bp = 15kW, 

then the output power of Fuzzy Logic Controller will be indicated as in the Fig 4.19 bellow. 

 

Fig. 4. 19: Simulation result of fuzzy logic controller case three 
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4.4.4.4. Case Study Four 

If for example the demand power PD is 60 kW, Mhp = 25 kW, Sp = 30 kW and Bp = 5kW, 

then the output power of fuzzy logic controller will be indicated as in the Fig 4.20 bellow. 

 

Fig. 4. 20: Simulation result of fuzzy logic controller case three 

Practically the controller or power management system should be implemented in real time 

microcontrollers. Accordingly, the Simulink system is converted to MATLAB programing 

using mat functions as shown in Appendix. The controller senses the power availability have 

six combinations that are Pmh, Ps, Pmh+Ps, Pmh+Pbio, Pmh+Ps+Pbio as shown in Table 

4.1. 

 

Fig. 4. 21: Overall of the system 
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The controller is used to use the power efficiently and to serve the power demand of 

customer. The controller looks first at the load and switches the appropriate source to meet 

the demand from the customer side as shown Fig. 4. 21. 

Table 4. 1: Power combination and switch port 

Power combination Switch port (Index) 

Pmh (power of micro hydro) 1 

Psolar (power of solar) 2 

Pmh+Psolar (combination of two) 3 

Pmh+Pbio (power of microhydro+power of biomass) 4 

Psolar+Pbio (combination of two) 5 

Pmh+Psolar+Pbio (combination of three) 6 

 

4.4.5. Case Study MATLAB Function  

To evaluate the designed fuzzy logic controller, it was possible to think different operating 

conditions, such as if the sunshine is low, flow rate is high and Rice husk is medium and 

other conditions. But in this case random numbers were given to the controller to evaluate 

the controller whether it works or not as it was assumed at the beginning. 

4.4.5.1. Case Study One 

 

Fig. 4. 22: Simulation result of programmed in MATLAB function case one 
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If for example the demand power PD is 60 kW, Mhp = 40 kW, Sp = 0 kW and Bp = 20 kW, 

then the output power of controller is indicated as shown in Fig. 4. 22. The Pd 60 kW and 

the available sources have only two that is Pmh and Pb then the microcontroller set switch 

port at four that is the combination of Pmh+Pbio. Because the controller senses the 

availability of resources. 

4.4.5.2. Case Study Two 

If for example the demand power PD is 80kW, Mhp = 45 kW, Sp = 20 kW and Bp = 15kW, 

then the output power of controller will be indicated as in the Fig 4.23 bellow. 

 

Fig. 4. 23: Simulation result of programmed in MATLAB function case two 

Form the Fig. 4.23 the Pd 80 kW and the available resources have switch ports automatically 

on six that is the power combinations Pmh+Pb+Pbio. 

4.4.5.1. Case Study Three 

If for example the demand power PD is 100 kW, Mhp = 60 kW, Sp = 25 kW and Bp = 

15kW, then the output power of controller will be indicated as in the Fig 4.24 bellow. 
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Fig. 4. 24: Simulation result of programmed in MATLAB function case three 

4.5. Discussions 

A hybrid power system which consists of hydro, PV-arrays and biomass with energy and 

power electronic devices has been presented to achieve an efficient and cost competitive 

system configuration so that hybrid power sources could improve the life of people 

especially in rural areas where electricity from the main grid has not reached yet. After data 

collection and community load estimated, a hybrid power system containing PV, hydro and 

biomass power units are studied. Then, with the optimized hybrid system, MATLAB/ 

Simulink model is developed to examine the dynamic responses of the designed power 

system over 24 hours of typical day. The result of the dynamic responses of the dynamic 

model that contains the optimal hybrid system shows that the overall power management 

strategy is effective and the load demand is balanced successfully.  Fuzzy logic controller is 

used to select the appropriate power source for the load depending on the resource available. 

To use the produced power efficiently and economically fuzzy logic controller has been 

used. This intelligent control system was used to decide intelligent decision by sensing the 

type and amount of resource available, and then it selects the appropriate alternative source. 
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To perform this fuzzy rule have been written in fuzzy rule editor and each components of 

the hybrid system has been modeled using MATLAB/Simulink.  

Generally, study area was found potentially blessed of solar power, Micro-hydro power and 

Bio-mass power therefore it was possible to produce hybrid power from these sources and 

fuzzy logic controller was used to the generated power appropriately. The simulation results 

have been observed that the designed fuzzy logic controller and MATLAB function of the 

hybrid power for Benti village was able to supply the intended power demand in different 

cases. Hence the designed peak power demand was 120kW.  
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CHAPTER 5 

 

5. CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

In this study a fuzzy logic controller-based hybrid solar/Micro-hydro/Bio-mass power 

system for Benti village was designed. To come up finally to the main objective the specific 

objectives were critically seen step by step. As it was discussed in chapter two this study 

was conducted in Fogera Wereda, benti village which is located 34km from werta at 1828m 

elevation having latitude of 11.9167N and longitude of 37.70E. 

The sunshine hour data of the solar system was taken from NMSA Debrtabor branch of five 

year. The study area has on average 7.12 sunshine hrs. per day. The incoming solar energy 

was converted into kWh/m2/d using Angstrom estimation (Duffie and Beckman, 1980) 

model and finally the kWh/m2/d average 5.4. The NMSA (5.2889) data was compared with 

NASA (5.4975) and the difference is 0.2086kWh/m2/d. The flow rate of Gumara river was 

found 2.139 m3/s. But the designed value was taken 0.9 m3/s. As the data from Fogera 

Wereda Rice production office, the average annual Rice husk production of the study wereda 

was 11,968.731mT which is around 33.246 MT per day. 

Load profile of the village (426 household) was assessed as 1199.616kWh, 12.453kWh, 38 

kWh per day for households’ applications, Commercial loads and public loads respectively. 

During the calculation for lighting (100% of household), Radio (70% of household), TV 

(70% of house hold), refrigerator (25% of house hold), Stove (10% of population), Injera 

Mitad (7% of population) was assumed. Elementary school, health clinic, commercial loads, 

and water pumping motors was considered. Total energy consumption of the Benti village 

per day was 1250.069 kWh per year. During designing the energy consumption of the village 

was forecasted for 10 years using appropriate formula from 4398.275MWh per year 

(86.6kW) to 1015.3MWh per year(120kW) from the base year. According to the load 

assessment conducted, the total electric demand of Benti village was 120kW. To satisfy this 

demand Solar, Micro-hydro and Bio-mass, 30% of 120kW (36kW), 50% of 120kW (60kW) 

and 30% of 120kW (24kW) was contributed. During designing 10% system loss was 

considered. To produce 36kW from Solar system 180 modules, 325W panels having 72m2 

area and 4.0kWh/m2/d solar insolation was required. For the Micro-hydro to produce 60kW, 
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0.9 m3/s flow rate, 12.6 m head, 60% efficiency and 0.048m weir length, 1.93m2 canal 

area,154m penstock length was calculated. Propeller reaction turbine and three phase 

synchronous motor generators was taken. To produce 27kW from Bio-mass system only 

10% of the annual Rice husk was used. The fluidizing velocity, Rice husk feed rate, gas flow 

rate, gasifier height and gasifier cross-sectional area was calculated as 0.5m/s, 21.6kg/h, 

0.012Nm3/s, 2.1m and 0.24m2 respectively. 

To use the produced power efficiently and economically fuzzy logic controller has been 

used. This intelligent control system was used to decide intelligent decision by sensing the 

type and amount of resource available, then it selects the appropriate alternative source. To 

perform these fuzzy rules have been written in fuzzy rule editor and each components of the 

hybrid system has been modeled using MATLAB/Simulink 

Generally, study area was found potentially blessed of solar power, micro-hydro power and 

Bio-mass power therefore it was possible to produce hybrid power from these sources and 

fuzzy logic controller was used to the generated power appropriately. The simulation results 

have been observed that the designed fuzzy logic controller of the hybrid power for Benti 

village was able to supply the intended power demand in different cases. Hence the designed 

peak power demand was 120kW. 

5.2. Recommendations 

In Ethiopia there are Bio-mass such as coffee husk, rice husk, wheat husk and other 

agricultural residues which can produce electricity, so the gasification technology must be 

the future issue because of the by-products of agricultural activities are the more pollutants 

of the environment. And also, most of the time data handling in our country is very weak, 

this makes finding relevant data very difficult. So, I recommend the concerned governmental 

body to give a due attention for such research works. It is known that Ethiopia has huge 

renewable energy (Photovoltaic, Geothermal, Wind Energy, Biomass and Micro-Hydro) 

resources and if these resources are effectively used by using an intelligent controllers, the 

livelihood of its population can be improved, anybody who is interested in such works can 

use one of the different intelligent controllers and can contribute his/her own contribution in 

improving intelligent energy control mechanisms. Interested researcher can take other 

residues (Mazie husk, wheat husk) and controllers (Neural network, Nero-fuzzy) for 

different study area and different hybrid systems. 
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Appendix  

Appendix A: MATLAB codes 

% written by Sintayehu Alemnew, June 2020. 

% Adama Institute of Technonlogy 

% power mangement 

function [Pout,idx]= PMS_m(Pd,Pmh,Ps,Pb) 

if Pmh ~= 0 

if Pd < Pmh 

        Pout= Pmh; 

        idx= 1; 

elseif Ps ~= 0 

if Pd-Pmh <= Ps 

            Pout= Pmh+Ps; idx= 3; 

else 

            Pout= Pmh+Ps+Pb; idx= 6; 

end 

else 

            Pout= Pmh+Pb; idx= 4; 

end 

else 

if Pd < Ps 

        Pout= Ps; idx= 2; 

else 

        Pout= Ps+Pb; idx= 5; 

end 
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end 

avePd=50;avePmh=30;avePb=0;avePs=20; 

devPd=2 ;devPmh=2;devPb=2;devPs=2; 

b= []; 

for i=0:23 

    Pd= 50+devPd*randn; 

    Pmh= 30+devPmh*randn; 

    Ps= 20+devPs*randn; 

    Pb= 0+devPb*randn; 

    [Pout,idx]= PMS_m(Pd,Pmh,Ps,Pb); 

    b= [b; i Pd Pout idx]; 

end 

subplot 211 

stairs(b(:,1),b(:,2:3),'linewidth',1) 

axis([0 23 40 120]) 

legend('Power demand', 'Power output') 

xlabel('t[hr]') 

ylabel('P[kW]') 

grid on 

subplot 212 

stairs(b(:,1),b(:,4),'linewidth',1) 

axis([0 23 0 8 ]) 

xlabel('t[hr]') 

ylabel('swichport') 
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grid on 

avePd=50;avePmh=30;avePb=0;avePs=20; 

devPd=2 ;devPmh=2;devPb=2;devPs=2; 

b= []; 

for i=0:23 

    Pd= avePd+devPd*randn; 

    Pmh= avePmh+devPmh*randn; 

    Ps= avePs+devPs*randn; 

    Pb= avePb+devPb*randn; 

    [Pout,idx]= PMS_m(Pd,Pmh,Ps,Pb); 

    b= [b; i Pd Pout idx]; 

end 

subplot 211 

stairs(b(:,1),b(:,2:3),'linewidth',2) 

axis([0 23 60 120]) 

legend('Power demand', 'Power output') 

xlabel('t[hr]') 

ylabel('P[kW]') 

subplot 212 

stairs(b(:,1),b(:,4),'linewidth',2) 

axis([0 23 0 8 ]) 

xlabel('t[hr]') 

ylabel('swichport') 
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% SECTION TITLE 

% DESCRIPTIVE TEXTSECTION TITLE 

% DESCRIPTIVE TEXT 

devPd=1; 

devPmh=1; 

devPb=1; 

devPs=0; 

b= []; 

for i=0:23 

    Pd= 50+devPd*randn; 

    Pmh= 40+devPmh*randn; 

    Ps= 0+devPs*randn; 

    Pb= 10+devPb*randn; 

    [Pout,idx]= PMS_m(Pd,Pmh,Ps,Pb); 

    b= [b; i Pd Pout idx]; 

end 

subplot 211 

stairs(b(:,1),b(:,2:3),'linewidth',2) 

axis([0 23 50 70]) 

legend('Power demand', 'Power output') 

xlabel('t[hr]') 

ylabel('P[kW]') 

subplot 212 

stairs(b(:,1),b(:,4),'linewidth',2)    
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axis([0 23 0 8 ]) 

xlabel('t[hr]') 

ylabel('swichport') 

Appendix B: Data of power demand of benti village 

Time Church      

 room 

Lighting 

(4)*13 

(52w) 

Fluorescent 

lamp 

berenda(2)*13 

(26w) 

 

Microphone  

(2)*15 

(30w) 

Tape 

recorder  

(1)*50 

(50w) 

Energy 

(KWh/day) 

0:0-1:0 - 26 - - 0.026 

1:0-2:0 - - - - - 

2:0-3:0 - - - - - 

3:0-4:0 - - - - - 

4:0-5:0 - - - - - 

5:0-6:0 104 - 30 - 0.134 

6:0-7:0 104 - 30 - 0.134 

7:0-8:0 - - - - - 

8:0-9:0 - - - - - 

9:0-10:0 - - - - - 

10:0-11:0 - - - - - 

11:0-12:0 - - - - - 

12:0-13:0 - - - - - 

13:0-14:0 - - - - - 

14:0-15:0 - - - - - 

15:0-16:0 - - - - - 

16:0-17:0 - - - - - 

17:0-18:0 - - 30 50 0.080 

18:0-19:0 104 - 30 50 0.184 

19:0-20:0 104 26 30 - 0.160 

20:0-21:0 - 26 - - 0.026 

21:0-22:0 - - - - - 

22:0-23:0 -  - - - 

23:0-24:0 -  - - - 

Total daily 

load 

416 78 150 100 0.744 
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111 

 

Total energy consumption of Benti village  
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Bio-mass energy resource assessment (taken from Fogera woreda) 

 

Five years average daily sunshine hours for the site NMA deberetabor branch 
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Appendix C: Parameter of hydro-power  

Table 1 synchronous machine parameters  

Symbol                  Quantity                                                                 value in p.m 

Va                       stator voltage                                                                    1 sin(100*Ω*t) 

𝑓                          frequency                                                                           50 Hz 

Xis                       inductance of stator coil                                                     0.08 

Rs                         Resistance stator coils                                                        0.03788 

Xmd                     mutual inductance on d axis                                                2.16 

Xmq                      mutual inductance on q axis                                                0.94 

Xlkd                       inductance of damping coils among d axis                        0.3085 

Xlkq    inductance of damping coils among q axis                                            0.05281 

Rkd           Resistance of damping coils among d axis                                       0.1463    

Rkq           Resistance of damping coils among d axis                                        0.05754         

 

                              Table 2 hydro turbine model parameters. 

symbol                            Quantity                                                       value  

kp                                     proportional PID gain                             0.613 

Ki                                    Integral        PID gain                              0.104      

Kd                                   Derivative    PID gain                              0.002 

 td      Time    PID gain   constant                       0.095sec 

ka                                    Servomotor   gain                                     3.2 

ta                                     Servomotor   time                                     0.069sec 

 Tw                                 Hydro turbine time   constant                     2.7 sec     
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Table 3 excitation system parameters 

symbol                            Quantity                                                       value  

Tc,Ts              Transient time constant                                                        0 

Ka                  Regulator gain                                                                       275      

Ta                   Regulator time constant                                                        0.002sec                                             

KE                   Exciter gain                                                                             1 

TE                    Exciter time constant                                                             0sec                

KF                    Damper gain                                                                             0.01  

TF                     Damper time constant                                                              0.95sec 

Solar insulation taken from NASA 

 

-BEGIN HEADER- 

NASA/POWER SRB/FLASHFlux/MERRA2/ 0.5 x 0.5 Degree Climatologies  

22-year Additional Solar Parameter Monthly & Annual Climatologies (July 1983 - June 2005), 30-year 

Meteorological and Solar Monthly & Annual Climatologies (January 1984 - December 2013)  

Location: Latitude  11.916   Longitude 37.7 

Elevation from MERRA-2: Average for 1/2x1/2 degree lat/lon region = 1828 meters   Site = na  

Climate zone: na (reference Briggs et al: http://www.energycodes.gov)  

Value for missing model data cannot be computed or out of model availability range: -999  

Parameter(s):  

DIFF_MIN             SRB/FLASHFlux 1/2x1/2 Minimum Diffuse Radiation On A Horizontal Surface (kW-

hr/m^2/day)  

DNR_MIN              SRB/FLASHFlux 1/2x1/2 Minimum Direct Normal Radiation (kW-hr/m^2/day)  

DIFF_MAX             SRB/FLASHFlux 1/2x1/2 Maximum Diffuse Radiation On A Horizontal Surface (kW-

hr/m^2/day)  

KT                   SRB/FLASHFlux 1/2x1/2 Insolation Clearness Index (dimensionless)  

ALLSKY_SFC_LW_DWN    SRB/FLASHFlux 1/2x1/2 Downward Thermal Infrared (Longwave) Radiative 

Flux (kW-hr/m^2/day)  

ALLSKY_SFC_SW_DWN    SRB/FLASHFlux 1/2x1/2 All Sky Insolation Incident on a Horizontal Surface 

(kW-hr/m^2/day)  

SRF_ALB              SRB/FLASHFlux 1/2x1/2 Surface Albedo (dimensionless)  

DNR                  SRB/FLASHFlux 1/2x1/2 Direct Normal Radiation (kW-hr/m^2/day)  

DNR_MAX              SRB/FLASHFlux 1/2x1/2 Maximum Direct Normal Radiation (kW-hr/m^2/day)  

DIFF                 SRB/FLASHFlux 1/2x1/2 Diffuse Radiation On A Horizontal Surface (kW-hr/m^2/day)  

ALLSKY_TOA_SW_DWN    SRB/FLASHFlux 1/2x1/2 Top-of-atmosphere Insolation (kW-hr/m^2/day)  

PARAMETER                     JAN       FEB       MAR       APR       MAY       JUN       JUL       AUG       SEP       

OCT       NOV       DEC       ANN        

-END HEADER- 

SRF_ALB                       0.18      0.18      0.17      0.17      0.17      0.18      0.19      0.21      0.20      0.18      0.18      

0.18      0.18       

ALLSKY_SFC_LW_DWN             7.45      7.75      8.29      8.46      8.56      8.48      8.45      8.46      8.33      

8.07      7.67      7.44      8.12       

ALLSKY_TOA_SW_DWN             8.72      9.49      10.22     10.56     10.52     10.40     10.41     10.45     10.25     

9.66      8.88      8.44      9.83       

DNR                           8.52      8.01      6.91      6.73      6.16      5.21      4.21      4.10      5.37      6.22      7.72      

8.34      6.45       

DNR_MAX                       9.35      9.50      8.58      7.65      7.28      6.27      5.54      5.53      6.17      7.55      8.80      

9.38      7.63       

DNR_MIN                       7.57      6.97      5.99      5.40      4.21      3.94      2.77      2.83      4.63      4.74      6.29      

6.58      5.16       

DIFF_MAX                      1.25      1.55      1.93      2.17      2.27      2.25      2.27      2.32      2.15      1.95      1.53      

1.37      1.92       
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DIFF_MIN                      0.88      1.00      1.41      1.75      1.81      1.96      2.08      2.12      1.92      1.48      1.03      

0.82      1.52       

DIFF                          1.07      1.35      1.77      1.94      2.02      2.12      2.23      2.29      2.06      1.74      1.27      

1.05      1.74       

KT                            0.70      0.69      0.64      0.63      0.60      0.55      0.48      0.50      0.56      0.61      0.67      

0.70      0.61       

ALLSKY_SFC_SW_DWN             5.91      6.18      5.90      6.72      5.62               4.53      4.90      4.14      5.13      

5.61      5.35      5.98      5.4975 

 temperature 

-BEGIN HEADER- 

NASA/POWER SRB/FLASHFlux/MERRA2/ 0.5 x 0.5 Degree Climatologies  

22-year Additional Solar Parameter Monthly & Annual Climatologies (July 1983 - June 2005), 30-year 

Meteorological and Solar Monthly & Annual Climatologies (January 1984 - December 2013)  

Location: Latitude  11.8666   Longitude 37.9954  

Elevation from MERRA-2: Average for 1/2x1/2 degree lat/lon region = 2109.8 meters   Site = na  

Climate zone: na (reference Briggs et al: http://www.energycodes.gov)  

Value for missing model data cannot be computed or out of model availability range: -999  

Parameter(s):  

TS_MIN        MERRA2 1/2x1/2 Minimum Earth Skin Temperature (C)  

T2M_RANGE     MERRA2 1/2x1/2 Temperature Range at 2 Meters (C)  

FROST_DAYS    MERRA2 1/2x1/2 Frost Days (Days)  

HDD0          MERRA2 1/2x1/2 Heating Degree Days Below 0 C (Degree C-d)  

T2M           MERRA2 1/2x1/2 Temperature at 2 Meters (C)  

T2M_MIN       MERRA2 1/2x1/2 Minimum Temperature at 2 Meters (C)  

TS            MERRA2 1/2x1/2 Earth Skin Temperature (C)  

TS_MAX        MERRA2 1/2x1/2 Maximum Earth Skin Temperature (C)  

CDD10         MERRA2 1/2x1/2 Cooling Degree Days Above 10 C (Degree C-d)  

TS_RANGE      MERRA2 1/2x1/2 Earth Skin Temperature Range (C)  

T2MDEW        MERRA2 1/2x1/2 Dew/Frost Point at 2 Meters (C)  

TS_AMP        MERRA2 1/2x1/2 Earth Skin Temperature Amplitude (C)  

HDD10         MERRA2 1/2x1/2 Heating Degree Days Below 10 C (Degree C-d)  

T2M_MAX       MERRA2 1/2x1/2 Maximum Temperature at 2 Meters (C)  

CDD18_3       MERRA2 1/2x1/2 Cooling Degree Days Above 18.3 C (Degree C-d)  

T2MWET        MERRA2 1/2x1/2 Wet Bulb Temperature at 2 Meters (C)  

CDD0          MERRA2 1/2x1/2 Cooling Degree Days Above 0 C (Degree C-d)  

HDD18_3       MERRA2 1/2x1/2 Heating Degree Days Below 18.3 C (Degree C-d)  

PARAMETER                     JAN       FEB       MAR       APR       MAY       JUN       JUL       AUG       SEP       

OCT       NOV       DEC       ANN        

-END HEADER- 

TS_MAX                        32.00     34.87     36.08     35.31     33.72     29.33     23.64     22.95     24.96     25.92      

27.65     29.50     29.66      

TS_MIN                        12.27     14.00     15.88     16.61     16.64     16.39     15.32     15.03     14.74     13.05     

11.92     11.69     14.46      

T2M_RANGE                     11.87     12.13     11.28     10.43     9.88      8.31      5.69      5.40      6.65      9.00      

10.40     11.22     9.36       

FROST_DAYS                    0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      

0.00      0.00      0.00       

CDD0                          598.96    587.91    676.69    663.85    684.95    611.36    550.43    548.36    557.21    

560.47    544.70    573.48    7158.36    

CDD10                         288.96    305.17    366.69    363.85    374.95    311.36    240.43    238.36    257.21    

250.47    244.70    263.48    3505.62    

CDD18_3                       33.82     71.05     109.61    115.03    117.98    63.22     7.10      3.92      13.63     7.93      

9.99      14.12     567.40     

HDD0                          0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      

0.00      0.00       

HDD10                         0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      0.00      

0.00      0.00       

HDD18_3                       2.16      0.56      0.22      0.18      0.33      0.86      23.97     22.85     5.42      14.77     

14.29     7.94      93.55      
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TS                            20.32     22.47     24.03     24.27     23.77     21.80     18.76     18.42     19.24     18.59     

18.53     18.98     20.76      

T2MDEW                        6.73      6.24      7.61      8.84      9.97      12.53     13.67     14.00     12.92     10.13      

8.35      7.31      9.86       

T2MWET                        6.74      6.25      7.63      8.85      9.98      12.53     13.67     14.00     12.92     10.14     

8.35      7.32      9.86       

T2M_MAX                       25.26     26.86     27.47     27.34     27.04     24.53     20.60     20.39     21.90     

22.58     23.36     24.11     24.29      

T2M_MIN                       13.38     14.73     16.19     16.91     17.15     16.22     14.91     14.99     15.25     

13.58     12.96     12.89     14.93      

T2M                           18.95     20.50     21.55     21.85     21.73     19.91     17.42     17.42     18.36     17.96     

17.94     18.15     19.31      

TS_RANGE                      19.73     20.87     20.20     18.70     17.08     12.93     8.32      7.92      10.22     

12.87     15.74     17.81     15.20      

TS_AMP                        9.87      10.43     10.10     9.35      8.54      6.47      4.16      3.96      5.11      6.43      

7.87      8.90      7.60       

 

Stream flow data of Gumara river (taken federal democratic republic of Ethiopia ministry 

of water irrigation and energy) 

 

Annex: Photo taken during field survey 

 


